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Preface

Our knowledge of the role of autophagy in pathophysiology is increasing year by year, as we
seek to comprehend how this protective pathway is activated upon different stressors, including the
presence of free radicals. Thus, we invited contributions from experts across disciplines to explore
the latest advancements in understanding how autophagy and oxidative stress communicate within
cellular environments. By fostering collaborative discussions, this reprint seeks to deepen our insights
into these interconnected processes, paving the way for innovative therapeutic strategies and unveiling

novel targets for intervention.

Marina Garcia-Macia and Alvaro F. Ferniandez
Guest Editors
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Christian de Duve used the term “Autophagy” for the first time during a conference
focused on lysosomes in 1963, but the scientific revolution caused by this cellular recycling
system could not be foreseen at that moment. More than fifty years later, Yoshinori Oshumi
was awarded the Nobel Prize for the description of the autophagy-related (ATG) genes,
and to this very date, key aspects of this cellular process have been reported by hundreds
of groups all over the world. Autophagy is a fundamental cellular process that maintains
homeostasis, as it eliminates undesirable cytoplasmic components. It can be activated in
response to various stresses, such as nutrient deprivation, hypoxia, drugs, and infections.
Recent strong evidence indicates that autophagy is a crucial mediator in the regulation
of the oxidative stress response. The more obvious role, when encountering oxidative
stress, is removing oxidized proteins or organelles, including damaged mitochondria that
generate excessive ROS. However, the knowledge about the interplay between autophagy
and the antioxidant transcriptional factor Nrf2 opened the door to a myriad of new roles
of autophagy as an antioxidant process. Exploring when and how autophagy modulates
antioxidant defenses seems completely necessary. For this reason, we set up this Special
Issue, aiming to provide a comprehensive platform for researchers to delve into the cross-
regulation between autophagy and oxidative stress.

In this regard, we have included interesting reviews about the mechanistic aspects of
the autophagy and oxidative stress interplay (Contributions 1 and 2), a crosstalk that could
lead to new forms of cellular death (Contribution 3). Unraveling the basic mechanisms
that control this interplay is the cornerstone for further understanding its role in different
diseases. Additionally, this Special Issue also displays manuscripts focusing on how the
antioxidant stimulation of autophagy is triggered upon certain pathological conditions
(Contributions 4 to 9). We did not only focus on human health; very interesting articles
about how autophagy can be a tool to improve animal welfare were also included in this
Special Issue (Contributions 10 and 11).

Cells try to maintain homeostasis through different pathways that can be activated at
the same time or in a sequential order. One of these signaling pathways is the route of the
mitogen-activated protein kinases (MAPKSs), so it is not a surprise that MAPKSs, activated
by ROS, are able to modulate autophagy, as it is deeply explained in Contribution 1. The
source of ROS is also discussed in this Special Issue. While the main origin of ROS is
mitochondria, we often neglect to acknowledge the importance of peroxisomes. Strikingly,
peroxisomes also have antioxidant enzymes, so they can be central to the regulation of
oxidative stress. When peroxisomes are not functional, they are recycled by a specific

Antioxidants 2025, 14, 1244 https://doi.org/10.3390/antiox14101244
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type of autophagy: pexophagy. This nexus between peroxisome-dependent oxidative
stress regulation and the role of pexophagy is reviewed in Contribution 2. Moreover, these
authors go further, addressing the relevance of pexophagy for neurodegenerative diseases
too. Interestingly, even though autophagy is mostly considered a pro-survival mechanism,
it can be aberrantly activated and lead to cellular death. Autosis is one of these types
of death, and it is described thoroughly in Contribution 3. Defects in redox balance and
accumulation of oxidative damage led to cellular death too, but the actual role of ROS in
autosis is not well understood. The authors of this contribution review what is known
about the interplay of ROS in autosis and suggest some audacious hypotheses to test in
the future.

Aging is a complex process where both autophagy and oxidative stress participate.
Autophagy generally declines with age while oxidative stress builds up. Also, senescent
cells accumulate with aging, which can be established as a mark of a more detrimental decay.
The use of different types of antioxidants is one of the recent strategies to improve aging and
prolong lifespan (Contributions 4 and 5). These authors used flavonoid-related molecules
that can be found in grapes, such as procyanidin Al from peanut skin extract (PSE) and
delphinidin, which impact the upstream steps of the autophagic pathway. In these articles,
authors blocked autophagy at different levels and found that the antioxidant effect was
eliminated. A different strategy, a probiotic yeast (Milmed), was used in Contribution 6.
In this case, the beneficial effects of this antioxidant were also tested in vivo, and Milmed
increased lifespan in C. elegans.

Aging is the most important risk factor for many diseases, such as cancer. Autophagy
and oxidative stress also play a crucial role during the development of this pathology.
Tumoral hypoxia or nutrient deprivation fosters oxidative stress that, in turn, activates
autophagy to promote tumor cell survival. This is studied deeply in Contribution 7.
Additionally, neurodegeneration and alcohol-related brain damage were addressed in Con-
tribution 8. The authors establish the activation of CYP2E1 as the difference between both
disorders, while autophagy and oxidative stress aspects are very similar in both diseases.
In terms of therapies, stem cells and regenerative medicine are the focus of Contribution 9.
Stem cell biology requires both autophagy and oxidative stress in fine balance since they
contribute to cell survival, self-renewal, and differentiation. The fate of stem cells is critical
to address age-related decline and enhance the potential of regenerative therapies.

Several reasons justify animal welfare research, but the economic value outweighs
many of them. In this Special Issue, we learn how pollution affects chicken kidneys and
produces nephrotoxicity, increasing oxidative stress and reducing autophagy. This problem
severely impacts egg and meat production. Here, authors from contribution 10 tackle
the problem with a strategy that is similar to the one previously mentioned in papers
focusing on aging. This time, using another flavonoid, luteolin, in the diseased chickens.
This treatment reduced oxidative stress and increased autophagy via SIRT1 activation,
which resulted in the alleviation of the kidney damage. Apart from poultry, beef cattle
are central to the livestock economy, mainly for milk production. Mastitis is a common
illness in cows that reduces dairy production. Last but not least, Contribution 11 evaluates
how Streptococcus infects mammary glands to produce mastitis. They discovered that
mammary cells stimulated the antioxidant defenses through Nfr2 and Sirtl, and both
activated autophagy.

In summary, this Special Issue provides new knowledge about the role of autophagy as
a defense against oxidative stress. The numerous manuscripts cover everything from basic
mechanisms to pathophysiology, not only related to human diseases but also considering
animal welfare. But still, autophagy will for sure keep surprising the field with unexpected,
new roles, as an antioxidant response, and more.
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Abstract: The term autophagy identifies several mechanisms that mediate the degradation
of intracellular and extracellular components via the lysosomal pathway. Three main
forms of autophagy exist, namely macroautophagy, chaperone-mediated autophagy, and
endosomal microautophagy, which have distinct mechanisms but share lysosomes as the
final destination of their cargo. A basal autophagic flux is crucial for the maintenance
of cellular homeostasis, being involved in the physiological turnover of proteins and
organelles. Several stressors, including nutrient shortage and genotoxic and oxidative
stress, increase the autophagic rate, which prevents the accumulation of damaged and
potentially harmful cell components, thus preserving cell viability. In this context, several
studies have highlighted the role of MAPKs, serine-threonine kinases activated by several
stimuli, in linking oxidative stress and autophagy. Indeed, several oxidative stressors
activate autophagy by converging on MAPKs, directly or indirectly. In this regard, the
different transcription factors that bridge MAPKs and autophagic activation are here
described. In this review, we summarize the current knowledge regarding the regulation of
autophagy by MAPK, including the atypical ones, with a particular focus on the regulation
of autophagy by oxidative stress.

Keywords: autophagy; MAPK; oxidative stress; CMA; eMI; atypical MAPK

1. Introduction

Autophagy is a collective term that identifies different evolutionary conserved mecha-
nisms involved in the elimination of intracellular and extracellular material via the lyso-
somes. It plays a pivotal role in maintaining cellular homeostasis, as it can degrade
damaged or aggregated proteins, organelles, as well as intracellular pathogens, prevent-
ing negative consequences [1]. According to the specificity of substrates degraded by
autophagy, autophagy can be divided into non-selective and selective autophagy; the latter
refers to the degradation of specific organelles (e.g., mitophagy, ribophagy, pexophagy, and
so on) or proteins. Selective autophagy usually requires adaptor proteins that recognize
the protein/organelle to be degraded and direct the assembly of the autophagic machinery.
Selective autophagy is important during cell differentiation, development, and aging [2].
While autophagy is always active at low rates in physiological conditions, its activity is
boosted when cells face stress conditions, such as nutrient deprivation or oxidative stress.
In this condition, autophagy acts as a survival mechanism that degrades non-essential or

Antioxidants 2025, 14, 662
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damaged molecules to limit cell damage and/or use their building blocks to sustain the
fundamental functions of the cell [3].

In this review, we describe the current knowledge about the regulation of the different
types of autophagy by mitogen-activated protein kinases (MAPKSs), a family of kinases
that responds to both intrinsic and extrinsic stimuli and acts as a key determinant of cell
fate upon stress conditions, being involved in the regulation of both death and survival
mechanisms. In particular, we will highlight how the different MAPKSs influence autophagy
in conditions of oxidative stress and the underlying molecular mechanism.

2. Mechanism and Functions of Autophagy
2.1. Mechanism of Autophagy

Among the many variants of autophagy so far cited, the three main types are: macroau-
tophagy; endosomal microautophagy (eMI); and chaperone-mediated autophagy (CMA)
(Figure 1). They differ in the way the substrates are recognized and transported to the
lysosomes for degradation [2]. In macroautophagy, portions of the cytoplasm or single
organelles are engulfed into double-membraned structures, while in eMI and CMA, the
cargo is captured by the endosomes and the lysosomes, respectively.

Chaperone-mediated
Macroautophagy autophagy (CMA)

Endosomal

Phagophore @ @ microautophagy
‘@ @ (eMl)
o
° \ Autophagosome KFERQ —>» %)

MVB

Autophagolysosome
Lysosome

Figure 1. Mechanisms of the different types of autophagy, namely macroautophagy, chaperone-mediated
autophagy (CMA), and endosomal microautophagy (eMlI), all converging into lysosomal degradation.

2.1.1. Macroautophagy

In macroautophagy (hereinafter called autophagy) cytoplasmic cargoes are se-
questered into double-walled membranes called autophagosomes, which originate from
the expansion of crescent-shaped structures, the phagophore, and then fuse with the
lysosomes to allow the degradation of their content. Thus, the process includes several
steps, including phagophore formation, elongation, and autophagosome-lysosome fusion,
each regulated by one or more regulatory complexes. The initiation of autophagosome
formation is governed by the unc-51-like kinase (ULK) complex, a multiprotein complex
composed of FIP200, ATG13, ATG101, and ULK1/ULK2 [3]. ATG13 forms a heterodimer
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with ATG101, representing a subcomplex binding ULK1 and FIP200, which contains the
catalytic domain [4].

Under normal conditions, the ULK1 complex is ubiquitously localized in the cell and
inhibited by the mammalian target of rapamycin complex 1 (mTORC1). After a stimulus
that induces autophagy, mTORC1 is inactivated, allowing the activation of the ULK com-
plex, which forms visible dots in proximity to the endoplasmic reticulum (ER) membrane,
co-localizing specifically with omegasomes, ER structures supporting autophagosome
formation [5]. After ULK1/ULK2 is activated, phosphorylation of ATG13 and FIP200 and
autophosphorylation of ULK proteins occur. The active ATG13-ULK-FIP200 complex re-
cruits other autophagy-related (ATG) proteins determining the initiation of autophagosome
formation and culminating in nucleation, with the activation of class III phosphatidyli-
nositol 3-kinase (PIK3C3) complex, composed of BECN1, AMBRA1, ATG14L, VPS15, and
VPS34 and that produce phosphatidylinositol 3-phosphate (PIP3) on the ER membrane,
leading to the recruitment of WD-repeat protein interacting with phosphoinositides (WIPI)
proteins [4]. There are four WIPI proteins, but WIPI2 is the most abundant and its deple-
tion profoundly impacts autophagy [5]. WIPI2 interacts with ATG16L1, included in the
ATG5-ATG12-ATG16L1 (E3-like) complex, and recovers ATG9-positive vesicles allowing
the autophagosome nucleation [4]. The E3 Complex promotes the lipidation of different
ATGS proteins, which include LC3 and GABARADP, allowing the binding of ATG2 through
its LC3-interacting region (LIR). ATG2 is considered a lipid transfer unit from the ER
to the de novo synthesized organelle by supplying phospholipids for autophagosome
formation [6,7].

The lipidation of LC3 is a multi-step process similar to ubiquitination that starts
with the cleavage of newly synthesized LC3 (pro-LC3) by ATG4 to form LC3-I, which
localizes to the cytosol. LC3-I has a C-terminal glycine residue that is susceptible to
conjugation. The conjugation requires the adenylation by the ATG7 (El-like), forming a
thioester intermediate. Then, LC3-I binds ATG3 (E2-like) and is finally conjugated with the
amine group of phosphatidylethanolamine (PE) localized to the nascent autophagosomes.
The amount of lipidated LC3 (LC3-II) is widely used as an indicator of the number of
autophagosomes in the cells [8]. The presence of LC3-II on both the inner and outer
membrane of autophagosomes allows not only autophagosome formation but also cargo
selection via the interaction with several adaptor proteins harboring an LIR motif (e.g., p62,
BNIP3) [9]. Recently, human ATG4 has been also described as capable of autophagosome
formation independently of its protease activity and able to traffic ATG9-vesicles, with
its proximity network. This non-canonical function is carried out specifically during
PINK1/Parkin-dependent mitophagy. Indeed, the disruption of the four ATG4s genes
using the CRISPRCas9 technique elegantly highlighted that ATG4A and ATG4D, together
with proximal proteins involved in the transport process and lipid modification (including
LPS responsive beige-like anchor protein, LRBA), play a role in ATG9 recruitment during
mitophagy [10]. ATG4 also contributes to LC3-II deconjugation, which allows the release
and recycling of LC3. ATG4B has been proposed as the main responsible for LC3 de-
lipidation. Its regulation occurs through ULK1-mediated phosphorylation on serine 316 of
ATG4B, which inhibits its catalytic activity. On the contrary, phosphatase PP2A-PP2R3B
can dephosphorylate ATG4B. These opposite activities of ULK1 and PP2A proteins regulate
the cellular activity of ATG4B and, consequently, LC3 processing [9].

The specificity of the autophagic system is given by proteins known as autophagic
receptors that facilitate the engulfment of specific cargoes into autophagosomes. The main
feature of autophagic receptors is the presence of both a LIR sequence in their structure,
which mediates the binding with LC3-II, and a ubiquitin-binding domain (UBD), which al-
lows them to act as a bridge between cargo to be degraded and the forming autophagosome.
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In the majority of cases, autophagic receptors bind poly-ubiquitin chains, but they can also
have a direct interaction with the cargo. In this latter case, the expression of cargo-localizing
receptors is directly regulated by stress conditions, including starvation and hypoxia [11]. A
crucial example of a cargo-localizing receptor is the nuclear receptor coactivator 4 (NCOA4),
which has been recently identified as an autophagic receptor specifically recognizing fer-
ritin heavy-chains (FTH1). Excessive intracellular iron is sequestered by ferritin, to prevent
harmful consequences. In case of low iron levels, NCOA4 conveys ferritin-iron complexes
into the lysosome, where ferritin is degraded, and free iron is released into the cytosol. This
process is referred to as ferritinophagy [12-14].

In the case of autophagic receptors binding poly-ubiquitin chains, ubiquitination of
substrates by ubiquitin ligases is the major regulatory mechanism. This process allows
proteins or organelles that cannot be repaired to be specifically marked and represents a
particular advantage in recognizing damaged organelles contained in a network, such as
that of mitochondria and ER. In the former, autophagic degradation must be preceded by
an isolation process. The selective degradation of mitochondria by autophagy (mitophagy)
is preceded by mitochondria fragmentation (fission) due to the activity of dynamin-related
protein 1 (DRP1), mitochondrial fission factor (MFF), and mitochondrial fission protein
1 (FIS1) proteins. On the contrary, the activity of proteins involved in mitochondrial fusion,
such as mitofusin 1 and 2 (MFN1 and MFN2) is inhibited [15].

For ER (ER-phagy), the mechanism is widely unclear; FAM134B has been identified as
a receptor involved in the selectiveness of autophagy but it is not the only player [16].

Virtually all organelles can be degraded by selective macroautophagy. In addition
to the above-mentioned mitophagy and ER-phagy, also lipid droplets (lipophagy), pro-
tein aggregates (aggrephagy), lysosomes (lysophagy) and pathogens (xenophagy) can be
degraded by autophagy [17].

The removal of ubiquitin from the substrate is mediated by deubiquitinating enzymes
(DUBs), which cleave single or poly-ubiquitin chains from proteins, releasing free ubiquitin.
The deubiquitination process impacts biological processes, such as DNA damage response
and DNA repair pathways, and it is involved in the regulation of cancer metabolism [18,19].

The best-studied autophagy receptor is sequestosome-1 (SQSTM-1/p62) [20]. Ubiqui-
tin chains are recognized and bound by p62 monomers with low affinity, but following the
homo-oligomerization, p62 oligomers show high avidity to bind poly-ubiquitin chains [13].
The affinity between the ubiquitin-associated domain (UBA) of p62 and the cargoes to be
degraded is regulated by S403 phosphorylation, which can stabilize the sequestosome struc-
ture. The 5403 phosphorylation of the UBA domain of p62 is mediated by Casein kinase
2 (CK2). Interestingly, it has been demonstrated that CK2 over-expression reduces mutant
Huntingtin aggregation, consistent with the knowledge that toxic protein aggregations are
cleared through autophagy [21].

Other autophagic receptors binding poly-ubiquitin chains in mammalian cells are
neighbors of BRCA1 (NBR1), Tax1 binding protein 1 (TAX1BP1), nuclear dot protein
52 (NDP52), and optineurin. Together with p62, they all are soluble proteins having
domains capable of binding ubiquitin marks. Considering the similarity to p62, they are all
defined as sequestosome-like cargo receptors (SLRs) [22].

Autophagosomes containing their cargo are transported to the lysosomes using dynein
motor proteins. The mature autophagosomes acquire SNARE proteins, which are also
present on the lysosome membrane. When these two organelles are close enough, SNARE
proteins form trans-SNARE complexes, namely an «-helical bundle that forces the fusion
of the lysosomal membrane with the autophagosome outer membrane. Two SNARE
complexes are involved in autophagosome and lysosome membrane fusion, classified
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based on the presence of a conserved glutamine (Q) (Q-SNARE) or arginine (R) (R-SNARE)
residue in the SNARE motif [23].

The organelle deriving from the fusion between autophagosome and lysosome is
called the autophagolysosome. After the autophagosome fusion with the lysosome, the
acidic lysosomal hydrolases initially break down the autophagosome inner membrane
and finally the autophagosome cargo [24]. Lysosomes contain more than 60 hydrolases,
which include proteases, sulfatases, nucleases, lipases, phosphatases, glycosidases, and
nucleases. They allow the cells to degrade many types of cargo, including nucleic acids
and bacteria. Among lysosomal hydrolases, cathepsins are the most abundant. They are
proteases classified into serine cathepsins (A and G), aspartic cathepsins (D and E), and
cysteine cathepsins.

These enzymes optimally work in the lysosomal acidic conditions (pH 4.5-5.5), main-
tained by an H"-ATPase, or V-ATPase, present at the lysosomal membrane and that translo-
cates two protons into the lysosome by consuming one ATP. The requirement of an acidic
pH prevents cell auto-digestion in case of lysosomal damage and the release of lysosomal
enzymes into the cytosol.

When the degradation is complete, macromolecule building blocks are transported
out of the lysosomes via exporters or vesicular trafficking to be used for ATP production or
as precursors of anabolic pathways [25].

2.1.2. Chaperone-Mediated Autophagy

Chaperone-mediated autophagy (CMA) is a selective type of autophagy that degrades
proteins bearing a recognition motif (KFERQ-like motif), biochemically related to the
KFERQ sequence present in the first CMA substrate identified, RNAse A. The KFERQ
motif is recognized by the chaperone HSPA8/HSC?70 (heat shock protein family A (Hsp70)
member 8) [26]. The KFERQ-like motif is present in a good percentage (up to 30%) of
cytosolic proteins and is sufficient to allow their degradation by CMA, but it is often
not accessible to HSC70 unless the protein is at least partially unfolded and/or modified
by PTM. The HSC70-protein complex promotes the interaction with LAMP2A, the CMA
receptor located on the lysosome membrane. The interaction of the CMA substrate with
the cytosolic tail of LAMP2A promotes LAMP2A oligomerization and the formation of
a multiprotein complex that facilitates substrate unfolding and internalization. Once the
LAMP2A complex completes this role, it returns to the monomeric form, ready for a new
translocation cycle. This assembly /disassembly dynamic of LAMP2A is regulated by glial
fibrillary acidic protein (GFAP) and elongation factor 1oc (EF1«). GFAP is responsible for
the stabilization of the LAMP2A multimeric complex, responsible for the internalization of
the substrate. The phosphorylated form of GFAP, instead, has a higher affinity for EF1«,
forming with it a complex on the lysosomal membrane. When the substrate is translocated,
EFl« is released and pGFAP becomes available to be bound. The affinity of GFAP for
pGFAP is higher than that for LAMP2A; for this reason, GFAP/pGFAP dimer forms and
GFAP/LAMP2A complex disassembles [27].

Another regulatory mechanism of CMA is mTORC2, which negatively impacts CMA
by phosphorylating and activating AKT. Active AKT, indeed, can phosphorylate GFAP re-
leasing it from LAMP2A, disassembling the translocation complex of CMA. On the contrary,
a positive regulation depends on the Pleckstrin homology (PH) domain and leucine-rich
repeat protein phosphatase 1 (PHLPP1) since it can remove the phosphorylation of Akt in-
duced by mTORC2. In the same way, Torin-1 inhibits the function of mTORC2, by blocking
the activation of AKT and inducing CMA [26-28].
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The regulation can also occur at the level of chaperones responsible for substrate
translocation, such as HSPAS8 and heat shock protein 90 (Hsp90). These chaperones bind
LAMP2A, regulating its recycling [29].

The levels of LAMP2A are crucial in the regulation of the CMA pathway. The tran-
scription factor NFAT-1 can regulate the expression of LAMP2A based on intracellular
ROS levels. Indeed, an increase in ROS leads to the recruitment of NFAT-1 on the LAMP2
promoter, upregulating its expression. In light of this, modulation of ROS is used as a
suitable approach to regulate CMA. For instance, 6-Aminonicotinamide (6-AN), a ROS
inducer, promotes CMA, as well as, vitamin E, as an antioxidant, reduces CMA levels [30].

2.1.3. Endosomal Microautophagy (eMI)

In endosomal microautophagy (eMI), the cytoplasmic cargo is engulfed by late
endosome/multi-vesicular bodies. The initial step, shared with CMA, is the recogni-
tion of a pentapeptide amino acid KFERQ-like targeting motif in the substrate protein
by the HSC70 chaperone. This chaperone, through interaction with the chaperone Bago,
interacts with phosphatidylserine residues of late endosomes, instead of lysosomes as
it occurs in CMA. The internalization inside the vesicles is mediated by the endosomal
sorting complexes required for transport (ESCRT) machinery (Tsg101 and Alix) and the
ATPase Vps4, which is responsible for the invagination of the membrane [31]. In the
formed multivesicular bodies, the KFERQ-containing protein can be degraded after fusion
with lysosomes or secreted after the fusion with the plasma membrane [32]. Extracellular
release of eMI cargoes could represent an alternative way for cells to remove molecules
particularly when degradation is impaired, and to execute immune signaling and pathogen
surveillance. The fusion between the late endosome body and the plasma membrane is
responsible for the formation of exosomes, a subset of extracellular vesicles enriched in
endosomal proteins [33].

On the other hand, the fusion between late endosomes and lysosomes contributes to
proteostasis and organelle turnover; moreover, it takes part in the autophagic response to
aminoacid starvation. Indeed, it has been demonstrated that eMI activation can contribute
in the case of prolonged starvation, acting as a regulatory pathway. Among its substrates,
there are also some selective autophagy receptors (including p62 and LC3-II), probably
degraded through the eMI pathway to avoid the activation of bulk macroautophagy [29].
Recent studies showed that eMI is preferentially activated by some selective stressors. They
include high glucose conditions, HyO, treatment, and genotoxic insults such as etoposide.
On the contrary, serum starvation and short-time serum and aminoacid depletion treatment
do not alter eMI activation. Notably, during oxidative stress, MAPK/JNK signaling is
involved in eMI induction [32,34]. It has also been demonstrated a cross-talk between eMI
and CMA as a compensatory mechanism. Indeed, when lysosomal-associated membrane
protein 2A (LAMP2A) is knocked down and CMA blocked, eMI activity is increased;
conversely, Vps4A /B knock-down blocked eMI and induced higher CMA activity [35].

2.2. Functions of Autophagy

The role of autophagy in cellular physiology is extensive, including adaptation to
metabolic stress, degradation of potentially dangerous cargoes, and prevention of ge-
nomic modifications.

Glucose represents the major energy source for several cell types. In the case of low
glucose levels, autophagy mediates the response aimed at meeting the intracellular energy
requirements for cell survival through the catabolism of reserves and the recycling of
intracellular macromolecules. A crucial hub responsible for glucose sensing is the highly
conserved mTOR complex, composed of mMTORC1 and mTORC2. Upon glucose availability,
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mTORCI is activated to stimulate the anabolic process and promote proliferation [36].
Glucose scarcity inhibits mTORC1 both blocking cell growth and proliferation and inducing
autophagy. Being the synthesis of macromolecules, mainly protein synthesis, the most
expensive process in terms of energy, mTORC1-driven response blocks anabolism and
promotes the usage of reserves.

However, beyond emphasizing the energy provided by autophagy, the energy required
by autophagy itself has also to be highlighted. Thus, autophagy activation may depend
on the ability of the cell to carry out the process spending the minimum amount of energy.
Whether this ability is restricted, other vital processes are prioritized [37].

On the other hand, energy stresses responsible for autophagy induction also include
nutrient excess, especially high glucose concentrations, resulting in an autophagy-mediated
cell death, also known as “autosis”. Autosis is a programmed cell death, beyond apoptosis
and necrosis, that is recognized by a large number of autolysosomes present in the cyto-
plasm and the fact that no proteins, aside from those belonging to the autophagic core, are
required to mediate this type of death [38]. Indeed, autophagic cell death can be blocked
by the depletion of ATG proteins [39]. In this condition, reactive oxygen species (ROS)
have been identified as the major players in the overwhelmed induction of autophagy by
activating the Mitogen-activated protein kinase (MAPK) signaling pathway [40]. Moreover,
upon an overload of nutrients, ER stress can also occur following the increased protein
entry in ER and the consequent augment of unfolded proteins. The unfolded protein
response (UPR) is in turn responsible for activating autophagy [41]. Indeed, autophagy
has an active role in protein turnover, orchestrating protein degradation together with the
proteasome. The ubiquitin—proteasome system (UPS) is responsible for the degradation of
about one-third of newly synthesized proteins. Even though UPS and autophagy are mech-
anistically different, an important common feature is the presence of ubiquitin sequence
marking targets [42]. Generally, the majority of short-lived proteins are degraded by UPS,
whereas long-lived proteins are preferentially degraded via autophagy, but this division
is not strictly enforced. In addition, the relative contribution of autophagy depends on
the cell type and the environment; indeed, this process contributes to cellular remodeling
and adaptations to changes in the availability of different nutrients [43]. For instance,
autophagy plays a pivotal role in physiological bone remodeling, which is crucial for the
formation and maintenance of bone morphology and the repair of damaged bones. The
differentiation of bone marrow mesenchymal stem cells requires AMP-activated protein
kinase (AMPK)/mTOR signaling axis-mediated autophagy during the early stage. In
contrast, protein kinase B (AKT)/mTOR signaling axis activation is needed in the late
stage. The key role of autophagy in this differentiation process is also demonstrated by
the loss of autophagic capability in fully differentiated osteoblasts. In this context, ROS
are responsible for autophagy activation through MAPK induction [44]. Beyond bone
marrow mesenchymal stem cells, it has also been demonstrated that autophagy is involved
in the differentiation of several cell types, including immune cells [45], hematopoietic
cells [46], neurons [47], by removing proteins that should not be present in each specific
stage of differentiation.

The above-mentioned functions define autophagy as a crucial process to maintain
homeostasis; consequently, perturbations of this degradation process are associated with
numerous diseases, such as infections, cancer, and neurodegeneration [48].

Autophagy acts as an innate immune mechanism aimed at removing pathogens
invading cells. This type of selective autophagy is known as xenophagy [49]. After the
permeabilization of the phagosome through which the bacterium enters the cell, it will
be promptly ubiquitinated and recognized by ubiquitin-binding autophagic receptors.
Consistently, the deletion of genes codifying for key autophagic players determines an
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uncontrolled replication of bacteria in mammalian cells, making cells extremely susceptible
to infection. For instance, murine myeloid-derived cells knock-out in the ATG5 gene show
a higher vulnerability to Mycobacterium tuberculosis infection [50]. Knockdown of p62 or
inactivation of ATG5 has been shown to increase viral capsid accumulation and accelerate
cell death induced by the Sindbis virus [51].

Based on this, bacteria and viruses have developed mechanisms to elude autophagy
degradation. In several cases, bacteria inhibit autophagy activation at different levels
to carry on the infection or mask their surface to avoid ubiquitination [52]. For instance,
Francisella tularensis escapes from autophagic destruction by coating its surface with polysac-
charidic O-antigens that protect it against polyubiquitination [53].

Being autophagy a self-clearance pathway, among its functions there is also the re-
moval of oxidized cellular components and, consequently, the regulation of intracellular
ROS content. ROS are small molecules, including one-electron reduction products such
as superoxide anions (0°27), hydroxyl radicals (*OH), peroxyl (RO,*), and alkoxy (RO®),
two-electron reduction products such as hydrogen peroxide (H;O,). ROS and RNS (re-
active nitrogen species) are mainly produced in mitochondria by the electron transport
chain, thus their production is strictly associated with the metabolic status of the cells.
Basal levels of ROS have a physiological function of signaling, acting as second messengers,
and activating transcriptional factors. At high concentrations, ROS/RNS can react with
organelle and macromolecules resulting in their oxidation. The net content of ROS depends
on the balance between ROS production and elimination, thanks to the action of antioxidant
mechanisms [54]. Autophagy is part of the adaptive antioxidant response of cells, and it is
responsible for the different capacities of cells to cope with ROS originating from different
insults based also on a different ROS threshold required to activate autophagy [55].

3. Regulation of Autophagy

Autophagy is a homeostatic mechanism, and it is not surprising that autophagic
levels can significantly fluctuate when cellular homeostasis is perturbed, regardless of
whether it is the consequence of nutrient shortage, pathogen infections, or exposure to
pro-oxidant agents. In all these cases, the autophagy rate is enhanced to cope with stress
conditions and to preserve cell integrity and viability [56]. At the same time, it should
also be considered that an excessive degradation of cell components can be detrimental
to the cells and eventually lead to cell death [57]. The term autophagic cell death was
introduced to identify a type of cell death that can be blocked by genetic inhibition of au-
tophagy [58]. As high autophagic activity was reported in many dying cells and no specific
morphological features of autophagic cell death have ever been identified, it is not trivial
to discriminate between a cell death “by autophagy” and one that is only dependent or
triggered by autophagy, like autosis [59]. Regardless of this difference, cells must fine-tune
autophagy activity and duration to make sure that it is always proportional to the intensity
of the stimulus to prevent undesired detrimental effects. A common trait of all types of
autophagy is that they all require lysosomes to complete the process. Therefore, changes in
lysosomal activity, positioning, and expression of lysosomal membrane proteins impact
autophagy activity [60,61]. The regulation of the specific forms of autophagy, namely CMA
and eM], is still poorly studied but it generally occurs at either substrate recognition or
at the lysosomal level [26,62]. On the contrary, the regulation of macroautophagy is well
characterized and all steps of the autophagy pathway, from autophagosome formation and
maturation to autophagosome fusion with lysosomes, are subject to regulation [3]. Regula-
tion of macroautophagy can occur at multiple levels: transcriptional, post-transcriptional,
and post-translational.
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3.1. Transcriptional Regulation

The transcriptional regulation depends on the expression of autophagic genes; the
increase of even a few of them is sufficient to stimulate autophagy. Several transcription
factors have been shown to regulate autophagy, either activating or inhibiting it.

3.1.1. TFEB

The transcription factor TFEB is considered the master regulator of autophagy and
lysosomal biogenesis, and many genes involved in different steps of the autophagic path-
way, including Beclin-1, LC3, and p62, are TFEB targets [63]. Consequently, the increase of
TFEB expression causes activation of autophagy. Various transcriptional factors, in turn,
can regulate TFEB expression, including CREB, which also regulates ATG7 and ULK1, by
recruiting its coactivator CRTC2 [64]. TFEB can be also regulated through phosphoryla-
tion that sequesters it into the cytosol and prevents its nuclear activity. The main kinase
responsible for TFEB phosphorylation in the presence of aminoacids is mTOR [65]. In
particular, mTORC1 directly phosphorylates TFEB at Ser142 and Ser211 sites, inactivating it.
14-3-3 proteins also bind phosphorylated TFEB and prevent its nuclear translocation [63].
Moreover, AKT directly phosphorylates TFEB at Ser467 and represses its nuclear transloca-
tion independently of mTORC1 [66].

3.1.2. FoxO

Beyond TFEB, members of the Forkhead Box O (FoxO) family can also regulate
autophagic genes. FoxO3 induces a bulk induction of autophagy, determining atrophy
in myotubes by promoting genes such as LC3 and GABARAPI1 [67]. Moreover, FoxO3
can induce autophagy in a FoxO1-dependent manner. Specifically, FoxO3 promotes the
phosphorylation of FoxO1 by AKT1, causing translocation of FoxO1 to the cytoplasm,
leading to the induction of autophagy [68].

3.1.3. Peroxisome Proliferator—Activated Receptors (PPARs)

The transcription factors of the PPARs family, such as PPARx and PPARYy, regulate
gene expression upon metabolic variations and have opposite roles in the regulation of
autophagy. PPAR« is activated by free fatty acids and it can bind promoters of autophagic-
related genes, regulating the expression of LC3, BNIP3, ATG?7, and Beclinl. Pharmacological
activation of PPAR« is sufficient to release autophagy inhibition in the fed state, inducing
lipophagy, and PPARx knockout mice are partially defective in activating autophagy
during fasting [69]. During adipogenesis, it has been demonstrated that PPARy induces
LC3, Beclinl, and ATG4b, directly regulating autophagy, and indirectly promotes the
expression of TFEB and FoxO1 inducing autophagy to remove proteins not useful in the
differentiation step ongoing [70].

3.14. p53

The transcription factor and tumor suppressor p53 has a dual role in modulating
autophagy, depending on its subcellular localization. Nuclear p53 activates ATG genes,
among which ATG4A, ATG5, and WIPI1, and genes inhibiting mTOR, such as AMPK and
TSC2. Another p53 target is DRAM1, which promotes the acidification of lysosomes and,
consequently, autophagy. On the contrary, cytosolic p53 inhibits autophagy through differ-
ent pathways, such as the inhibition of AMPK, mTOR activation, and the ubiquitination
and degradation of Beclinl [71].

3.1.5. AMPK

A crucial stress sensor responsible for maintaining energy balance is AMPK, which also
acts as an epigenetic regulator. Indeed, it can modulate the activity of histone acetyltrans-
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ferases (HATs) and histone deacetylases (HDACs). Among HDACs influenced by AMPK,
there is SIRT1, which induces autophagy by promoting the deacetylation of ATGs and
FOXO1 genes. Under nutrient-deprived conditions, AMPK can phosphorylate GAPDH,
which, in turn, translocates into the nucleus where it interacts with SIRT1 and activates
its histone deacetylation function. This mechanism allows the release of epigenetic acety-
lation readers, such as bromodomain-containing protein 4 (BRD4), and the expression of
autophagic and lysosomal genes. When nutrients are available, autophagy and lysosomal
gene expression are repressed by the binding of BRD4 to the promoter and, consequently,
the recruitment of a methyltransferase that induces histone demethylation [72]. Another
target of AMPK is Acetyl-CoA synthetase short-chain family member 2 (ACSS2), whose
function is to convert acetate into acetyl-CoA. When phosphorylated by AMPK, ACSS2
can translocate into the nucleus to interact with TFEB and to locally produce acetyl-CoA
necessary for histone acetylation, inducing the expression of autophagic genes [73].

3.1.6. HATs

The activity of acetyltransferase, including p300, can also be modulated by mTOR [72].
In particular, when activated, mMTORC1 phosphorylates p300 and prevents the binding to
the RING domain, inhibiting the catalytic function. As a consequence, autophagy induced
by starvation is suppressed and lipogenesis is activated [74].

Regarding the epigenetic regulation of autophagy, DNA methyltransferases (DNMTs)
and ten-eleven translocation (TET) proteins are responsible for methylation levels of several
autophagic genes and, consequently, they can activate or suppress autophagy. For instance,
TET1 can regulate the expression of ATG13 and DNA damage-regulated autophagy mod-
ulator protein 1 [75]; DNMT3 is responsible for methylating the DNA of the LC3 gene,
resulting in a reduction of basal autophagy [76].

3.2. Post-Transcriptional Regulation

In addition to transcription factors, a significant number of non-coding RNAs (mi-
croRNA, circRNA, and IncRNA) participate in autophagy modulation. Among them,
miR-101 inhibits RAB5A, ATG4C and, together with miR-376b, ATG4D; miR-103a-3p
inhibits ATGS5 [77].

3.3. Post-Translational Regulation

Post-translational modifications are widely present in autophagy regulation, compre-
hending ubiquitination, phosphorylation, glycosylation, methylation, acetylation, and pro-
tein lipidation (N-myristoylation, S-palmitoylation, S-prenylation, glycosylphosphatidyli-
nositol (GPI) anchoring, and cholesterylation) [78]. Several of the abovementioned tran-
scriptional factors are also responsible for directly regulating post-translational modifi-
cations of autophagic proteins, such as AKT, that phosphorylates Beclinl at Ser295 and
inhibits autophagy [79], whereas the phosphorylation at Ser91/94 by AMPK induces
autophagy [80].

A crucial point of post-translational regulation of autophagy is the regulation of LC3
protein levels and function. The ubiquitin-activating enzyme UBA6 and the ubiquitin
ligase BIRC6 cooperate and suppress autophagy by promoting LC3 monoubiquitination
and proteasomal degradation [81]. LC3 phosphorylation at Ser12 by PKA suppresses its
activity and inhibits autophagy. Metabolic and pathological inducers of autophagy caused
dephosphorylation of endogenous LC3 [82].

4. Regulation of Autophagy by ROS

Oxidative stress is a major modulator of autophagy, as many stimuli that activate
autophagy cause an increase in ROS. ROS can regulate autophagy both directly and
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indirectly. For instance, nutrient deprivation, the archetypal autophagy inducer, increases
mitochondrial ROS levels, possibly due to an increased electron leakage [83].

A rapid accumulation of ROS during nutrient starvation promotes autophagy activa-
tion. Nutrient starvation stimulates the production of mitochondrial ROS, mainly H,O,,
that can oxidize the cysteine protease ATG4, responsible for regulating LC3 interaction
with autophagosomes. Oxidation inhibits ATG4 and promotes the lipidation of LC3 and
autophagosome formation [84]. Since mitochondria are the main responsible for ROS
production, ROS can promote mitophagy to avoid excessive oxidative stress. One of the
mechanisms responsible for mitophagy activation by ROS is the induction of Parkin translo-
cation to mitochondria, mainly driven by superoxide [85]. Additionally, the non-canonical
mitophagic pathway regulated by BNIP3 can be modulated by ROS [86,87].

The regulation of autophagy by ROS can also be indirect, via modulation of autophagic
gene expression; it is the case of Beclinl and NF-kB expression prompted by ROS and that
consequently activates autophagy [88]. Moreover, ROS can activate AMPK and stimulate
autophagy to allow the cells to counteract oxidative stress and preserve cell viability.
Several AMPK cysteine residues, like Cys299, Cys304, and Cys312, can be oxidized and
modified, for instance by S-glutathionylation, causing a conformational change in AMPK
that facilitates protein phosphorylation at Thr172. This event anticipates the activation of
AMPK mediated by a high AMP:ATP ratio. [89].

ROS-mediated autophagy activation can also play a propaedeutic role in cell death
by autosis. ROS-mediated loss of cardiolipin in neurons causes autosis [90], and high LPS-
mediated activation induces ROS-mediated autophagic cell death in macrophages [91].

The ability of ROS to induce autophagic cell death can also be exploited as an anti-
cancer strategy, as was shown in glioma [92], colon [93], and chronic myeloid leukemia [94].
ROS-mediated activation of autophagy can also trigger ferroptosis, an iron-dependent
cell death mechanism, since autophagy regulates intracellular iron levels through ferritin
degradation and transferrin receptor induction [95].

5. Mitogen-Activated Protein Kinases (MAPKSs)

Mitogen-activated protein kinases (MAPKSs) are a family of serine/threonine kinases
that transduce extracellular and intracellular stimuli into a variety of cellular responses.
The best-characterized members are the four conventional MAPKSs: the extracellular signal-
regulated kinases 1/2 (ERK1/2), c-Jun amino (N)-terminal kinases 1/2/3 (JNK1/2/3),
P38 (p38c, B, v, and §), and ERKS [96]. Other MAPKSs have been described and classi-
fied as atypical MAPKSs, because they are activated via different, often unclear mecha-
nisms and their functions differ from those of conventional MAPK. Atypical MAPKSs are
ERK3/4/7/8 and Nemo-like kinase (NLK) [97,98].

Each conventional MAPK is the endpoint of a three-tier cascade starting with a MAP
kinase kinase kinase (MAP3K) that is activated by upstream signals like cytokines or
growth factors, often through G-protein-coupled or tyrosine kinase receptors [96].

Active MAP3Ks phosphorylate and activate one or more MAP kinase kinases
(MAP2KSs), which, in turn, phosphorylate-specific MAPKs on threonine and/or tyrosine
residue located within a Thr-Xxx-Tyr motif [96]. MAPKSs, in particular JNK and p38, can
also be activated in response to several stressors originating from either outside or inside
the cell, such as oxidative and genotoxic stress. An overview of the MAPK cascades and
their output is shown in Figure 2. The activation mechanism of MAPK by oxidative stress
is often not completely understood but it involves the activation of protein tyrosine ki-
nase [99], inhibition of protein phosphatases [100], or direct activation of upstream kinases.
One well-known example is represented by the MAP3K apoptosis signal-regulating kinase
1 (ASK1). ASK1 is usually inhibited by the binding of thioredoxin 1 (TRX1), a small an-
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tioxidant protein. Upon ROS production, TRX1 cysteine residues are oxidized, causing the
release of ASK1 and its activation. Active ASK1 phosphorylates the MAP2Ks MKK3/4/6,
which, in turn, activate JNK and p38 and induce the cell death pathway [101].
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Figure 2. Cascades of conventional and atypical MAPKSs. Conventional MARKSs activate responses as
proliferation, differentiation, and apoptosis whereas atypical MAPKSs are involved in the autophagy
response, but their roles are still unclear (?).

Once activated, MAPKs phosphorylate a considerable number of targets, either in the
cytosol or in the nucleus, resulting in the modulation of a wide range of processes, such as
cell survival, proliferation, differentiation, migration, and death [102]. In an over-simplistic
view, the ERK pathway was traditionally considered associated with cell proliferation and
differentiation, while JNK and p38 are involved in stress response and activation of cell
death pathways. The presence of several isoforms of each MAPK with tissue specificity, the
presence of scaffolding proteins and phosphatases that operate a spatiotemporal regulation
of MAPK activation, and the connectivity among components of the MAPK pathway,
add additional layers of complexity in the MAPK network and make the result of MAPK
activation highly dependent on the type and duration of the stimulus and the cellular
context [103].

6. Role of MAPK in the Regulation of Autophagy

As downstream effectors of ROS, multiple reports have shown that MAPKSs regulate
autophagy, either activating or inhibiting it, depending on the stimulus and the cell type
(Figure 3). However, the identity of the downstream effectors is not always known.
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Figure 3. Regulation of autophagy by MAPKs. As downstream effectors of ROS, MAPKSs can either
activate (green arrows) or inhibit (red arrow with blunted end) autophagy by phosphorylating
several downstream targets, promoting (black arrow), or inhibiting (black arrow with red crosses)
their functions.

6.1. JNK

Several reports in the last decades have highlighted the role of JNK in the regulation
of autophagy, specifically macroautophagy, and there is a consensus in defining JNK as a
positive regulator. Mechanistically, [INK-dependent regulation of autophagy can be either
transcriptional-independent or transcriptional-dependent. In 2006, Wei and colleagues
demonstrated that JNK1, but not JNK2, phosphorylates the anti-apoptotic protein Bcl-2
upon nutrient deprivation [104]. The magnitude and/or the kinetic Bcl-2 phosphorylation
by JNK1 determines whether Bcl-2 phosphorylation triggers a pro-survival (autophagy) or
pro-death (apoptosis) response. Upon short-term nutrient deprivation, the phosphorylation
by JNK1 at residues Thr69, Ser70, and Ser87 of Bcl-2 disrupts the binding with Beclinl,
promoting autophagosome formation. In this condition, the interaction of Bcl-2 with the
pro-apoptotic protein Bax is not affected, so the anti-antiapoptotic functions of Bcl-2 are
preserved. If nutrient deprivation is prolonged, maximal Bcl-2 phosphorylation disrupts
the binding with Bax, promoting apoptosis [105]. Thus far, this is the sole example of a
direct involvement of JNK in the regulation of autophagy through direct phosphorylation
of a protein linked to autophagy. The literature regarding the transcriptional-dependent
regulation of autophagy by JNK is, on the contrary, quite rich. This is not surprising as
many JNK downstream targets are transcription factors. JNK is a positive regulator of the
FoxO transcription factors. Active JNK phosphorylates FoxO at several residues, promoting
nuclear translocation and expression of its targets [106]. Several ATG genes, including
LC3 and BNIP3, are among FoxO targets [107], and constitutive activation of FoxO3A
was shown to be sufficient to induce autophagy [67]. In addition, FoxO can regulate
autophagy through epigenetic mechanisms involving histone modifications that promote
the expression of the autophagy and lysosomal biogenesis regulator TFEB [108]. Among
the other JNK targets c-Jun, one of the subunits of the AP-1 transcription factor, upregulates
Beclinl expression to induce autophagy [109]. To date, nothing is known about the possible
regulation of CMA by the JNK pathway, while a role in eMI has been reported in Drosophila.
Here, the authors showed that JNK signaling mediates ROS-induced activation of eMI in
the fly fat body, although the JNK targets are not yet identified [34].
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6.2. p38

Similar to JNK, numerous reports are linking p38 activation to autophagy modu-
lation. However, unlike JNK, there is conflicting data on whether p38 is a positive or
negative regulator of autophagy. Regardless of the effect of p38 activation, regulation of
autophagy seems to predominantly take place via phosphorylation of protein involved in
autophagy. For example, ATGS5, a protein involved in autophagosome formation, can be
phosphorylated at Thr75 in a p38-dependent manner [110]. Phosphorylation of ATG5 by
p38 blocks autophagy by inhibiting autophagosome maturation, highlighting a negative
role of p38 on autophagy. In a similar paper, p38 was shown to inhibit autophagy in glial
cells by phosphorylating ULK1 [111]. Additional reports demonstrated that p38 can inhibit
autophagy also via indirect mechanisms. In 2010, the group of Sharon Tooze demonstrated
that p38 inhibits autophagy by controlling the interaction of p38IP with ATG9, a member of
autophagy core machinery [112]. Similarly, we showed that ROS-dependent activation of
p38 indirectly limits starvation-induced autophagy via a feedback loop that decreases ROS
levels by redirecting glucose metabolism from glycolysis to the pentose phosphate pathway
(PPP), thus increasing NADPH production to preserve cell viability under conditions of
nutrient deprivation [113].

While many papers indicate that p38 activation inhibits autophagy, others go in
the opposite direction. Activation of p38 was shown to regulate autophagy through
the phosphorylation of glycogen synthase kinase 3b (GSK3b) on Ser9 [114]. Whether
p38 directly phosphorylates GSK3b was not clarified. More recently, p38 was shown
to phosphorylate TFEB at Ser401, leading to TFEB activation to promote monocyte-to-
macrophage differentiation [115]. In the paper, the effect on autophagy was not analyzed;
however, being many autophagy and lysosomal genes among TFEB targets, it is reasonable
to speculate that this activation would increase autophagy. The knowledge regarding
the other types of autophagy is extremely limited. Only one paper highlighted the direct
role of p38 in the regulation of CMA. The authors demonstrated that in response to ER
stress p38 can localize to the lysosome and directly phosphorylate the CMA lysosomal
receptor LAMP2A at Thr211 and Thr213, inducing LAMP2A oligomerization and CMA
activation [116]. Another paper showed that p38 phosphorylates TFEB by inhibiting its
activity. TFEB is a transcription factor promoting LAMP2 expression and, consequently,
increasing activation of CMA. For this reason, several p38 inhibitors are used as CMA
promoters since they induce TFEB translocation into the nucleus [117]. To date, nothing is
known about whether p38 also influences eMI.

6.3. ERK1/2

The number of reports regarding the regulation of autophagy by ERK in condi-
tions of oxidative stress is not huge, as it is more often studied in the context of the
RAS/RAF/MEK/ERK pathway in tumors in which this pathway is altered. For instance,
RAS or ERK blockade was shown to increase autophagy in pancreatic cancer [118]. Along
the same line, ERK was shown to inhibit FoxO3, a positive regulator of autophagy [119],
and to phosphorylate TFEB at Ser142 when sufficient nutrients are present, sequestering
TFEB in the cytosol. In starvation conditions, ERK does not bind TFEB, leaving it to
translocate into the nucleus [120].

Both lines of evidence agree on the inhibitory function of ERK on autophagy. Inter-
estingly, ERK was shown to localize to the cytoplasmic face of autophagosomes and to
interact with some ATG proteins. In this case, autophagosomes act as a scaffold in the
spatio-temporal regulation of ERK phosphorylation in response to growth factors [121].
Whether active ERK localized at the autophagosome has any effect on ATG proteins and
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autophagy is not known. As for CMA and eM], there are currently no reports on the
regulation by ERK.

6.4. ERK5

A limited number of papers described the involvement of ERK5 signaling in au-
tophagy, without an agreement on the output of its activation. The MEKK2/3-MEK5-ERK5
pathway was shown to promote basal mitophagy in cultured cells [122], while in neuronal
cells MEKS5 inhibition was shown to activate autophagy in a mTOR-independent and
ERK5-independent manner [123]. Another paper indicated that ERKS inhibition activates
autophagy, but in this case, the effect was attributed to ER stress caused by ERKS5 inhibition,
rather than a direct modulation of ERK5 on autophagy [124].

6.5. Atypical MAPK

Very few reports investigated the influence of atypical MAPKs, in particular NLK, on
autophagy. NLK was shown to be activated by stress conditions such as hyperosmotic and
oxidative stress in HEK293 cells and to phosphorylate Raptor and inhibit mTORC1 [125],
suggesting that NLK stimulates autophagy, although this possibility was not tested. A more
recent paper by Tejwani and colleagues suggests an opposite effect of NLK. They show
that in neuronal cells NLK inhibits lysosomal biogenesis and autophagy by promoting the
destabilization of nuclear TFEB [126].

7. Conclusions

In detailing the fundamentals of the interplay between redox regulation and au-
tophagy, this review is structured to provide an outline of the underlying principles of
how MAPKs are contributing. For autophagy functioning cells use an orchestrated system,
which includes multifaceted input cues that cause a signal to be generated. The general
set-up is completed by appropriate feedback systems, the detailed mechanisms of which
still need to be uncovered. Autophagy and MAPK are both modulated by several stimuli,
and it is therefore not surprising that there is plenty of literature showing their intercon-
nection, at least for what regards macroautophagy. The biochemistry of gene activation
through redox-sensitive transcription factors has largely been elucidated. However, several
key questions remain to be answered. One major question concerns the hierarchy of redox
regulation. In this context, ROS are among the main stimuli responsible for the activation
of autophagy through MAPKSs. This makes cellular antioxidant defenses crucial because
they regulate the amount of ROS imposing the threshold for autophagic activation [83]. As
mentioned in the published literature and in several instances in the present review, there
are the so-called master regulators, but the question arises: who regulates the regulator?
Therefore, cell fate is regulated by cellular antioxidant capacity; in fact, cells with prominent
antioxidant defenses, such as the aforementioned liver cells [127], cardiac cells [40], and
bone marrow mesenchymal cells [44] exploit ROS to activate autophagy avoiding cell death.
A better understanding will require network analysis in terms of feedback and feedforward
loops at spatiotemporal patterns. It is not surprising that the final effect of MAPK activation
is strongly cell-dependent and stimulus-dependent, reflecting the complex regulation of the
MAPK pathways that determine their outputs. This depends on a better understanding of
the molecular mechanisms linking MAPK and autophagy, as many papers are more focused
on the final effects of MAPK modulation than on how the regulation takes place. Another
important consideration concerns the duration of the stimulus, which determines whether
the cellular response will be pro-survival or pro-death. In fact, the activation of autophagy
is directly associated with the cell’s ability to survive under stress conditions, either by
utilizing alternative energy sources or by engaging the autophagic pathway to eliminate the
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source of stress itself (e.g., misfolded proteins, bacteria, viruses). However, if the stimulus
is prolonged, apoptosis tends to become the predominant outcome. This aspect further
complicates the relationship between oxidative stress and the autophagic response, also
introducing limitations in the potential therapeutic exploitation of this interplay. Similarly,
a major research challenge exists in further elucidating the molecular details linking MAPK
and other types of autophagy, whose regulatory mechanisms remain poorly understood.
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Abstract: Peroxisomes generate reactive oxygen species (ROS) and also play a role in
protecting cells from the damaging effects of such radicals. Dysfunctional peroxisomes
are recognized by receptors and degraded by a selective type of macroautophagy called
pexophagy. Oxidative stress is one of the signals that activates pexophagy through multi-
ple signaling pathways. Conversely, impaired pexophagy results in the accumulation of
damaged peroxisomes, which in turn leads to elevated ROS levels and oxidative stress,
resulting as cellular dysfunction and the progression of diseases such as neurodegener-
ation, cancer, and metabolic disorders. This review explores the molecular mechanisms
driving pexophagy and its regulation by oxidative stress with a particular focus on ROS.
This highlights the role of peroxisomal proteins and ROS-mediated signaling pathways
in regulating pexophagy. In addition, emerging evidence suggests that the dysregulation
of pexophagy is closely linked to neurological disorders, underscoring its potential as a
therapeutic target. Understanding the intricate crosstalk between pexophagy and oxida-
tive stress provides new insights into the maintenance of cellular homeostasis and offers
promising directions for addressing neurological disorders that are tightly associated with
pexophagy and oxidative stress.

Keywords: peroxisome; pexophagy; autophagy; ROS

1. Introduction

The quality of organelle and balanced oxidative stress is critical for maintaining
cellular homeostasis. The clearance of damaged organelles removes potentially toxic
byproducts from the cells and reuses organelle components for bioenergetics. Therefore,
defects in organelle clearance can be detrimental to cell health and contribute to cancer,
neurodegeneration, and inflammatory diseases [1].

Autophagy is a fundamental cellular process that occurs at the basal level and plays
an important role in cellular equilibrium and removing debris from damaged organelles or
cells. It can also be activated in response to cellular stresses such as starvation, hypoxia, or
exposure to anticancer agents and triggers a cell survival process that supplies energy to
cells during energy depletion [2]. The process of autophagy involves sequestering cyto-
plasmic components into double-membrane vesicles known as autophagosomes. These
autophagosomes then fuse with lysosomes to degrade their contents. These degrada-
tive processes are important not only for maintaining cellular homeostasis and removing
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excess or damaged organelles, aggregated proteins, or pathogens from cells, but also
for providing energy to support cell survival and function. Defects in autophagy have
been linked to a variety of human diseases, including cancer, neurodegeneration, and
inflammatory diseases [3,4]. Organelle-specific autophagy can clear mitochondria, per-
oxisomes, lysosomes, endoplasmic reticulum (ER), chloroplasts, and the nucleus. The
selective autophagy of organelles is important for maintaining the integrity and number
of organelles in the context of various environments and stresses. Organelle clearance,
or selective autophagy of organelles, is different from the bulk degradation process that
occurs, for example, in starvation-induced autophagy. It is a selective process that involves
the specific sequestration of cellular components. Various types of organelle clearance have
been identified, all of which involve initiation by a signal that triggers downstream events,
leading to the recognition and marking of the target organelle for degradation. Addition-
ally, there are also specialized molecules that mark components as cargo for degradation
and autophagy-related components, promoting their sequestration and removal. Several
organelles, including mitochondria, peroxisomes, lysosomes, the ER, and the nucleus, have
all been identified as cargo that can be degraded by autophagy across a variety of taxa [1].

Oxidative stress results from an imbalance between the production of reactive oxygen
species (ROS), including free radicals, and cellular antioxidant defense. This imbalance can
lead to the damage of cellular components such as proteins, lipids, and DNA, ultimately
disrupting normal cellular function. ROS, generated as byproducts of normal cellular
metabolism, particularly from peroxisomes and mitochondria, can function as signaling
molecules [5]. Importantly, this process is crucial for maintaining cellular health by pre-
venting the accumulation of impaired peroxisomes, which further contributes to metabolic
disturbances and the exacerbation of oxidative stress [6-8]. Furthermore, the only currently
available study comparing the relative ROS production of different cellular sources showed
that the endoplasmic reticulum (ER) and peroxisomes may have a greater capacity to
generate ROS than mitochondria, at least in rat liver [9]. The peroxisomal antioxidant de-
fense system of mammalian peroxisomes contain a variety of ROS-metabolizing enzymes,
including catalase, superoxide dismutase 1, peroxyredoxin 5, glutathione S-transferase
kappa, ‘microsomal’ glutathione S-transferase, and epoxide hydrolase 2. There is also
evidence that these organelles utilize non-enzymatic, low-molecular-weight antioxidant
compounds [10].

Peroxisomes are highly dynamic oxidative organelles with important metabolic func-
tions in cellular lipid metabolism, including the 3-oxidation of fatty acids, the synthesis of
myelin sheath lipids, and the regulation of cellular redox balance. The functional loss of per-
oxisomes causes serious metabolic disorders in humans, such as Zellweger syndrome and
X-linked adrenoleukodystrophy [11-13]. The idea that peroxisomes can act as endogenous
stress generator stems from the discovery that the long-term administration of peroxisome
proliferators to rodents induced oxidative stress in hepatocytes [14]. Peroxisomes can
also protect cells from oxidative stress [15]. For example, the absence of functional peroxi-
somes increases apoptosis in the developing mouse cerebella [16]. In addition, mammalian
cells catalyze the first two steps of plasmalogen biosynthesis exclusively by peroxiso-
mal enzymes [17]. Cells defective in the peroxisomal steps of plasmalogen biosynthesis
are shown to be significantly more sensitive than control cells to ROS generated by UV
irradiation [18,19].

Peroxisomes are both sources and targets of ROS, underscoring the importance of their
regulated turnover through pexophagy in maintaining cellular homeostasis. Peroxisomes
are essential organelles involved in lipid metabolism and ROS detoxification. However,
peroxisomal dysfunction can lead to excessive oxidative stress, thus disrupting normal
cellular function [20,21]. Damaged, excessive, or dysfunctional peroxisomes are recognized
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to degrade by a selective autophagic degradation process known as pexophagy [22,23].
Studies have consistently shown that impaired pexophagy results in the accumulation of
ROS. In contrast, ROS, as signaling molecules, play an important role in regulating pex-
ophagy by mediating several pathways, such as inducing the ubiquitination of peroxisomal
membrane proteins (PMPs). These processes underscore the intricate relationship between
ROS and pexophagy, highlighting their collaborative roles in mitigating oxidative damage
and maintaining cellular balance.

Peroxisomes are selectively recognized by receptors through their ubiquitin-binding
domains (UBDs), and those peroxisomes interact with the LC3-interacting region (LIR) to be
delivered to autophagosomes for pexophagy [24-26]. Two mammalian pexophagy receptors
have been identified: NBR1 and p62 [27,28], which interact with ubiquitinated peroxisomal
membrane proteins (PMPs) and sequester target peroxisomes into autophagosome. In ad-
dition, peroxisomes can be delivered for degradation through protein—protein interactions
independently of their ubiquitin status [29,30]. Although the mechanisms and functions of
pexophagy have been well studied and extensively reviewed, a critical gap still exists in our
understanding of the complex regulatory networks of this process in mammalian cells.

Pexophagy specifically targets peroxisomes to degrade them, working together with
peroxisome biogenesis to maintain peroxisomal homeostasis. It is tightly regulated by
various signaling pathways and can be triggered beyond its basal level by several factors
such as cellular stress, changes in nutrient levels and environmental stimuli. Importantly,
the accumulation of dysfunctional peroxisomes can lead to metabolic disturbances and
increased oxidative stress.

There is a growing number of studies suggesting that dysregulated pexophagy con-
tributes to the development and progression of neurological diseases [31]. While ROS
have been well studied in the context of neurological diseases, the role of impaired pex-
ophagy in these conditions highlight the need for further investigation into their interplay
as potential therapeutic targets [32]. In this review, we discuss the current findings of
molecular mechanisms driving pexophagy, emphasizing the role of peroxisomal proteins in
its regulation. In addition, we explore how ROS function as signaling molecules that trigger
pexophagy, aiming to offer insights into the involute relationship between pexophagy and
oxidative stress.

2. Pexophagy-Related Peroxisomal Proteins

Peroxisomal proteins located in both the membrane and the matrix are critical for
maintaining peroxisome homeostasis, which is regulated by peroxisome biogenesis and
degradation [33]. Around 70-80% of peroxisomes are removed through pexophagy, a
selective autophagy pathway [34]. Several proteins, such as PEX3, PEX5, and PEX16, are
involved in peroxisome biogenesis. In addition, other proteins that localize or partially
localize to peroxisomes and regulate pexophagy have been identified, including USP30,
MARCHS, HSPA9, and p97/VCP-UBXDS8 complex [35-41]. These proteins function dif-
ferently to modulate pexophagy by regulating the ubiquitination status of peroxisomal
proteins, potentially mediating the turnover of peroxisomal components, and contributing
to the stress responses that influence pexophagy. Further research is necessary to fully
elucidate the specific mechanisms involved in peroxisome dynamics and cellular homeosta-
sis [35-39]. Defects or deficiencies in peroxisomal proteins can lead to metabolic disorders
such as Zellweger syndrome, neonatal adrenoleukodystrophy, and other peroxisomal
biogenesis disorders [42]. Although many of these proteins are involved in pexophagy,
ongoing research continues to uncover additional factors and regulatory mechanisms that
govern this selective autophagic pathway. As our understanding advances, the catalogue
of peroxisomal proteins directly implicated in regulating pexophagy is expected to expand,
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reflecting ongoing discoveries in this field. Therefore, in this section, we will introduce the
peroxisomal proteins involved in pexophagy and its associated pathways (Figure 1).
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Figure 1. Pexophagy-related peroxisomal proteins. (A) PEX5 ubiquitination is a critical signal that
promotes the initiation of pexophagy. This post-translational modification is triggered by various
physiological conditions, including dysfunction of the AAA complex, amino acid starvation, and
stimulation by ROS. (B) Under starvation conditions, PEX14 directly interacts with LC3, thereby
promoting the initiation of pexophagy. Additionally, PEX14 serves as a molecular bridge linking
Optineurin (OPTN) to the pexophagy pathway. (C) The expression levels of peroxisomal proteins
significantly affect the pexophagy process. The loss of PEX13, PEX16, catalase, EHHADH, or the
AAA complex leads to enhanced pexophagy. While this regulation is partially linked to ROS
production and PEX5 ubiquitination, the precise mechanisms underlying these effects remain to be
fully elucidated. Conversely, the overexpression of PEX3 has been shown to promote pexophagy
through the ubiquitination of an unidentified protein. (D) PMP70, ubiquitinated by E3 ligases such
as PEX2 and MARCHS, recruits pexophagy receptors, which facilitate pexophagy under diverse
cellular conditions.

2.1. PEXS5 Ubiquitination-Mediated Pexophagy

PEX5 plays a crucial role in peroxisomal biogenesis by facilitating the import of newly
synthesized peroxisomal matrix proteins into peroxisomes. It recognizes peroxisomal tar-
geting signal 1 (PTS1) present on the target proteins [43,44]. Once PEX5 binds to a protein
carrying the PTS1 signal in the cytosol, it forms a complex with the cargo protein. This
PEX5-cargo complex then docks to the peroxisomal membrane and interacts with mem-
brane proteins such as PEX13 and PEX14 [44,45]. Upon cargo release into the peroxisome
matrix, PEX5 undergoes ubiquitination and subsequent recognition by the peroxisomal
membrane proteins PEX2, PEX10, and PEX12, thereby facilitating its extraction from the
peroxisomal membrane and recycling for further rounds of import [46]. In addition, PEX5
plays a key role in the ubiquitination of peroxisomal membrane proteins, marking them
for recognition by autophagic receptors, which then deliver damaged peroxisomes to the
autophagic machinery. Several studies have demonstrated that PEX5 ubiquitination in
response to several stimuli, including ROS accumulation, hypoxia, and amino acid star-
vation, recruits p62 and NBR1 to activate pexophagy [27,47,48]. The peroxisomal AAA
ATPase complex (AAA complex) is essential for cycling PEX5 during peroxisomal matrix
protein import. The disruption of the AAA complex leads to the accumulation of ubiqui-
tinated PEX5 on the peroxisomal membrane, thereby triggering pexophagy [49]. PEX13,
a component of the peroxisomal matrix import system, regulates pexophagy. The loss of
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PEX13 results in the accumulation of ubiquitinated PEX5 in peroxisomes, promoting the
initiation of pexophagy [50]. These coordinated processes highlight the interplay between
the peroxisomal protein import machinery and pexophagy regulation, which is crucial for
maintaining peroxisome function and cellular homeostasis (Figure 1A).

2.2. PEX14-Mediated Pexophagy

PEX14 is a peroxisomal membrane protein involved in peroxisomal biogenesis. It func-
tions as a docking receptor, ensuring that proteins are correctly delivered to their destina-
tion [51,52]. Notably, PEX5 forms a complex with peroxisomal matrix proteins in the cytosol,
facilitating their import into peroxisomes by docking to the peroxisomal membrane where
they interact with PEX14. However, under conditions such as nutrient starvation, PEX14 has
been reported to interact with LC3, a key component involved in autophagosome formation.
This interaction aids in the recognition and degradation of damaged or unnecessary perox-
isomes via pexophagy [29,53] (Figure 1B). Optineurin (OPTN) is a multifunctional adaptor
involved in various autophagic pathways. Recent studies have suggested that the C-terminal
domain of OPTN can bind to PEX14, thereby initiating a cell-type-specific process known as
pexophagy. This interaction highlights the role of OPTN as a critical mediator in targeting
peroxisomes for degradation under specific cellular conditions. PEX14 serves as an interface
linking OPTN to cell-type-selective pexophagy [54]. Further exploration of the molecular
mechanisms governing OPTN-mediated pexophagy helps to extend our knowledge of disor-
ders linked to peroxisome dysfunction and OPTN-related abnormalities, which will provide
valuable insights into potential therapeutic strategies for treating conditions associated with
impaired peroxisomal function (Figure 1B).

2.3. Pexophagy Regulated by Different Expression Levels of Peroxisomal Proteins

PEX3 is a peroxisomal membrane protein and a key factor in peroxisome biogenesis
that acts in collaboration with PEX16 and PEX19 to facilitate the import of peroxisomal
membrane proteins and initiate peroxisome formation from the endoplasmic reticulum
(ER) [43]. The overexpression of PEX3 induces pexophagy, which is characterized by the
formation of ubiquitinated and clustered peroxisomes regardless of the ubiquitination
status of PEX3. However, the specific ubiquitinated substrates during this process remain
unidentified, and further investigation is needed to elucidate their precise molecular mecha-
nisms [55] (Figure 1C). PEX16 plays a critical role in peroxisome biogenesis and is involved
in the early stages of peroxisomal membrane assembly and growth. Research has indicated
that PEX16 plays a role in regulating pexophagy, and that the depletion or dysfunction
of PEX16 has been associated with the induction of pexophagy. This suggests that PEX16
participates in maintaining the balance between peroxisome proliferation and degradation
via mechanisms that influence pexophagy regulation. Further studies are needed to fully
understand the specific mechanisms by which PEX16 affects pexophagy and its implications
in cellular homeostasis and diseases [56] (Figure 1C). Catalase, an enzyme located in the
peroxisomal matrix, protects cells from oxidative damage by converting hydrogen peroxide
to water and oxygen. Catalase deficiency, especially during serum starvation or fasting, can
lead to elevated levels of ROS, which in turn activate pexophagy [6,57]. This process under-
scores the vital role of catalase in protecting cells from oxidative damage and maintaining
peroxisome homeostasis (Figure 1C). Moreover, the peroxisomal L-bifunctional enzyme
(EHHADH) has recently been identified as a regulator of pexophagy. EHHADH deficiency
has been shown to induce pexophagy through increased ROS levels [58] (Figure 1C).

2.4. PMP70 Ubiquitination-Mediated Pexophagy

The 70-kDa peroxisomal membrane protein (PMP70), also known as ATP-binding
cassette subfamily D member 3 (ABCD3), plays a pivotal role in peroxisome function by
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transporting crucial substrates across the peroxisomal membrane. The protein is essential
for various metabolic processes such as fatty acid metabolism, bile acid synthesis, and the
detoxification of xenobiotics. These functions are important for maintaining cellular balance
and promoting the overall health of organisms [59-61]. Several studies have demonstrated
that PMP70 is ubiquitinated in response to cellular stress or pharmacological treatment.
Ubiquitinated PMP70 is recognized by autophagy receptors such as NBR1 and p62, which
facilitate the targeting of peroxisomes for degradation through pexophagy [27,36]. Under
amino acid starvation, PMP70 is a substrate of the ubiquitin ligase, PEX2, which leads to
ubiquitination and triggers pexophagy [27]. In response to mTOR inhibition, the ubiquitin
ligase MARCHS binds to PEX19, targeting it to the peroxisome where it ubiquitinates
PMP70 and inducing pexophagy [36] (Figure 1D).

3. Oxidative Stress and Pexophagy

An imbalance between ROS generation and antioxidant capacity leads to oxidative
stress, resulting in excessive ROS levels. Chronic oxidative stress accelerates the aging
process and leads to the development of several diseases, including diabetes, cancer, heart
disease, and neurological disorders [62]. Peroxisomes play a vital role in generating and
scavenging intracellular ROS. They produce ROS as byproducts of fatty acid oxidation
(FAO) and contain detoxifying enzymes, such as catalase. ROS cause structural and
functional abnormalities in peroxisomes by damaging many of the proteins and lipids in
the peroxisomal membrane [63]. Oxidative damage is exacerbated when peroxisomes lose
their function because they are unable to detoxify ROS. In recent years, several studies
have suggested that ROS accumulation stimulates pexophagy [7,48]. Under oxidative
stress, the N-terminal cysteine of ACADI10 is translocated to damaged peroxisomes, where
it binds to p62 and subsequently recruits GABARAP or LC3 to autophagic membranes,
inducing pexophagy [64]. This section summarizes the pexophagy pathways associated
with oxidative stress, with a particular emphasis on the role of ROS (Figures 2 and 3).
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Figure 2. ROS function as signaling mediators in pexophagy. ROS induce pexophagy through the
mTORCI signaling pathway under oxidative stress conditions due to calcium deficiency and amino
acid starvation. ROS activate ATM, which phosphorylates and ubiquitinates PEX5, leading to its
degradation via pexophagy. ATM suppresses mTORC1 activity via the TSC complex. Simultaneously,
ROS suppress mTORCI activity, inducing the dephosphorylation of the transcription factor EB (TFEB),
thereby promoting its nuclear translocation and transcriptional activation of autophagy-related genes,
leading to pexophagy. Additionally, mMTORC1 inhibition influences the ubiquitination of peroxisomal
proteins, such as PMP70 and PEX5, which is mediated by PEX2, further promoting pexophagy.
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Figure 3. ROS regulate the transcription of genes involved in autophagy. ROS trigger various
transcription factors, including HIF-1, Nrf2, p53, and FOXO3, to modulate gene transcription. These
factors translocate to the nucleus and interact with different signaling pathways, including autophagy-
related pathways such as the AMPK and mTORCT1 signaling pathways. Autophagy-related proteins
such as Beclinl, LC3, ATG proteins, and BNIP3 are regulated through these pathways in response to
oxidative stress, which might regulate the selective autophagic degradation of peroxisomes, known
as pexophagy.

3.1. ROS Originating from Various Cellular Compartments

Numerous biological components generate ROS from the ER, mitochondria, and
peroxisomes known as the three major redox-sensitive organelles [65]. These organelles
produce ROS that can be released via aquaporins or unknown protein channels [66].
Although ROS from peroxisomes and mitochondria have been well studied as contributors
to pexophagy induction under stress conditions, the precise role of ER-derived ROS in
pexophagy remains unclear. Mitochondrial ROS are generated in the electron transport
chain during oxidative phosphorylation and act as signaling molecules. Studies have
shown that the depletion of the mitochondrial protein HSPA9 in SH-SY5Y cells increases
ROS levels [67], and the loss of HSPAY in these cells induces pexophagy due to peroxisomal
ROS accumulation [39]. This suggests that ROS diffuse from the mitochondria to the
peroxisomes and promote pexophagy. In addition, elevated levels of ROS within the
peroxisomal lumen can activate Stub1l-mediated pexophagy [68]. Given the dynamic ROS
transfer among mitochondria, peroxisomes, and the ER, ER-derived ROS may play a role
in the regulation of pexophagy. Further studies are needed to clarify whether ER-derived
ROS directly or indirectly influence pexophagy pathways.

3.2. ROS Enhance Pexophagy Through Various Signaling Pathways

ROS serve as critical triggers for the initiation of pexophagy by signaling through differ-
ent pathways. Upon activation by ROS, ataxia-telangiectasia mutated (ATM) translocates to
damaged peroxisomes, where it represses mTORC1 and facilitates the mono-ubiquitination
of PEXS5 [48]. Consequently, ubiquitinated PEXS5 is recognized by pexophagy receptors,
such as NBR1 and p62, to induce pexophagy [48] (Figure 2). During amino acid starvation,
oxidative stress is induced as ROS levels markedly increase [27,69]. Under amino acid
starvation conditions, PEX2 is upregulated and functions as an E3 ubiquitin ligase that
ubiquitinates PEX5 and PMP70. Ubiquitinated proteins are subsequently recognized by
NBR1 during pexophagy [27] (Figure 2). Calcium deficiency in the medium decreases
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the catalytic activity of peroxisomal catalase, resulting in the accumulation of ROS, which
inhibits mTOR activity and activates the transcription factor EB (TFEB). The inactivation of
mTORC1 inhibits TFEB phosphorylation and promotes its nuclear translocation into the
nucleus. TFEB stimulates the transcription of genes involved in lysosomal biogenesis and
autophagy, enhancing autophagic flux, which leads to pexophagy to remove the oxidative
stress present within the cell [7] (Figure 2). Interestingly, in response to peroxisomal ROS,
ATM activates the tuberous sclerosis complex (TSC), which localizes to peroxisomes, in-
hibits mMTORC1, and promotes autophagy [70]. Given that the mTORC1 pathway has been
implicated in the regulation of pexophagy by controlling PEX2 expression, these findings
suggest that mMTORC serves as a central regulator of pexophagy by coordinating cellular
responses to oxidative stress and nutrient deprivation. Although these interactions high-
light an important link between ROS, mTORC1 activity, and pexophagy, further studies are
required to determine the precise mechanisms by which ROS regulate pexophagy.

3.3. ROS Induce Autophagy by Regulating Gene Expression

ROS trigger the activation of transcription factors such as hypoxia-inducible factor
(HIF-100), nuclear factor erythroid 2-related factor 2 (Nrf2), p53, and forkhead box O-3
(FOXO3) [71-74]. These transcription factors induce the expression of genes required
for autophagy induction, including BECN1, LC3, and SQSTM1 [75-77] (Figure 3). HIF-
lx is rapidly degraded by the oxygen-dependent prolyl hydrolases (PHDs), through
ubiquitin—proteasome degradation in normal oxygen levels. However, this degradation
is inhibited under hypoxic conditions, and HIF-1« is stabilized and accumulates [78].
The stabilized HIF-1« translocates to the nucleus, where it activates genes that support
survival under hypoxia, such as those involved in angiogenesis and glucose metabolism.
Notably, increased ROS levels can suppress PHDs, allowing HIF-1«x to accumulate and
activate target genes for pro-autophagic proteins such as BNIP3 and NIX [78,79], which
are well-known mitophagy/pexophagy receptors that induce selective autophagy [80,81].
Under oxidative stress, Nrf2 is stabilized and translocated to the nucleus to activate the
expression of antioxidant and cytoprotective genes to neutralize ROS and restore the cellular
redox balance [82]. Additionally, Nrf2 directly regulates mTOR activity, establishing a
connection between the oxidative stress response and autophagy [83,84]. p53 plays a dual
role in promoting or inhibiting autophagy depending on its subcellular localization. When
oxidative stress occurs, DNA damage leads to the activation of p53, which enhances AMPK
activity and, in turn, inhibits mTOR signaling. This promotes autophagy as a protective
response against oxidative damage [85]. In addition, nuclear p53 induces the transcriptional
activation of autophagy-related genes, such as damage-regulated autophagy modulator
(DRAM) and TP53-induced glycolysis and apoptosis regulator (TIGAR), further facilitating
autophagy [86,87]. Similarly, oxidative stress triggers the nuclear translocation of FOXO3
and induces the transcription of autophagy-related genes such as LC3, BNIP3, and ATG.
This activation helps to reduce oxidative stress by removing ROS and preventing further
cellular damage [88] (Figure 3).

The upregulation of these autophagy-related genes promotes specific forms of au-
tophagy such as pexophagy. The accumulation of ROS triggers cellular stress responses
that activate autophagic pathways, including those that selectively degrade peroxisomes,
helping to maintain cellular homeostasis and mitigate oxidative damage. However, the
exact mechanism by which ROS regulate pexophagy has not yet been fully elucidated.

4. Role of Pexophagy and Oxidative Stress in Neurological Diseases

Both peroxisomes and oxidative status are critical for cellular stability, specifically in
an organ with a high demand for energy such as the brain [89,90]. This notion indicates
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that the regulatory balance of pexophagy and oxidative stress is essential for supporting
proper neuronal health, and disruptions in this balance contribute to the progression of
neurodegenerative diseases.

Peroxisomes are crucial for the formation of cellular membranes and myelin sheaths
in the CNS. In addition, the ether phospholipids produced by peroxisomes are essential for
maintaining proper function of glia and neurons [91]. Pexophagy plays a critical role in
protecting neurons from oxidative damage by selectively degrading dysfunctional peroxi-
somes that could otherwise contribute to excessive ROS production [20]. The dysregulation
of pexophagy can exacerbate oxidative stress and cellular damage, contributing to disease
progression. In addition to their role in lipid synthesis, peroxisomes are central to cellular
oxidative metabolism, including the 3-oxidation of very-long-chain fatty acids (VLCFAs)
and the detoxification of ROS. Impaired pexophagy can lead to the accumulation of dys-
functional peroxisomes, resulting in elevated levels of ROS and VLCFAs, both of which
are observed in neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s
disease [89,90]. Moreover, the failure to remove excessive or damaged peroxisomes may
contribute to mitochondrial dysfunction, another critical factor in neurodegeneration. On
the other hand, neurodegenerative diseases are characterized by the accumulation of mis-
folded proteins such as amyloid-f, tau, and a-synuclein [92]. Recent studies suggest that
peroxisomal dysfunction and impaired pexophagy can indirectly affect proteostasis by
influencing cellular redox states and lipid metabolism, indicating that the dysregulation
of pexophagy may promote protein aggregation and neurotoxicity [90,93]. In addition,
as a specialized form of autophagy, pexophagy is also influenced by general autophagy
pathways, including those regulated by mTOR signaling. For example, in ALS, mutations
in key autophagy regulators, such as TDP-43 and FUS, may also impair selective processes
including pexophagy [94]. Similarly, reduced autophagic activity in aging may further con-
tribute to the impaired autophagic degradation of peroxisomes, resulting in the progressive
neuronal damage exacerbating neurodegeneration [95].

Several signs of neurodegeneration associated with pexophagy gene knockout include
growth retardation, abnormal reflexes, premature death, and progressive motor deficits.
These manifestations highlight the critical role of pexophagy genes in maintaining neural
health and function [96-98]. Pharmacological promotion of pexophagy through the acti-
vation of key regulators may be beneficial for the treatment of neurological disorders [20].
In addition, targeting the mTOR signaling pathway may offer a therapeutic angle for
neurodegenerative diseases since mTOR inhibition has been shown to induce pexophagy.

Certain proteins that regulate pexophagy have been implicated in neurological dis-
orders, such as USP30, MARCHS5, and HSPA9 [99-101]. However, there was no direct
evidence linking their role in these disorders to their regulation of pexophagy. Despite
growing interest in pexophagy and its effects in neurological diseases, its precise role in neu-
rological diseases has not been well studied. The mechanisms underlying the pexophagy
crosstalk in neurological pathology require further investigation, for example, identifying
specific biomarkers for pexophagy dysregulation in neurodegenerative diseases. A deeper
understanding of the molecular mechanisms and therapeutic potential of pexophagy may
lead to novel treatments for neurodegenerative diseases and other diseases associated with
peroxisomal dysfunction.

Oxidative stress refers to the imbalance between free radicals and antioxidants in
the body. As the CNS consumes large amounts of oxygen and generates abundant free
radicals, it is particularly sensitive to such imbalances, and they can contribute to the
development and progression of neurological diseases. It is well known that oxidative
stress induces protein misfolding and aggregation by promoting the oxidative modifications
of proteins that hinder their proper folding and clearance. In addition, oxidative stress can
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impair the function of molecular chaperones and proteasomal activity, further disrupting
proteostasis and accelerating neurodegeneration [102]. Mitochondria are both a major
source and a target of ROS, and excessive ROS generated by damaged mitochondria
can impair neuronal energy metabolism. For example, in Parkinson’s disease, mutations
in genes, such as PINK1 and Parkin, disrupt mitochondrial quality control, leading to
oxidative damage and neuronal loss [103]. Moreover, lipid peroxidation products, such as
malondialdehyde and 4-hydroxynonenal, are toxic messengers that propagate and amplify
oxidative damage, which further contribute to neuronal dysfunction [104]. Inflammation
and oxidative stress are closely interconnected and play pivotal roles in the pathogenesis
of neurological diseases. Chronic neuroinflammation amplifies oxidative stress, and in
turn, excessive oxidative stress exacerbates inflammation. This vicious cycle contributes
to neuronal dysfunction and degeneration [105]. As oxidative stress is one of common
features shared by several numerous neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral sclerosis [89], numerous preclinical
and clinical investigations are exploring antioxidant therapeutic strategies. However, the
effectiveness of antioxidant therapy for these conditions remains a topic of debate, largely
due to inconclusive results from clinical trials.

Despite the growing recognition of the interplay between pexophagy and oxidative
stress in neurological diseases, many aspects remain unexplored. Recently, TFEB activation
was shown to be a promising therapeutic strategy for Alzheimer’s disease. Pexophagy
occurs through TFEB activation for functional adaptation to oxidative stress [7,106].

Like mitotherapy, which is a promising approach for preventing neurodegenera-
tion [107], pexotherapy may constitute a new therapeutic axis to address aging but also to
prevent and/or treat age-related diseases [108]. For example, 7-ketocholesterol (7KC) and
7B-hydroxycholesterol (73-OHC) are toxic oxysterols produced by cholesterol autoxidation,
which has been implicated in neurological disorders such as Alzheimer’s disease [109,110].
These two oxysterols can induce oxidative stress and alter the quality, quantity, and func-
tion of peroxisomes [110-112]. However, treatment with certain molecules can prevent
peroxisomal damages [108,110]. Although there is currently a lack of definitive evidence
for peroxisome-targeted therapies, these findings provide a direction for future peroxisome-
targeted therapies and may expand the exploration of pexophagy and oxidative stress,
providing potential strategies for addressing neurological diseases.

5. Conclusions

In this review, we summarize the current state of the research on the regulatory mech-
anisms between pexophagy and the role of oxidative stress, particularly ROS. Although
significant progress has been achieved in understanding the interplay between pexophagy
and oxidative stress, it is far from being completely elucidated, and their relationship re-
mains a critical but underexplored area in neurological disease research. Several questions
still remain, including how oxidative stress signals are integrated into pexophagy path-
ways and the disease-specific dynamics of these interactions. Addressing these challenges
requires innovative approaches, including the identification of specific biomarkers for
peroxisomal health and advanced methods for distinguishing pexophagy from general au-
tophagy. Further studies are needed to explore the precise mechanisms linking pexophagy
and oxidative stress, which may aid in the development of novel therapeutic strategies
aimed at restoring cellular homeostasis, reducing oxidative damage, and protecting neu-
ronal function. Moreover, clinical interventions targeting these pathways would provide
more effective and promising outcomes in the treatment of neurodegenerative diseases.
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Abstract: Physiological levels of reactive oxygen species (ROS) play a crucial role as
intracellular signaling molecules, helping to maintain cellular homeostasis. However,
when ROS accumulate excessively, they become toxic to cells, leading to damage to lipids,
proteins, and DNA. This oxidative stress can impair cellular function and lead to various
forms of cell death, including apoptosis, necroptosis, ferroptosis, pyroptosis, paraptosis,
parthanatos, and oxeiptosis. Despite their significance, the role of ROS in autosis (an
autophagy-dependent form of cell death) remains largely unexplored. In this review,
we gather current knowledge on autotic cell death and summarize how oxidative stress
influences the activity of Beclin-1 and the Na* , K*-ATPase pump, both of which are critical
effectors of this pathway. Finally, we discuss the theoretical potential for ROS to modulate
this type of cell death, proposing a possible dual role for these species in autosis regulation
through effectors such as HIF-1«, TFEB, or the FOXO family, and highlighting the need to
experimentally address cellular redox status when working on autotic cell death.

Keywords: autosis; ROS; oxidative stress; Beclin-1; Na* K*-ATPase; autophagy

1. Introduction

The oxidoreduction (redox) state of a cell is the center of its metabolism. Almost
all metabolic pathways include redox reactions, which affect the redox state of the cell
and, at the same time, are influenced by it [1]. The redox state of cells is primarily estab-
lished by the ratios of the cofactors NADH/NAD*, NADPH/NADP*, and glutathione
(GSH)/glutathione disulfide (GSSG), as well as the balance between reactive oxygen species
(ROS) and antioxidants [2]. Maintaining these ratios is essential for cellular homeosta-
sis, which is critical for its correct function and adaptation to environmental stressors.
Interestingly, moderate levels of ROS are beneficial, as they preserve, modulate, and reg-
ulate cellular functions. However, excessive production of ROS causes oxidative stress,
which provokes cellular damage and dysfunction, affecting different cellular mechanisms,
including autophagy [3].

Autophagy is an evolutionarily well-conserved pathway essential for cell survival,
characterized by the delivery of intracellular components to the lysosome for degra-
dation and recycling. To date, three major forms of autophagy have been described:
macroautophagy, microautophagy, and chaperone-mediated autophagy [4]. Amongst
them, macroautophagy remains the most studied autophagy variant, and it is defined by
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the formation of double-membraned vesicles (termed “autophagosomes”) that sequester
cellular cargo. These autophagosomes eventually fuse with lysosomes, where pH-sensitive
hydrolases mediate degradation of the enclosed material [5]. Autophagy is essential to
maintain cellular homeostasis and viability, as it avoids the accumulation of damaged
intracellular components and ensures the metabolic needs of the cell during stress and
nutrient starvation conditions [6]. Furthermore, it also plays an important role in additional
processes, such as intercellular communication, modulation of immune cell functions, and
maintenance of tissue barrier integrity [4]. However, autophagy dysregulation or excessive
autophagic flux can lead to autophagy-mediated cell death, as it occurs with autosis [7].
In this review, we summarize our current knowledge on autotic cell death and how
oxidative stress influences the activity of Beclin-1 and the Na* K*-ATPase pump, crucial
mediators of autosis. Finally, we discuss the potential for ROS to modulate this type of
cell death, hypothesizing a possible dual role for these species in autosis regulation and
highlighting the need to address redox status when working on autotic cell death.

2. ROS and Oxidative Stress

Oxidative stress is a cellular phenomenon characterized by an imbalance between the
production of ROS and the antioxidant defence mechanisms. Under normal physiological
conditions, the presence of antioxidants neutralizes these reactive species, maintaining
cellular homeostasis. However, some factors, such as radiation (e.g., UV), inflammation,
and different metabolic processes, can disrupt this balance and lead to excessive ROS
production [8]. These species are highly reactive and can cause damage to cellular com-
ponents such as DNA, proteins, and lipids. These aggressions can lead to mutations in
critical genes, alterations in signaling pathways, and impaired cellular functions [9,10].
For instance, the accumulation of DNA damage induced by ROS in cancer can contribute
to genetic instability and the development of malignant tumors, promoting proliferation,
angiogenesis, and resistance to cell death, providing favorable conditions for tumor growth
and metastasis [11,12]. In addition to ROS, reactive nitrogen species (RNS) also play a
significant role in oxidative stress, contributing to cellular and DNA damage and affecting
mitochondrial functions [13].

Mitochondria are the primary intracellular source of reactive oxygen species (ROS).
During oxidative phosphorylation, complexes I and III of the mitochondrial electron trans-
port chain generate superoxide anions (O,°7) as byproducts of electron leakage. These
anions can be converted into hydrogen peroxide (H,O,), which, in the presence of tran-
sition metal ions such as Fe?* or Cu*, leads to the formation of highly reactive hydroxyl
radicals (*OH) through the Fenton reaction [14]. In addition to this canonical pathway,
mitochondria can also produce ROS via reverse electron transport (RET), a process in which
electrons flow backwards from complex II to complex I. This phenomenon occurs under
specific metabolic conditions, such as high substrate availability and elevated mitochon-
drial membrane potential, and results in a burst of superoxide production. RET has gained
attention as a potent and regulated source of mitochondrial ROS, with implications in both
physiological signaling and pathological oxidative damage [15]. Beyond mitochondria,
several non-mitochondrial sources contribute to the intracellular generation of reactive
oxygen species. One of the most prominent is NADPH oxidase (NOX), a key enzyme
involved in inflammatory responses, particularly in immune cells such as neutrophils and
macrophages, where it produces superoxide during the respiratory burst [16]. Furthermore,
xanthine oxidase, involved in purine metabolism, also generates superoxide as a byproduct
of its enzymatic activity [17]. Under pathological conditions, nitric oxide synthase (NOS)
can shift from its normal function and contribute to oxidative stress by producing perox-
ynitrite (ONOO—) through the reaction of nitric oxide with superoxide [18]. Additionally,
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enzymes in the endoplasmic reticulum, such as members of the cytochrome P450 family,
can generate ROS during the metabolism of xenobiotics, especially when ER stress or sub-
strate overload occurs [19]. While all of these systems play essential roles in normal cellular
physiology, their dysregulation can lead to excessive ROS accumulation and significant
oxidative damage.

Oxidative stress has been related to many pathological conditions, such as cancer,
cardiovascular diseases, diabetes, and neurodegenerative diseases [20-23]. In fact, it has
been identified as a key mediator of cell death processes in several of these diseases. For
example, oxidative stress can contribute to the emergence of ferroptosis cell death in
some cardiovascular diseases, such as atherosclerosis or ischemia [24,25]. In addition,
several cell death mechanisms that have been demonstrated to be related to oxidative
stress, like apoptosis, necroptosis, or autophagy-dependent cell death, are also relevant in
neurodegenerative diseases [26-28]. Cells activate different pathways when they detect
ROS accumulation to prevent further damage, namely NF-«B, MAPK/p38, or JNK (c-
Jun N-terminal kinase), which may induce apoptosis if necessary [29]. A less dramatic
response can be mediated by autophagic activation, which would be induced by different
pro-survival mediators, such as AMPK or nuclear factor erythroid 2-related factor 2 (NRF2),
or directly activating autophagic proteins like ATG4 [30-32]. But autophagy can also result
in cellular death when exacerbated [33], which could happen in response to uncontrolled
oxidative stress. Thus, it is necessary to evaluate the possible interplay between ROS and
autophagic cell death and clarify how these species regulate autophagic cell death modes
such as autosis.

3. Autotic Cell Death

Autophagy is a conserved catabolic pathway that mediates the lysosomal degradation
of intracellular threats and long-lived organelles, enabling cells to adapt to environmental
stresses such as nutrient deprivation or hypoxia [34]. Even though autophagy has been
mainly described as a pro-survival cellular mechanism, it was linked to cell death long
ago. Historically, the classification of cell death has been based on morphological traits,
distinguishing type I (apoptosis), type II (autophagic cell death), and type III (necrosis) [35].
Accordingly, the term “autophagic cell death” was first used upon ultrastructural features
such as the accumulation of autophagosomes. However, autophagy can sometimes be
induced during cell death as a protective mechanism, without being responsible for the final
demise of the cell. For this reason, the Nomenclature Committee on Cell Death (NCCD)
recommendation is to use the term “autophagic cell death” only when the causative role
of autophagy has been proven, showing that it can be blocked by genetic or chemical
inhibition of at least two components of the autophagic machinery [33] (Figure 1).

Autosis, a new form of cell demise that differs from “classical” autophagic cell death
(Table 1), was originally described in 2013 following the aforementioned criteria. Moreover,
pharmacological and genetic approaches demonstrated its high dependence on the Na* ,K*-
ATPase pump and the autophagy machinery. However, it is important to note that autosis
was only inhibited when early stages of autophagy (but not autophagosome-lysosome fu-
sion) were blocked. Interestingly, no autosis reduction was detected when either apoptosis
or necroptosis was repressed, showing its independence from other types of cell death [7].
As previously mentioned, the biochemical signature of this process is its dependence on
Na*/K*-ATPase. Accordingly, a large chemical screening identified cardiac glycosides,
known natural antagonists of the pump, as potent inhibitors of autosis [7,36]. Further stud-
ies, such as a genome-wide siRNA screening, confirmed the implication of Na* K*-ATPase
in autosis and identified potential new drivers that need to be investigated in the future.
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Additionally, these studies have also shown that the physical interaction between the pump
and Beclin-1, a key autophagy protein, plays a crucial role in autosis [37,38].

O
O e @
Classical autophagic Autosis
cell death

Figure 1. Autophagy in cell survival and cell death. Although autophagy often acts as a protective
mechanism, its dysregulation can lead to an exacerbated response that results in autophagy-mediated
cell death, such as autosis, which differs from other possible types of autophagic cell death due to its
unique morphological features, as well as its dependence on Na* K*-ATPase.

Table 1. Morphological differences between autophagy-dependent cell death and autosis.

Cellular “Classical” Autophagy-Dependent

Structure Cell Death Autosis
Nuclear membrane convolution
. Detachment of inner and outer nuclear membranes
Nucleus Minor changes . .
Swollen perinuclear space and focal ballooning
Focal concavity of the inner nuclear surface
Chromatin Minor changes Chromatin condensation
Plasma Plasma membrane rupture Focal plasma membrane rupture
membrane Occasional blebbing P p
Autophagic Numerous autophagic vesicles Numerous autophagic vesicles in early stages
structures
Occasional ER, mitochondria Electrodense and swollen mitochondria
Organelles and Golgi enlargement ER dilation, fragmentation (early stages)
Occasional depletion of organelles and disappearance (late stages)

Cell-substrate adhesion

Other features Na* K*-ATPase dependence

From a morphological point of view, autosis can be divided into three phases, charac-
terized by distinctive ultrastructural changes (Figure 2). In what has been called phase 1a,
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a gradual increase in vacuolar dynamics is observed, with autophagosome accumulation,
endoplasmic reticulum dilation and fragmentation, and changes in mitochondria mor-
phology. Later on, during phase 1b, the external and internal membranes separate, with
this newly formed perinuclear space occasionally containing inclusions with density and
granularity resembling the cytosol. Finally, phase 2 can be described as a rapid and abrupt
collapse of the cell, characterized by the shrinkage of the nucleus, which acquires a concave
morphology due to the ballooning of the perinuclear space where the nuclear membranes
show their maximal separation [7]. Besides these unique features, the dying cell resembles
a necrotic one, with swollen mitochondria, absence of the endoplasmic reticulum, and final
rupture of the plasma membrane [7,36]. Interestingly, cells become more adherent during
autosis and remain on the plate (not floating away) when growing in vitro. Even though
light microscopy allows the observation of some of these features, electron microscopy
remains the gold standard for the identification of autotic cells (for example, to correctly
identify the separation between nuclear membranes) [39].

Normal Phase 1a Phase 1b Phase 2

p
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Figure 2. The different phases of autotic cell death. During autosis, the cell undergoes several
morphological changes, some of which are distinctive of this process, like the separation of the
nuclear membranes, the increased attachment to the substrate, or the formation of a balloon and a
concavity in the surface of the nucleus.

The first observation of this type of death occurred in HeLa cells exposed to increasing
doses of autophagy-inducing peptides such as Tat-beclin-1 and Tat-vFLIP «2, showing a
time-dose dependent induction of cell death [7]. Additionally, this process has also been
observed in other contexts, such as in vitro nutrient starvation and hypoxia, or different
models of ischemia [7,37,40,41]. Interestingly, autosis has also been identified in the livers
of patients with severe anorexia nervosa [42], as well as different immune and cancer
cells [43-47]. Even in other vertebrates, like zebrafish, features similar to autosis have also
been observed; however, they were not defined as such at that moment [48].

4. Oxidative Stress and Autosis

Even though it was first reported that antioxidants that block ROS-mediated cell death
cannot repress autosis [7], recent reports have shown that the activity of essential autotic
proteins (mainly, Beclin-1 and the Na*,K*-ATPase pump) can be altered by oxidative stress,
as it is explained in the next subsections.

4.1. Beclin-1 and Oxidative Stress

Beclin-1 is an essential protein required for the formation of autophagosomes dur-
ing macroautophagy. This process is initiated when the ULK1 complex, formed by
ULK1/ATG13/ATG101/RB1CC1 (FIP200) proteins, is activated in membranes containing
ATG9 [49-51]. ULK1, acting with the protein SRC, phosphorylates ATGY, promoting the
translocation of ATG9-containing vesicles to the autophagy initiation sites [52]. This allows
the incorporation of phospholipids from sources such as the endoplasmic reticulum (ER),
recycling endosomes, and mitochondria, initiating the elongation of pre-autophagosomal
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membranes [53]. A complex with Class III phosphatidylinositol 3-kinase (PI3K) activ-
ity, containing Beclin-1/PK3C3 (VPS34)/PI3R4 (VPS15) proteins [54,55], is then recruited
to these membranes by ATG14 and NRBF2 [56,57], resulting in the production of phos-
phatidylinositol 3-phosphate (PI3P) by PK3C3 (VPS34). The action of members of the WIPI
family and the union of PI3P-binding proteins to these autophagosomal membranes sustain
their expansion until their closure [58].

Recent studies have described that Beclin-1 modulation may influence cellular re-
sponse towards oxidative stress. For instance, Guo et al. demonstrated that with prolonged
glucose starvation and hypoxia, ROS levels increase and activate the ATM/CHK?2/Beclin-1
axis, promoting autophagy to control excessive ROS accumulation, clear damaged mito-
chondria, and inhibit apoptosis. During this process, CHK2 phosphorylates Beclin-1 at
Ser90/93 residues, which are located in the Bcl-2 binding domain. Thus, this phosphory-
lation disrupts the interaction between Beclin-1 and Bcl-2, promoting autophagy under
oxidative stress [59]. In hepatocytes, the inhibition of PSMD14 (RPN11) deubiquitinase
protects against hepatic steatosis and insulin resistance induced by a high-fat diet. This
is caused, in part, by the stabilization of Beclin-1, supporting autophagy and decreasing
oxidative stress in hepatic cells [60]. Another study shows that a sustained period of
oxidative stress in the mammary glands of dairy cows suffering from ketosis is a major
cause of injury during early lactation. The presence of oxidative stress is attributed to the
supraphysiological circulating concentrations of non-esterified fatty acids (NEFA), which
also enhance autophagy as a counteracting response [61]. Moreover, silencing of Beclin-1
attenuated autophagy activity and increased the levels of ROS, which once again suggests
that Beclin-1 plays an important role against oxidative stress [62]. However, it has also been
proven that ROS can inhibit autophagy initiation, specifically repressing Beclin-1 activity.
For example, they can trigger TRPM2-dependent Ca?* influx, which activates CAMK?2 at
both phosphorylation and oxidation levels, and subsequently phosphorylates Beclin-1 on
Ser295. This phosphorylation, in turn, decreased the association of Beclin-1 with PK3C3
(VPS34) while increasing its interaction with BCL2, and thus inhibiting autophagy [63].

The relationship between Beclin-1 and oxidative stress is already being explored to
develop therapeutic strategies against some diseases, such as cancer. An example is the
antineoplastic agent cannabidiol, which promotes the dissociation of Beclin-1 and BCL2
(enhancing its interaction with PK3C3 (VPS34)) through ROS-induced autophagy [64,65].

4.2. Nat,K*-ATPase and Oxidative Stress

Na*,K*-ATPase is a fundamental enzyme for the maintenance of ionic homeostasis in
cells and the regulation of the membrane potential [66]. This pump is a multimeric complex
consisting of three subunits: «, 3, and v [67]. The a-subunit is the catalytic component,
responsible for ATP hydrolysis and ion transport, while the 3-subunit has no catalytic
activity but regulates the enzymatic function of the pump and confers stability to the
«-subunit [68]. There are four isoforms of the x-subunit in humans: «1 is the dominant
isoform and is widely expressed in almost all cell types [66], «2-isoform is predominantly
produced in both cardiac and skeletal muscle as well as in the brain (in astrocytes and
glia cells) [66,69], &3 is mainly located in neurons and cardiac cells (with gender-specific
differences in the latter) [70,71], and a4-isoform is only expressed in the testes, where it has
been associated with sperm motility [72]. There are also three isoforms of the 3-subunit [73]:
1 is found in most tissues [66], while 32 is expressed in the colon, neurons, and cardiac
cells [69,74,75], and (33 is detected in the testes [76]. Finally, mammals express up to seven
isoforms of the y-subunit (also known as the FXYD family), and they are responsible for
the regulation of the affinity of the enzyme to different ligands [77]. Besides modulating
the ionic gradient of Na* and K*, the pump also forms complexes with proteins from the
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plasma membrane, like caveolin, SRC, EGFR, or GPR35, which enable it to participate in
different signaling pathways [78,79]. Furthermore, the pump can also modulate adhesion
and migration between cells [80].

Many stimuli induce specific modifications in Na* K*-ATPase and can change its
activity [81,82], ROS being one of them. For example, Na* K*-ATPase al-subunit has been
observed to be degraded during hypoxia-induced pulmonary edema due to mitochondria-
generated ROS and the participation of the ubiquitin-conjugating system [83]. During some
neurodegenerative diseases, such as Alzheimer’s, trans fatty acids like linoelaidic acid en-
hance oxidative stress and decrease Na*, K*-ATPase activity. Furthermore, it highly reacts
with amyloid 3 (AB) depositions, causing even more severe oxidative damage [84]. Also,
long-term exposure to Af3 can change the thiol redox status of human neuroblastoma cells,
inhibiting the pump and leading to the induction of glutathionylation of the o-subunit [85].
S-glutathionylation is, in fact, one of the most documented oxidative modifications of
Na* K*-ATPase. In the case of cardiac sarcolemma, the activation of the renin-angiotensin
system also leads to the glutathionylation of the 31 subunit of the pump, causing its inhibi-
tion [86]. Similarly, oxidative stress from placental ischemia/reperfusion and hypoxia in
preeclampsia also causes S-glutathionylation of the 1 subunit, hampering its function [87].
S-glutathionylation of cysteine residues of the a1 and 1 subunits can also reduce the
al/P1 association, causing conformational changes and blocking the «1 subunit’s intra-
cellular ATP-binding site, leading to the inhibition of its activity [88,89]. Nevertheless, the
oxidative modifications of Na*,K*-ATPase appear to be reversible [90,91], which means
its activity can be regulated in a redox-sensitive manner. Furthermore, members of the
FXYD family can also reverse oxidative stress-induced inhibition of the pump activity by
deglutathionylation of the 31 subunit [91]. Still, the exposure of the pump to free radicals
increases its susceptibility to degradation by proteolytic enzymes [92,93].

Apart from ROS, RNS can also modify Na*,K*-ATPase activity. Peroxynitrite, for
example, is produced when nitric oxide and superoxide react [94], and it can act as a potent
irreversible inhibitor of the pump activity by both nitrating tyrosine residues in all three
subunits and modifying cysteine residues [95]. Furthermore, the free radical nitric oxide
(*°NO) can also regulate Na*,K*-ATPase through the activation of soluble guanylate cyclase
and cGMP in the central nervous system, modulating cerebral blood flow and synaptic
transmission [96,97]. The regulation of the pump activity by *NO is also known in other
tissues, such as the choroid plexus [98].

Interestingly, oxidative stress can also modulate the interaction of the pump with
other proteins, like the Na* K*-ATPase/SRC axis. The al-subunit serves as a scaffold for
proto-oncogene tyrosine kinase c-SRC, interacting with it and inhibiting its function [99].
However, when cardiac glucosides bind to the extracellular domain of the pump, a confor-
mational change is produced, allowing SRC to be activated. In turn, it transactivates EGFR,
which then activates RAS [100]. This can lead to the production of ROS by the mitochon-
dria, resulting in the activation of nuclear factor kappa B (NF-«B) and initiating the MAPK
cascade [101,102]. Furthermore, SRC may also be regulated by ROS through a reversible
oxidation of cysteine residues, generating a positive feedback loop [90]. Some of these
oxidized residues are located where the interaction between Na*,K*-ATPase and SRC takes
place [99], inducing changes in either the pump, SRC, or both, which in turn might affect
the interaction between them and, consequently, the downstream kinase cascade [103].

5. A New Layer in Autosis Regulation

A decade has passed since autosis was first described, yet our understanding of this
specific type of cell death remains limited. While the Na* ,K*-ATPase pump and certain
components of the autophagy machinery are crucial for initiating this cellular response, the
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complete molecular pathway and its regulatory mechanisms are still largely unexplored.
Most research has concentrated on potential ionic imbalances caused by dysregulated
activity of the pump, as well as oxygen and nutrient deprivation, since both hypoxia and
starvation can trigger autosis. However, in this review, we have displayed recent studies
that indicate that ROS can also affect the function of autotic components. Therefore, we
propose that the redox status of the cell should be considered when investigating the
molecular and regulatory mechanisms of autosis.

In this regard, it is noteworthy that oxidative stress can inhibit both Beclin-1 and
Na*,K*-ATPase [63,88,104-108], for example, by modifications such as S-glutathionylation,
tyrosine nitration, and others [89,95,109]. This suggests that these species may actually
prevent autotic induction at first, rather than promote it, as the repression of Beclin-1 and
pump activities can effectively block autosis [7]. Depending on the context, ROS can act as
important signaling molecules instead of toxins, helping to maintain cellular homeostasis
by allowing cells to rapidly respond to various conditions for survival. In this sense,
ROS may first negatively affect Beclin-1 and the pump, reducing their activity, preventing
their binding, and hindering the autotic response. However, an overwhelming increase in
ROS production could concurrently promote an exacerbated autophagic response that is
triggered as an attempt to counteract oxidative stress [110], but that can ultimately lead to
the initiation of autosis. This could be particularly relevant, for example, under hypoxic
conditions, which are associated with both elevated ROS generation [111,112] and autotic
cell death [7,37,38], potentially through HIF-1«. This is an essential transcription factor that
can be activated and stabilized in response to hypoxia-induced ROS [113], resulting in the
promotion of autophagy [114,115]. Another transcription factor that could be important in
this process is TFEB, which is also activated under oxidative stress [116,117] and promotes
the expression of autophagic and lysosomal genes [118]. Other interesting effectors that can
activate autophagy in response to ROS (even under hypoxic conditions) are components
of the FOXO family, such as FOXO1 and FOXO3 [119-123]. But how much oxidative
stress would be needed to activate autosis? What is the threshold for this switch in the
ROS-autosis interplay? These are complex questions that would need to be experimentally
addressed. Nevertheless, it seems it could greatly depend on the context. For example,
several studies have described that AMPK, one of the main autophagy regulators, can be
both repressed and stimulated by oxidative stress, depending on whether ROS mediates
the phosphorylation (positive regulation) or the oxidation (negative regulation) of its
residues [124].

In conclusion, based on our current understanding of ROS and autotic-related proteins,
we suggest that these species could have a dual role in autosis (Figure 3). First, ROS may
function as molecular brakes for this type of cell death by inhibiting the activity of Beclin-1
and the Na* K*-ATPase pump. However, when present in high concentrations, ROS can
activate different autophagy-inducing signaling pathways (through mediators such as
HIF-1«, TFEB, FOXO, or AMPK), exacerbating the autophagy response and leading to
autosis initiation. Nevertheless, this conceptual model must be experimentally confirmed
in the future to fully unveil the role of ROS and oxidative stress in this type of autophagy-
dependent cell death. Therefore, we believe it is crucial to consider the redox status of
the cell when examining the molecular and regulatory mechanisms of autosis, as it can
influence the function of key effectors in the pathway.
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Figure 3. Theoretical model of the dual regulation of autosis-related effectors by oxidative stress.
ROS would block autosis initiation early by inhibiting the activity of Beclin-1 and Na*,K*-ATPase.
However, increased oxidative stress would trigger an intense autophagic response mediated by
different effectors (such as HIF-1 «, TFEB, or AMPK) that could lead to autosis initiation.
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Abbreviations

The following abbreviations are used in this manuscript:

AR
AMPK
ATG9
ATG13
ATG14
ATG101
ATM
BCL2
CAMK2
cGMP
CHK2
EGFR
FIP200FOXO
EXYD
GPR35
GSH
GSSG
H,O,
HIF-1aJNK
MAPK
NAD
NADP
NCCD
NEFA
NF-«B
NOS
NOX
NRBF2
O,
ONOO—
PI3K
PI3P
PI3R4
PK3C3
PSMD14
RAS
RB1CC1
RET
RNS
ROS
RPN11
SiRNA
SRCTFEB
TRPM2
ULK1
uv
VPS15
VPS34
WIPIT
°*OH
*NO

Amyloid 3

AMP-activated protein kinase

Autophagy-related protein 9

Autophagy-related protein 13

Autophagy-related protein 14

Autophagy-related protein 101

Serine protein kinase ATM

Apoptosis regulator Bcl-2
Calcium/calmodulin-dependent protein kinase type II
Cyclic guanosine monophosphate
Serine/threonine-protein kinase Chk2

Epidermal growth factor receptor

FAK family kinase-interacting protein of 200 kDaForkhead box proteins
FXYD domain-containing ion transport regulator
G-protein coupled receptor 35

Glutathione

Glutathione disulfide

Hydrogen peroxide

Hypoxia-inducible factor 1-alphac-Jun N-terminal kinase
Mitogen-activated protein kinase

Reactive oxygen species

Reactive nitrogen species

Nomenclature Committee on Cell Death
Non-esterified fatty acids

Nuclear factor kappa-light-chain-enhancer of activated B cells
Nitric oxide synthase

NADPH oxidase

Nuclear receptor-binding factor 2

Superoxide anion

Peroxynitrite

Class III phosphatidylinositol 3-kinase
Phosphatidylinositol 3-phosphate

Phosphoinositide 3-kinase regulatory subunit 4
Phosphatidylinositol 3-kinase catalytic subunit type 3
26S proteasome non-ATPase regulatory subunit 14

Rat sarcoma virus small GTPase

RB1-inducible coiled-coil protein 1

Reverse electron transport

Reactive nitrogen species

Reactive oxygen species

26S proteasome regulatory subunit RPN11

Small interfering RNA

Proto-oncogene tyrosine-protein kinase SrcTranscription factor EB
Transient receptor potential cation channel subfamily M member 2
Serine/threonine-protein kinase ULK1

Ultraviolet

Vacuolar protein sorting 15

Vacuolar protein sorting 34

WD repeat domain phosphoinositide-interacting
Hydroxyl radical

Nitric oxide
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Abstract: The aging population is steadily increasing, with aging and age-related diseases
serving as major risk factors for morbidity, mortality, and economic burden. Peanuts,
known as the “longevity nut” in China, have been shown to offer various health bene-
fits, with peanut skin extract (PSE) emerging as a key compound of interest. This study
investigates the bioactive compound in PSE with anti-aging potential and explores its
underlying mechanisms of action. Procyanidin A1 (PC A1) was isolated from PSE, guided
by the K6001 yeast replicative lifespan model. PC A1l prolonged the replicative lifespan
of yeast and the yeast-like chronological lifespan of PC12 cells. To further confirm its
anti-aging effect, cellular senescence, a hallmark of aging, was assessed. In senescent
cells induced by etoposide (Etop), PC Al alleviated senescence by reducing ROS levels,
decreasing the percentage of senescent cells, and restoring proliferative capacity. Transcrip-
tomics analysis revealed that PC Al induced apoptosis, reduced senescence-associated
secretory phenotype (SASP) factors, and modulated the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (Akt) signaling pathway. The antioxidative capacity of PC Al was
also evaluated, showing enhanced resistance to oxidative stress in PC12 cells by reducing
reactive oxygen species (ROS) and malondialdehyde (MDA) levels and increasing superox-
ide dismutase (SOD) activity. Moreover, PC Al induced autophagy, as evidenced by an
increase in fluorescence-labeled autophagic compartments and confirmation via Western
blot analysis of autophagy-related proteins. In addition, the treatment of an autophagy
inhibitor abolished the antioxidative stress and senescence-alleviating effects of PC Al.
These findings reveal that PC A1l extended lifespans and alleviated cellular senescence by
enhancing oxidative stress resistance and inducing autophagy, positioning it as a promising
candidate for further exploration as a geroprotective agent.

Keywords: aging; peanut skin; procyanidin Al; cell senescence; antioxidative stress;
autophagy; PI3K/ Akt signaling pathway

1. Introduction

Aging is a gradual and irreversible biological process characterized by a progressive
loss of physiological integrity, which leads to declining function and increased susceptibil-
ity to age-related diseases such as cancer, cardiovascular disorders, and neurodegenerative
diseases. With a global population that is living longer and becoming older, age-related
diseases have emerged as significant contributors to morbidity, mortality, and social and
economic burdens [1]. Despite the inevitability of death, the rate of aging can be modu-
lated, thus making healthy aging attainable. Numerous compounds have demonstrated
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significant anti-aging activity, particularly natural products, which often exhibit superior
safety and efficacy [2]. Therefore, the exploration of anti-aging molecules derived from
natural products presents great potential for the prevention and treatment of aging and
age-related diseases.

During the screening of active compounds with anti-aging potential, aging models
play a crucial role in evaluating the efficacy of potential therapeutics and understanding
their interactions with biological systems. The yeast Saccharomyces cerevisiae has been
a prominent model organism for studying pathways relevant to aging. Two different
paradigms of aging have been established using yeast: the replicative lifespan (RLS) and
chronological lifespan (CLS). The RLS of a yeast cell, which is based on the replicative
potential of the cells, is defined as the number of daughter cells produced from a single
mother cell before death. This metric may correlate with the aging of mitotically active
cells in multicellular organisms [3]. The K6001 strain, a genetically modified strain of yeast
derived from W303, is particularly useful for conducting RLS assays, as only the mother
cells can reproduce offspring in glucose medium, whereas daughter cells cannot [4]. The
second paradigm, CLS, measures the duration of survival for non-dividing yeast cells and
may parallel the aging of non-dividing cells in higher organisms [5]. However, the yeast
chronological senescence does not perfectly align with cellular senescence in mammals. To
address this, a yeast-like CLS assay for mammalian cells has been developed to evaluate
chronological senescence [6]. Significantly, the same signal transduction pathways that
drive yeast-like chronological senescence also influence aging in other organisms. Inhibitors
that attenuate the senescent phenotype are found to decelerate yeast-like chronological
senescence, establishing this model as a valuable tool for drug discovery focused on anti-
aging effects [6].

Cell senescence is a hallmark of aging [7]. Senescence cells accumulate in aged organ-
isms and contribute to the progression of aging and age-related diseases. Cell senescence is
a state characterized by irreversible cell cycle arrest. In addition to cell cycle blockade and
proliferation defects, senescent cells also have the following features: increased cell size
and flattening, impaired mitochondrial function and membrane integrity, elevated levels of
reactive oxygen species (ROS), heightened activity of senescence-associated 3-galactosidase
(SA-B-gal) at a pH of 6, the development of a senescence-associated secretory phenotype
(SASP), and nuclear alterations such as DNA damage. Numerous stressors can induce
cellular senescence, including replicative stress, genotoxic agents, oncogene activation,
oxidative stress, and metabolic stress [8]. Cell senescence has attracted increasing attention,
and it is considered a potential target for preventing or treating age-related diseases and
extending healthspan. Senotherapeutic strategies that target senescent cells can be classified
into two categories: senolytic treatments, which involve the clearance of senescent cells,
and senomorphic treatments, which aim to reduce the effects of SASP [9].

ROS are generally small, short-lived, and highly reactive molecules formed by the
incomplete one-electron reduction in oxygen. ROS include superoxide, peroxide, and
hydroxyl radicals and singlet oxygen. When tightly controlled, ROS serve as signaling
molecules. However, when the redox balance is disrupted, excess ROS can lead to oxidative
stress, resulting in damage to lipids, proteins, DNA, and carbohydrates. Antioxidants
are substances that play a crucial role in delaying, preventing, or removing oxidative
damage to target molecules. A variety of antioxidants are present in biological systems,
including enzymes (such as superoxide dismutase (SOD)) and various small molecules.
The supplementation of antioxidants has been advocated as a strategy to reduce cellular
oxidative stress and potentially extend lifespans in different organisms [10,11].

Autophagy is a cellular process that delivers cytoplasmic substrates, including pro-
teins, DNA, and organelles, to lysosomes for degradation. This process can be broadly

57



Antioxidants 2025, 14, 322

divided into several stages: initiation, nucleation, elongation, fusion, degradation, and recy-
cling. Autophagy promotes cellular growth and development, protects cells from metabolic
stress and oxidative damage, and plays a crucial role in maintaining cellular homeostasis,
as well as the synthesis, degradation, and recycling of cellular products [12,13]. Research
has shown that autophagy capacity declines with aging, and the regulation of autophagy is
vital for lifespan maintenance [14]. Several pharmacological autophagy inducers, such as
rapamycin (Rapa), spermidine, flavonoid 4,4’-dimethoxychalcone, and urolithin A, have
been shown to prolong lifespans [15-18].

Arachis hypogaea Linn., commonly known as peanut or groundnut, is a significant
oilseed and food crop in many tropical and subtropical regions. It is extensively processed
into oil, snacks, and peanut paste. China stands as the largest producer of peanuts, ac-
counting for approximately 38% of global production [19]. In Chinese culture, peanuts are
referred to as the “longevity nut”. The skin of the peanut, a by-product of the roasting
process, has been utilized in Traditional Chinese Medicine (TCM) for centuries to treat
various disorders, including hemophilia, hemorrhage, primary and secondary thrombocy-
topenic purpura, ulcers, inflammation, kidney issues, and hypertension. Recent studies
have demonstrated that peanut skin extracts (PSEs) exhibit anti-obesity, anti-atherosclerotic,
anti-inflammation, and antioxidant effects in mice. Additionally, PSE contributes to the
maintenance of gut microbiota [20-23]. In this study, a compound that is capable of pro-
longing the yeast RLS was isolated from the skin of Arachis hypogaea Linn. This compound
was identified as procyanidin Al (PC Al) through spectral analysis, with comparisons
made to published data. The anti-aging effects and underlying mechanisms of PC A1l
were further explored, with findings indicating that it alleviates cell senescence, enhances
oxidative stress resistance, and induces autophagy.

2. Materials and Methods
2.1. General

Analytical pure reagents (methanol, ethanol, dichloromethane) were acquired from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Chromatographic-grade
methanol was obtained from the TEDIA Company, LLC. (Fairfield, OH, USA). Silica
gel (200-300 mesh) was purchased from the Yantai Research Institute of Chemical Industry
(Yantai, China). Reversed-phase C18 (Octadecylsilyl, ODS) silica gel (Cosmosil 75C18-OPN)
was from Nacalai Tesque, Inc. (Kyoto, Japan). Develosil ODS-UG-5 (Nomura Chemical
Co., Ltd., Aichi, Japan) and Supersil Phenyl (Dalian Elite Analytical Instruments Co., Ltd.,
Dalian, China) packed columns were used for the isolation and purification of the natural
products. Thin-layer chromatography (TLC) analysis was performed using the TLC silica
gel plates (Yantai Jiangyou Silicone Development Co., Ltd., Yantai, China) and TLC silica
gel 60 RP-18 F254s 25 glass plates (0.25 mm) (Merck KGaA, Darmstadt, Germany). CD3;0D
(Cambridge Isotope Laboratories Inc., Andover, WA, USA) was used as the solvent for
'H NMR. 'H NMR spectra and HR ESI-TOF-MS data were obtained using a Bruker AV
I1I-500 spectrometer (Bruker Corporation, Karlsruhe, Germany) and Agilent 6224A LC/MS
(Agilent Technologies Inc., Beijing, China), respectively.

The following reagents and compounds were purchased from the indicated manufac-
turer and used in biological experiments: dimethyl sulfoxide (DMSQO) from Merck KGaA
(Darmstadt, Germany). Resveratrol (Res), rapamycin (Rapa), etoposide (Etop), and chloro-
quine (CQ) were obtained from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,
China). SBI-0206965 was from MedChemExpress LLC. (Shanghai, China).
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2.2. Isolation and Structure Identification of PC Al

The PSE was prepared according to the previous literature [20]. Under the guidance
of K6001 yeast replicative lifespan assay, 1 g of PSE was subjected to ODS open-column
chromatography with a methanol/water solvent system (10/90, 30/70, 50/50, 70/30,
100/0). Fractions were combined into 11 fractions according to TLC analysis, and the
active fraction (348.1 mg) was obtained from a 30% aqueous methanol elution. Then,
100 mg of this fraction was taken out and subjected to silica open-column chromatog-
raphy with a dichloromethane/methanol elution system (100/0, 90/10, 70/30, 50/50,
30/70,10/90, 0/100). Then, 7 samples were obtained. Sample 1 (15.4 mg), obtained from
dichloromethane/methanol (90/10), was purified first through HPLC (Develosil ODS-UG-
5 (¢-10 x 250 mm), methanol: water = 18:100, 100 min, 3 mL/min, 280 nm) to obtain
sample 2 (5 mg, tg = 75 min). Sample 2 was then purified again by another HPLC (Supersil
Phenyl (¢-10 x 200 mm), methanol: water = 20:100, 20 min, 3 mL/min, 280 nm) to obtain
PC Al (3 mg, tg = 16 min) as colorless needles. The isolation scheme of PC Al from PSE
is shown in Supplementary Figure S1. The chemical structure of PC Al was identified
by comparing the 'H NMR spectra and MS with the literature [24]: 'H NMR (500 MHz,
CD;0D): 0y =7.13 (1H,d, ] =2.1Hz),7.01 (1H, dd, ] =8.3,2.1 Hz), 6.91 (1H, 5), 6.81 (3H, m),
6.08 (1H, s), 6.06 (1H, d, ] =2.3 Hz), 5.95 (1H, d, ] =2.3 Hz), 4.73 (1H, d, | = 7.8 Hz), 4.23 (1H,
d, ] =3.5Hz),4.15 (1H, m), 4.07 (1H, d, ] = 3.5 Hz), 2.94 (1H, dd, ] = 16.5, 5.6 Hz), and 2.57
(1H, dd, ] = 16.4, 8.3 Hz). The ! H NMR spectrum of PC Al is shown in Supplementary
Figure S2. High-resolution ESI-TOF-MS m/z 577.1344 was calculated for C3pHp501, [M+H]*
577.1341. The high-resolution ESI-MS chromatograms of PC A1 is shown in Supplementary
Figure S3.

2.3. Cell Lines

The PC12 cell line was purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Cellmax Cell Technology (Beijing) Co., Ltd. (Beijing, China)) supplemented with 10%
horse serum (Gibco (Herndon, VA, USA)), 7.5% fetal bovine serum (Cellmax Cell Technol-
ogy (Beijing) Co., Ltd. (Beijing, China)), and 1% antibiotic—antimycotic solution (Beijing
Solarbio Science & Technology Co., Ltd. (Beijing, China)). The NIH/3T3 cell line was
generously given from MeilunBio (Dalian, China) and cultured in DMEM containing 10%
fetal bovine serum and 1% antibiotic-antimycotic solution. All cells were cultured at 37 °C
in a humidified incubator of 5% CO,. Etoposide-induced senescence (ETIS) was triggered
in NIH/3T3 and PC12 cells after culturing for 2 d in the presence of different concentrations
of Etop (0.3 and 7.5 uM, respectively). Oxidative stress was triggered in PC12 cells after
culturing for 2 h in the presence of 0.7 mM H,O,. All cell lines tested negative for microbial
contamination and were routinely authenticated with STR assays.

2.4. Yeast Replicative Lifespan Assay

K6001 yeast was cultured in galactose liquid medium, which comprised 3% galactose,
2% hipolypeptone, and 1% yeast extract. Following incubation for 24 h with continuous
shaking (180 rpm, 28 °C), a total of 4000 cells were washed and then evenly distributed
on yeast peptone dextrose (YPD) agar plates, which were formulated with 2% glucose,
2% hipolypeptone, 1% yeast extract, and 2% agar and supplemented with Res or varying
concentrations of PC Al. After incubation for 48 h at 28 °C, forty microcolonies from the
agar plate were randomly selected for observation under an optical microscope (Olympus,
Tokyo, Japan), and the number of daughter cells produced by one mother cell was counted.
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2.5. Yeast-like Chronological Lifespan Assay

The yeast-like chronological lifespan (CLS) assay was performed according to the
reference [6]. The principle of this assay is based on the observation that, over time, a
densely overgrown cell culture loses its ability to survive and re-enter the growth phase
when transferred to a fresh nutrient-rich medium. This loss of viability occurs in a density-
dependent and time-dependent (chronological) manner, reflecting the aging process of
the cells. In detail, PC12 cells were seeded at a high density of 8 x 10* cells per well in
96-well plates, with each well containing 0.2 mL of culture medium. After 24 h, the culture
medium was replaced with serum-free medium supplemented with either 0.5% DMSO
(vehicle control), 200 nM of rapamycin (Rapa, positive control), or procyanidin Al (PC
A1) at concentrations of 1, 3, and 10 uM. After 4 days, the medium, including any floating
cells, was carefully aspirated. The adherent cells were then trypsinized using 0.2 mL of
trypsin solution. Subsequently, an equivalent volume of the cell culture (4 uL of aliquot),
representing approximately 2% of the total adherent (viable) cells, was transferred into
6-well plates containing 4 mL of fresh medium per well. The cells were cultured for an
additional 15 days for colony formation. To assess cellular viability, the resulting colonies
were fixed with 4% paraformaldehyde for 15 min and subsequently stained with a 0.1%
(w/v) crystal violet solution for 20 min. Following staining, the cells were thoroughly
rinsed with water and allowed to air dry. The number of viable colonies, which serves
as a quantitative indicator of chronological lifespan, was enumerated and subsequently
analyzed for statistical significance.

2.6. Cell Viability Assay

An MTT assay was performed to measure the cell viability. In general, 5000 cells
were seeded into each well of a 96-well plate and cultured under the indicated treatment.
Then, 100 pL of serum-free DMEM containing 500 pg/mL of MTT (Richu BioScience Co.,
Ltd. (Shanghai, China)) was added and incubated for 4 h followed by the removal of
the medium carefully and an addition of 100 pL of DMSO. The plates were read with
the absorbance at 570 nm using a plate reader (BioTek Synergy H1, Agilent, Winooski,
VT, USA).

2.7. Senescence-Associated B-Galactosidase (SA-B-gal) Assay

SA-f-gal staining was performed using the senescence (3-galactosidase staining kit
(Beyotime Biotechnology Inc., Shanghai, China), adhering strictly to the manufacturer’s
protocols. For the assessment of SA-f3-gal activity, approximately 50,000 PC12 cells or
20,000 NIH/3T3 cells were seeded into each well of a 24-well plate. Then, cells were
exposed to various test samples; 0.5% dimethyl sulfoxide (DMSO) was employed as the
negative control, while Rapa served as the positive control. After 24 h, cells were treated
with Etop for 2 days. After the treatment, cells were gently washed, fixed, and stained
with the provided dyeing solution as directed. Cells were examined under a bright-field
microscope (BX63, Olympus, Japan, 20 x objective). SA-B-gal* percentages were quantified
by counting the number of SA-[3-gal-positive cells per visual field.

2.8. Cell Proliferation Assay

The 5-Ethynyl-2’-deoxyuridine (EdU) incorporation assay was conducted to evaluate
cellular proliferation. For this purpose, the BeyoClick™ EdU Cell Proliferation Kit with
Alexa Fluor 488, supplied by Beyotime Biotechnology Inc. in Shanghai, China, was utilized,
and the assay was carried out in accordance with the manufacturer’s guidelines. Following
treatment, the cells were incubated with EAU at a concentration of 10 uM for 2 h and
subsequently fixed and permeabilized, then cells were treated with the click reaction
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additive solution for 30 min. Following this step, the cells were counterstained with
Hoechst 33342 for 10 min. After a thorough washing process, the EdU-positive cells were
visualized using a fluorescence microscope (BX63, Olympus, Japan) equipped with a 20 x
objective lens. The proliferating cells were then quantified based on the fluorescence
signals observed.

2.9. RNA Extract, RNA-Seq, and Data Analysis

NIH/3T3 cells (4 x 10° cells) at passage 5 were seeded into each 10 cm dish. The next
day;, the cells were treated with or without 10 pM of PC A1 for 2 days before exposure to
0.3 uM of Etop for 2 days. The control group was treated with the same medium containing
an equal amount of DMSO. Total RNA was extracted using the TRIzon reagent (Jiangsu
Cowin Biotech Co., Ltd. (Taizhou, China)).

The processes of quality control, cDNA library construction, and sequencing were
expertly handled by ShenZhen BGI Genomics Co., Ltd. (Shenzhen, China). Three biological
replicates were used for each group. Quality control of the RNA samples was conducted
using a Fragment Analyzer, while sequencing was performed on the DNBSEQ platform.
The raw data obtained from sequencing were filtered using SOAPnuke to obtain clean data.
The clean reads were then aligned to the reference genome using HISAT and to the gene set
using Bowtie2. The reference species used for this study was Mus musculus, and the specific
reference genome version is GCF_000001635.27_GRCm39, sourced from the NCBI database.
Differential gene expression analysis was conducted using the DESeq2 method, identifying
genes with a Q value (adjusted p value) < 0.05 and a logy(Fold Change (FC)) > 0.5 or
<-0.5 as differentially expressed genes (DEGs). For comprehensive data analysis and
visualization, including the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis and the Gene Ontology (GO) biological process enrichment analysis,
the online bioinformatic platform tool Dr. Tom provided by BGI (https:/ /biosys.bgi.com
(accessed on 18 November 2024)) was utilized. Additionally, volcano plots and heatmaps
were carried out using another online platform, CNSKnowall (https://cnsknowall.com
(accessed on 20 February 2025)).

2.10. ROS Assay

A ROS assay was performed using a ROS Assay Kit (Beyotime Biotechnology Inc.,
Shanghai, China), following the manufacturer’s instructions. Generally, 50,000 cells were
seeded into each well of a 24-well plate. Then, cells were treated with PC Al (1, 3, 10, and
30 uM) for 18 h, and then with H,O, for 2 h or Etop for 2 days. Then, DCFH-DA, at a final
concentration of 10 tM, was added and incubated with cells for 30 min. After washing
with phosphate-buffered saline (PBS), fluorescence was observed using a fluorescence
microscope (IX53, Olympus, Japan, 20 x objective).

2.11. MDA Quantifications and SOD Assay

Approximately 10° of the PC12 cells were seeded in a 60 mm culture dish. Then, cells
were treated with Res (10 uM) or PC A1 (1, 3, 10, and 30 uM) for 18 h, and then with 0.7 mM
H,0; for another 2 h. The MDA quantification and SOD assay were determined using the
MDA assay kit and SOD assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) in accordance with the manufacturer’s instructions, respectively.

2.12. Autophagy Detection

At first, approximately 80,000 PC12 cells were seeded in each well of a 24-well plate.
After 24 h, cells were treated with CQ (10 uM, as a negative control), Rapa (500 nM) plus
CQ (as a positive control), and PC A1 (at doses of 0, 3, 10, and 30 pM) plus CQ. After 18 h,
the cells were stained with the CYTO-ID® Autophagy Detection Kit (Enzo Life Sciences,
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Inc., New York, NY, USA), according to the manufacturer’s instructions. Briefly, the culture
medium was removed, and the cells were rinsed twice with an assay buffer supplemented
with 5% fetal bovine serum. Subsequently, 250 pL of assay buffer, containing 0.2% green
detection reagent and 0.1% Hoechst 33342 nuclear stain, was added to each well. Following
a 30 min incubation, the cells were fixed, washed with the assay buffer, and then examined
under a confocal microscope (BX61, Olympus, Japan) with a 20 objective lens.

2.13. Western Blot Analysis

Whole-cell lysates were prepared using the RIPA lysis buffer containing a 1% com-
plete protease inhibitor cocktail (Jiangsu Cowin Biotech Co., Ltd. (Taizhou, China)), 1%
phosphatase inhibitor cocktail II, and 1% phosphatase inhibitor cocktail III (Abcam Limited.
(Cambridge, UK)) and homogenized and centrifuged at 12,000x g for 20 min at 4 °C.
The protein concentration of cell lysates was determined by the BCA protein assay Kkit.
Cell lysates were added with thr SDS-PAGE sample loading buffer and heated for 10 min
at 100 °C. Then, 20 pg of protein of each sample was separated by electrophoresis on
sodium dodecyl sulfate (SDS) polyacrylamide gels and transferred to an Immun-Blot PVDF
membrane (Bio-Rad Laboratories Inc., Hercules, CA, USA). Membranes were incubated
with primary and then secondary antibodies. Primary antibodies against phosphoinosi-
tide 3-kinase (PI3K) (#4249, 1:1000), phospho-PI3K (#4228, 1:1000), mammalian target of
rapamycin (mTOR, #2983, 1:1000), phospho-mTOR (#5536, 1:1000), unc-51 like autophagy
activating kinase 1 (ULK1, #8054, 1:1000), phospho-ULK1 (Ser757, #14202, 1:1000), p62
(#5114, 1:1000), microtubule-associated protein 1 light chain 3 (LC3B, #2775, 1:1000), protein
kinase B (Akt, #9272, 1:1000), and phospho-Akt (#9271, 1:1000) were procured from Cell
Signaling Technology, Inc. (Boston, MA, USA). Beclin-1 (#HA721216, 1:1000) was pur-
chased from Hangzhou HuaAn Biotechnology Co., Ltd. (Hangzhou, China). p21 (#AP021,
1:200) was from Beyotime Biotechnology Co., Ltd. (Shanghai, China). 3-Actin (#CW0096,
1:1000) was from Jiangsu Cowin Biotech Co., Ltd. (Taizhou, China). HRP-conjugated goat
anti-rabbit IgG (#CW0103S, 1:5000) and anti-mouse IgG (#CW0102S, 1:5000) were from
Jiangsu Cowin Biotech Co., Ltd. (Taizhou, China). Finally, antigens were visualized using
the SuperPico ECL Chemiluminescence Kit (Nanjing Vazyme Biotech Co., Ltd., Nanjing,
China). The Bio-Rad ChemiDoc™ MP Imaging System (Bio-Rad Laboratories, Inc., Her-
cules, CA, USA) was used for the detection of proteins of interest, and the blot density was
quantified utilizing Image Lab software (Version 6.1, Bio-Rad Laboratories, Inc., Hercules,
CA, USA).

2.14. Statistical Analysis

Statistical analyses were performed using the GraphPad Prism software (Version 9.0,
GraphPad Software, LLC, San Diego, CA, USA). To assess differences among multiple
groups, ordinary one-way ANOVA was conducted, followed by Dunnett’s multiple com-
parisons test for post hoc analysis. For pairwise comparisons between the treatment group
and the control group in the replicative lifespan assay, two-tailed, unpaired Student’s ¢-tests
were employed. Statistical significance was defined as p < 0.05. Each experiment was
repeated three times, and data for each experiment are shown as mean = SEM.

3. Results

3.1. PC A1 Extended the Replicative Lifespan of K6001 Yeast and Yeast-like Chronological Lifespan
of PC12 Cells

Due to its convenience and speed, the K6001 yeast RLS assay was utilized as a guide
to isolate compounds with potential anti-aging activity. In this study, PC A1l was isolated
and purified from PSE under the guidance of the yeast RLS system. The isolation scheme
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and the chemistry structure of PC Al are presented in Supplementary Figure S1 and
Figure 1a, respectively. In the yeast RLS assay, Res was employed as a positive control for
its stimulating effects on SIRTI and its ability to prolong the lifespan in yeast [25]. The
results in Figure 1b demonstrate that PC A1 (0.1, 0.3, 1, 3, and 10 uM) and Res significantly
slowed the replicative aging of yeast. However, PC Al at 30 uM exhibited toxicity to the
yeast. Furthermore, yeast-like CLS assays were conducted on PC12 cells to evaluate the
lifespan-extending effect of PC Al at the mammalian cell level. The results in Figure 1c,d
indicate that PC A1l (1 and 3 tM) and Rapa (as a positive control) increased the number
of colonies, demonstrating that PC Al could prevent the senescence-mediated decline of
clonogenic survival in highly confluent PC12 cells [6]. Collectively, these findings suggest
that PC Al prolongs both yeast RLS and yeast-like CLS in mammalian cells.
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Figure 1. Procyanidin A1 (PC A1) isolated and purified from peanut skin extended the replicative
lifespan of K6001 yeast and the yeast-like chronological lifespan of PC12 cells. (a) The chemical
structure of PC Al. (b) The effect of PC Al on the replicative lifespan of K6001 yeast. Resveratrol
(Res) at 10 pM was used as the positive control. The experiment was conducted three independent
times, with each replicate involving 40 individual mother cells per treatment group. The replicative
lifespan was determined by counting the number of daughter cells produced by each mother cell. To
assess the significance of the results, a two-sided Student’s t-test was used to compare the number
of daughter cells in each treatment group to the control group. (c,d) The colony formation of PC12
cells treated with PC A1 (1, 3, and 10 uM) and rapamycin (Rapa, 200 nM) for testing the yeast-like
chronological lifespan of PC12 cells. The representative images of colony-forming units (CFUs) (c) and
quantification (d) are shown. Rapamycin (Rapa) was used as the positive control. Experiments were
repeated three times. Data represent mean 4 SEM. Significant difference was obtained with ordinary
one-way ANOVA followed by Dunnett’s multiple comparisons test. *, **, and *** indicate significant
differences at p < 0.05, p < 0.01, and p < 0.001 compared with the control (C) group, respectively.

3.2. PC A1 Alleviated Cellular Senescence Induced by Etoposide
3.2.1. PC A1 Alleviated Cellular Senescence Induced by Etoposide in PC12 Cells

The evaluation of cellular senescence as a hallmark of aging was conducted. Cellular
senescence is characterized by elevated levels of ROS, an increased expression of SA-f3-gal,
and arrested cell proliferation. Etoposide (Etop), a chemotherapy agent, inhibits topoi-
somerase 1I, destroys the rejoining of DNA after superhelical unwinding, induces DNA
damage, and subsequently leads to cell cycle arrest and senescence. Therefore, Etop was

63



Antioxidants 2025, 14, 322

employed to model the pathological conditions associated with cellular senescence. The
PC12 cell line, derived from a pheochromocytoma of the rat adrenal medulla, is widely
utilized in neuroscience research, including studies on neuroprotection, neurosecretion,
neuroinflammation, and synaptogenesis [26]. Recent studies also demonstrated that PC12
cells are valuable in simulating the cellular changes associated with nervous system ag-
ing [27]. Initially, the viability of PC12 cells following treatment with PC A1 was assessed.
The results indicated that PC A1 (at concentrations of 1, 3, 10, and 30 uM) did not exhibit
any significant cytotoxic effects on normal PC12 cells, whereas the treatment of PC A1 at
100 uM resulted in a 50% reduction in cellular viability (Figure 2a). Subsequently, PC12 cells
were pre-treated with PC A1 (at 1, 3, 10, and 30 uM) for one day and then exposed to Etop
(7.5 uM) for 2 days to evaluate the protective effect of PC Al against cell senescence. Rapa
at 500 nM was used as a positive control due to its known geroprotective effects [15]. Cell
viability was assessed using the MTT assay, and the results demonstrated that PC A1 (at 1, 3,
and 10 pM) and Rapa (500 nM) significantly mitigated the loss of cellular viability caused by
Etop (Figure 2b). Furthermore, the level of ROS was found to be elevated by Etop; however,
treatment with PC A1 (1, 3, 10, and 30 uM) and Rapa (500 nM) significantly reduced ROS
levels (Figure 2¢,d). Subsequently, SA-[3-gal staining was performed, as shown in Figure 2ef,
and quantitative analysis revealed that over 70% of Etop-treated cells exhibited a senescent
phenotype characterized by SA-3-gal-positive cells. In contrast, the pre-treatment of PC
Al (at1, 3, 10, and 30 uM) significantly decreased the number of SA-f-gal-positive PC12
cells. Cell cycle arrest, another hallmark of cell senescence, was assessed using the EdU cell
proliferation kit. EAU, a thymidine analog, was incorporated into DNA during synthesis,
followed by a click reaction with a green fluorescence-labeled azide probe, thereby labeling
newly synthesized DNA for the detection of proliferating cells. To visualize all cells, nuclei
were stained with Hoechst 33342. As shown in Figure 2g,h, nearly 25% of the PC12 cells in
the control group were EAU positive, exhibiting green fluorescence, whereas this percentage
dropped to 4% in Etop-induced senescent cells. The pre-treatment of PC Al (1, 3, and
10 uM) and Rapa (500 nM) protected against the proliferative impairment caused by Etop.
These experimental findings suggest that PC Al effectively prevented cellular viability loss,
reduced ROS levels, decreased the number of SA-f3-gal-positive senescent cells, and restored
proliferative capacity, thereby alleviating Etop-induced senescence in PC12 cells.

3.2.2. PC Al Alleviated Cell Senescence Induced by Etoposide in NIH/3T3 Cells

To further confirm the cell senescence alleviation effect of PC A1, we then induced
cell senescence using Etop in the NIH/3T3 cell line. The NIH/3T3 mouse embryonic
fibroblast cell line serves as a vital model for in vitro research, particularly in the fields of
cellular senescence and cell cycle studies. Considering that NIH/3T3 cells exhibit greater
sensitivity to Rapa and Etop, the concentration of Rapa was adjusted to 50 nM to serve as a
positive control, whereas the dose of Etop was reduced to 0.3 uM. The effect of PC Al on
cellular viability was also assessed. As shown in Figure 3a, PC Al (at 1, 3, 10, and 30 uM)
demonstrated no toxicity to NIH/3T3 cells. Following this, NIH/3T3 cells were pre-treated
with PC A1, subsequently inducing cell senescence with Etop for 2 days, and then we
evaluated cellular viability, the expression of p21, ROS levels, and SA-3-gal activity. The
results in Figure 3b show that the pre-treatment of PC A1 (1, 3, 10, and 30 uM) and Rapa
(50 nM) significantly protected NIH/3T3 cells from the loss of viability. The expression
levels of p21, a biomarker of cellular senescence, were then assessed. As shown in Figure 3c,
PC Al at 30 pM and Rapa reduced p21 levels elevated by Etop. The results of ROS assays
(Figure 3d,e) and SA-[-gal staining (Figure 3f,g) were consistent with those obtained from
the PC12 cells, demonstrating that both PC A1 and Rapa significantly decreased ROS levels
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and the number of senescent cells, as indicated by SA-{3-gal-positive cells. In conclusion,
PC A1 alleviated cellular senescence induced by Etop in both PC12 and NIH/3T3 cells.
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Figure 2. Procyanidin Al (PC A1) alleviated Etop-induced senescence in PC12 cells. (a) The cell
viability of PC12 cells after treatment with PC A1 (1, 3, 10, 30, and 100 uM) for 24 h. (b-h) PC12
cells were pre-treated with PC A1 (1, 3, 10, and 30 uM) for 24 h followed by 7.5 uM of etoposide
(Etop) for 48 h. The cellular viability was determined (b), and ROS level (c,d), senescence-associated
[-galactosidase (SA-B-gal) staining (e,f), and cell proliferation (g,h) are pictured and quantified.
Proliferating cells were labeled with green fluorescence, and nuclei were stained with Hoechst 33342.
Scale bar: 100 um. Data represent mean + SEM, n = 3 for each group. ** and *** indicate significant
differences at p < 0.01 and p < 0.001 compared with the control (C) group, respectively; #, ##, and ###
indicate significant differences at p < 0.05, p < 0.01, and p < 0.001 compared with the etoposide (Etop)
group, respectively.
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Figure 3. Procyanidin A1 (PC A1) alleviated Etop-induced senescence in NIH/3T3 cells. (a) The cell
viability of NIH/3T3 cells after treatment with PC Al (1, 3, 10, and 30 uM) for 24 h. (b-g) NIH/3T3
cells were pre-treated with PC A1 (1, 3, 10, and 30 uM) for 24 h followed by 0.3 uM of etoposide
(Etop) for 48 h. The cellular viability was determined (b), the expression levels of p21 were evaluated
(c), and ROS levels (d,e) and senescence-associated (3-galactosidase (SA-B-gal) staining (f,g) were
pictured and quantified. Scale bar: 100 pum. The experimental samples and controls used for the
comparative analysis in (c) were run on the same blot/gel. Data represent mean £SEM, n = 3. ***
indicates significant differences at p < 0.001 compared with the control (C) group; #, ##, and ###
indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, compared with the etoposide (Etop)
group, respectively.

3.2.3. The PI3K/ Akt Signaling Pathway Played a Role in the Alleviation Effect of PC Al on
Cell Senescence

To further understand how PC Al mitigates cell senescence, gene expression profiling
of NIH/3T3 cells was performed through RNA sequencing. As shown in Figure 4a—c, a
total of 5724 differentially expressed genes (DEGs) (logyFoldChange (FC) > 0.5 or <—0.5,
Q value < 0.05) were identified between the Etop-treated group and control group, with
3175 genes upregulated and 2549 genes downregulated in Etop-treated cells compared to
the control group. Additionally, 181 DEGs were found between the Etop + PC Al group
and the Etop-only group, with 113 genes upregulated and 68 downregulated in the PC Al
pre-treatment group compared to the Etop group.
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Figure 4. RNA sequencing analysis on senescent NIH/3T3 cells treated with procyanidin Al (PC
Al). NIH/3T3 cells were pre-treated with PC Al (10 uM) for 24 h followed by 0.3 uM of etoposide
(Etop) for 48 h. RNA was extracted from cells lysis for RNA sequencing analysis. (a) Volcano plot
of gene expression in the Etop group compared to the control group. (b) Volcano plot of gene
expression in the PC A1l + Etop group compared to the Etop group. In the volcano plot, the two
vertical dashed lines indicate log2(FoldChange) values of —0.5 and 0.5, while the horizontal dashed
line represents a Q-value threshold of 0.05. Genes with log2(FoldChange) > 0.5 or <—0.5and a Q
value < 0.05 were identified as differentially expressed. (c) Venn diagram showing the number of
differentially expressed genes (DEGs, with logyFoldChange (FC) > 0.5 or <—0.5, Q value < 0.05,
calculated by raw count value) and overlapped genes between A and B (A. Etop group versus control
group; B. PC A1 + Etop group versus Etop group). (d) KEGG pathway enrichment analysis of the
overlapped 165 common differentially expressed genes. (e) GO biological processes associated with
the 165 common differentially expressed genes. (f) Heatmaps of genes associated with negative
regulation of the apoptosis process. (g) Heatmaps of genes associated with senescence associated
secretory phenotype (SASP) factors in different groups. (h) Heatmaps of cell senescence-related genes
according to the CellAge database. n = 3 for each group. n stands for the number of samples in
a group.
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The 165 genes that were differentially expressed in both comparisons were analyzed
using the KEGG pathways and GO enrichment analysis. As shown in Figure 4d, the
KEGG pathway analysis identified several significantly enriched pathways associated with
the effects of PC A1 treatment on Etop-induced senescence. Among these pathways, the
PI3K/ Akt signaling pathway, focal adhesion, ECM-receptor interaction, and pathways in
cancer were prominently represented. Notably, the PI3K/ Akt signaling pathway exhibited
the highest number of enriched genes and a low Q value. Therefore, we propose that the
PI3K/ Akt signaling pathway plays a crucial role in the anti-aging effect of PC A1l.

The DEGs were annotated using the GO terms from the GO database to enhance our
understanding of their molecular characteristics. As shown in Figure 4e, the DEGs were
annotated using the GO terms from the GO database to further discover their molecular
characterization. The DEGs were categorized into three main areas: biological processes,
molecular functions, and cellular components. Within the biological process category, the
DEGs were implicated in the positive regulation of cell proliferation, the cell cycle, and
the negative regulation of the apoptotic process. We further analyzed the transcriptomic
expression profile. As shown in Figure 4f, 17 genes were associated with the negative regu-
lation of the apoptotic process. We observed that the expression of eight genes associated
with apoptosis resistance increased with Etop treatment but was reduced upon treatment
with PC Al. These genes included Ptgs2, ler3, Tcim, Angpt14, Plaur, Cth, Plk3, and Pim.
Additionally, we noted a significant upregulation of several SASP factors (including Cxcl2,
Plau, Csf3, Ereg, Mmp3, Mmp10, Mmp13, Ngf, Plaur, Pgf, and 1111) during cellular senescence,
which were substantially downregulated by PC A1l. Four genes (Col16al, Col1a2, Col4a5,
and Col4a6), encoding members of the collagen family, along with Tnfrsf11b, were found to
be downregulated in senescent cells but substantially upregulated by treatment with PC Al
(Figure 4g). Furthermore, a search of gene expression databases, specifically CellAge [28],
revealed 16 genes associated with cell senescence that were regulated by Etop but alleviated
by PC Al treatment (Figure 4h). Overall, these findings confirm that PC Al ameliorates
cell senescence induced by Etop by promoting apoptosis in senescent cells, regulating the
gene transcription levels of SASP factors and restoring proliferative capacity. Moreover,
the PI3K/ Akt signaling pathway appears to play a role in the protective effect of PC Al
against cellular senescence.

3.3. PC A1 Remedied Oxidative Stress in HyO,-Exposed PC12 Cells

In organisms, the aging process is associated with progressive mitochondrial dysfunc-
tion, leading to an increased production of ROS. The pathological level of ROS contributes
to further mitochondrial deterioration and widespread cellular damage, including harm
to DNA, proteins, and lipids, which are significant factors in aging and age-related dis-
eases [29,30]. Therefore, we investigated the ability of PC A1 to reduce ROS and protect
PC12 cells from oxidative stress. HyO,, the most commonly used endogenous source of
cellular oxidative stress, was employed to induce this condition. Initially, the appropriate
concentration of HyO, was pre-tested. After incubating cells with varying doses of H,O,
for 2 h, cell viability was assessed using the MTT assay. As shown in Figure 5a, H,O,
at 0.7 mM resulted in a 50% reduction in cell viability compared to the control and was
chosen as an appropriate concentration for further experiments. Cells were subsequently
treated with different doses of PC Al for 24 h, followed by exposure to 0.7 mM H,O, for
2 h. The findings in Figure 5b indicate that the reduction in cell viability caused by H,O,
was alleviated by the pre-treatment with PC Al (1, 3, and 10 pM). Res was utilized as a
positive control due to its well-established antioxidant properties [31]. The level of MDA, a
common indicator in oxidative stress studies, was also assessed. As shown in Figure 5c,
pre-treatment with Res (10 uM) and PC A1 (1, 3, 10, and 30 uM) significantly lowered
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the elevated MDA levels induced by HyO,. Furthermore, ROS levels were evaluated
using DCFH-DA, a probe that undergoes hydrolysis and oxidation to produce fluorescent
DCF. As shown in Figure 5d,e, HO, produced a marked increase in ROS levels, which
were significantly reduced by pre-treatment with Res and PC A1 (at 1, 3, 10, and 30 pM).
SOD is a crucial endogenous antioxidant enzyme that scavenges superoxide anion free
radicals and protects cells from oxidative damage. The activities of total SOD, SOD1, and
SOD2 were measured. The results in Figure 5f-h demonstrate the PC Al enhanced SOD2
activity but did not affect SOD1 activity. In conclusion, PC A1 protects PC12 cells from
oxidative damage induced by H,O, by increasing SOD2 activity and reducing both ROS

and MDA levels.
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Figure 5. Antioxidative stress effect of procyanidin A1 (PC A1). (a) PC12 cell viability change caused
by different doses of HyO,. (b-h) PC Al reduced H,O;-induced toxicity and attenuated oxidative
stress. PC12 cells were pre-treated with PC A1 (1, 3, 10, and 30 uM) for 24 h followed by 0.7 mM
H,O, for 2 h. Then, the cellular viability (b), MDA level (c), ROS level (d), and its digital result (e)
and total SOD (f), SOD1 (g), and SOD2 activities (h) of PC12 cells were assessed. Scale bar: 100 um.
Data represent mean + SEM, n = 3 for each group. ns, ¥, **, and *** indicate significant differences at
p>0.05,p <0.05, p <0.01, and p < 0.001 compared with the control (C) group, respectively; ns, #, ##,
and ### indicate significant differences at p > 0.05, p < 0.05, p < 0.01, and p < 0.001 compared with the
H,O, group, respectively.
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3.4. PC A1 Induced Autophagy in PC12 Cells

Impaired microautophagy has been proposed as a hallmark of aging [7]. Autophagy
is the cellular process by which portions of the cell, including macromolecules and entire
organelles, are degraded within lysosome. CYTO-ID® green dye, a fluorescent probe, serves
as an effective marker for vesicles produced during autophagy. To assess the capacity of PC
A1 to induce autophagy, CQ was employed to block the conversion from autophagosomes
to autolysosomes by elevating the lysosomal/vacuolar pH. Rapa was used as a positive
control for its known capacity to induce autophagy by inhibiting TOR (in particular, TOR
complex 1) activity [15]. As shown in Figure 6a,b, Rapa (500 nM) and PC A1l (3 and 10 uM)
significantly increased the fluorescent intensity of autophagic vacuoles. Given that the
conversion from autophagosomes to autolysosomes was blocked by CQ, we conclude that
PC Al effectively induces autophagy in PC12 cells.

Then, the expressions of autophagy-associated proteins mTOR, ULK1, Beclin-1, p62,
and LC3 were evaluated through Western blot analysis to confirm the intracellular au-
tophagy. PC12 cells were incubated with varying doses of PC A1 (0.3, 1, 3, 10, and 30 uM)
for 18 h to assess dose dependence. As illustrated in Figure 6¢, the levels of phospho-mTOR
(Ser2448) were reduced by both PC Al and Rapa. Meanwhile, the levels of Beclin-1 and the
ratio of LC3II/LC3I were upregulated, whereas the p62 levels were decreased in response
to PC Al. The digital results of Figure 6c are shown in Figure 6e-i. Additionally, PC12 cells
were incubated with 3 uM of PC A1 for varying time periods to assess time dependence,
and the Western blot results for mTOR, ULK1, Beclin-1, p62, and LC3 are shown in Supple-
mentary Figure S4a. These results further confirm that PC Al induces autophagy in a dose-
and time-dependent manner.

Then, the PI3K/ Akt signaling pathway, serving as an upstream signaling pathway in the
induction of autophagy, was also explored. As shown in Figure 6d, PC A1 decreased the level
of the phosphorylated form of PI3K p85 (Tyr458) and p55 (Tyr199), as well as Akt (Ser473), in
a dose-dependent manner. The digital results are presented in Figure 6j-1. Time dependence
was similarly assessed, and the Western blot results are shown in Supplementary Figure S4b.
These findings suggest that PC A1l enhances autophagy, in which the PI3K/Akt signaling
pathway was involved.

3.5. Autophagy Inhibitor Abolished Antioxidative Stress and Cell Senescence Alleviation Effects of
PC A1l

Studies have indicated that many features of aging are interconnected. The impairment
of autophagy or genetic defects in autophagy in young cells can lead to a loss of proteostasis,
heightened mitochondrial dysfunction, and increased oxidative stress, ultimately resulting
in cellular senescence [12]. To test whether the antioxidative stress and cell senescence
alleviation effects of PC Al could be negated by impaired autophagy, SA-f3-gal staining
and ROS assays were conducted. The selective ULK1 kinase inhibitor SBI-0206965, used to
inhibit autophagy in vitro, was administered [32]. The results in Figure 7a indicated that PC
Al at 10 uM distinctly reduced the SA-p-gal™ cell percentage promoted by Etop. However,
SBI-0206965 negated this effect of PC A1l. The evaluation of ROS yielded results consistent
with the SA-f3-gal assay. As shown in Figure 7b, Etop at 0.3 uM induced elevated levels
of ROS in NIH/3T3 cells; pre-treatment with Rapa (50 nM) and PC A1 (10 uM) reduced
ROS levels. Conversely, SBI-0206965 abrogated the ROS scavenging effect of PC Al. The
results confirm that there is a crosstalk between autophagy and oxidative stress, as well as
cellular senescence. The inhibition of autophagy can obstruct the ROS scavenging and cell
senescence elimination effects of PC Al.
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Figure 6. Procyanidin Al (PC Al) induced autophagy in PC12 cells. (a) Staining of the autophagic
vesicles with a fluorescent dye in PC12 cells after treatment with rapamycin (Rapa) and PC A1. Scale

bar: 40 um. (b) The fluorescence intensity quantification results of (a). (c) The Western blot results of
p-mTOR (Ser2448), mTOR, p-ULK1 (Ser757), ULK1, Beclin-1, p62, and LC3 compared with 3-Actin
in PC12 cells after treatment with 500 nM of Rapa and different doses of PC Al for 18 h. (d) The
Western blot results of p-PI3K (p85 (Tyr458)/p55 (Tyr199)), PI3K, p-Akt (Ser473), and Akt in PC12
cells after treatment with 500 nM of Rapa and different doses of PC Al for 18 h. (e-i) The digital
Western blot results of p-mTOR (Ser2448)/mTOR (e), p-ULK1 (Ser757) /ULK1 (f), Beclin-1 (g), p62 (h),
and LC3II/I (i). (j-1) The digital Western blot results of p-PI3K p85 (Tyr458)/PI3K (j), p-PI3K p55
(Tyr199)/PI3K (k), and p-Akt (Ser473)/ Akt (1). The samples used for the Western blot analysis in
(c,d) on different proteins are derived from the same experiment or parallel experiments and the blots

are processed in parallel. ¥, **, and *** represent significant differences compared with the negative

control (p < 0.05, p < 0.01, and p < 0.001, respectively). The experiments were repeated three times,

and data from each experiment are displayed as mean + SEM.
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Figure 7. The autophagy inhibitor SBI-0206965 abolished antioxidative stress and the cell senescence
alleviation effect of procyanidin Al (PC Al). (a—d) NIH-3T3 cells were pre-treated with PC Al at
10 uM with or without SBI-0206965 for 24 h followed by 0.3 uM of etoposide (Etop) for 48 h. Rapa
(50 nM) was used as a positive control. The senescence-associated (3-galactosidase (SA-p3-gal) staining
(a,b) and ROS level (c,d) are pictured and quantified. Scale bar: 100 um. Data represent mean 4 SEM,
n = 3 for each group. ns, **, and *** indicate significant differences at p > 0.05, p < 0.01, and p < 0.001
compared with the designated group, respectively.

4. Discussion

The aging population is steadily increasing, highlighting the importance of identifying
phytochemical senotherapeutics compounds with significant potential. In China, peanuts
are known as the “longevity nut” and PSE is recognized as a form of TCM. Modern
pharmacological studies have demonstrated that PSE offers multiple benefits against
various age-related vulnerabilities. However, the potential anti-aging effects of the bioactive
molecules from PSE remain not fully understood. In this study, we utilized K6001 yeast
RLS as a guiding model to isolate PC A1 from PSE. Our research findings indicate that PC
A1l can extend the RLS, as well as the CLS of mammalian cells. Additionally, we observed
that PC A1 provides a protective effect against cellular senescence and oxidative stress and
induces autophagy.

PC Al is classified as an A-type procyanidin dimer, which is a part of the proantho-
cyanidin class of flavonoids. The constituent units of procyanidins are catechin and/or
epicatechin. A-type procyanidins (linked via C4-Cg or C4-Cg and Cp-O-Cy) and B-type
procyanidins (linked via C4-Cg or C4-Cg) are categorized based on the specific interflavan
linkages among their constituent units. Previous studies have identified peanut skin as
a rich source of procyanidins, including monomers, dimers, trimers, and tetramers, with
a particular abundance of A-type procyanidins [33]. Studies have shown that A-type
procyanidins demonstrate prebiotic-like, antioxidative, anti-inflammation, anti-diabetic,
antiviral, neuroprotective, and autophagy- and apoptosis-inducing effects [34]. Notably,
some studies have also indicated that procyanidins may have the potential to extend lifes-
pans and alleviate age-related pathologies [35,36]. However, different procyanidins may
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exhibit inverse phenotypes. For example, procyanidin C1 was shown to increase ROS in
senescent cells, but not for procyanidin B2 [36]. Thereby, the anti-aging mechanism of PC
Al was further investigated.

A fundamental aging mechanism that has attracted increasing attention is cellular
senescence. Senescent cells accumulate with age, and if persistent, can adversely affect
tissue function due to the SASP that they develop. Despite the cytotoxic microenvironment
they create, senescent cells evade death by regulating pro-survival and anti-apoptotic
pathways, such as the PI3K/ Akt signaling pathway. Senolytic agents, which selectively
eliminate senescent cells, and senomorphic agents, which reduce the SASP, have shown
promise as interventions for aging and treating age-related diseases [9]. In this study,
Etop, a DNA topoisomerase inhibitor, was utilized to induce cellular senescence. This
treatment elevated the expression of p21, increased ROS production, resulted in a rise in
the number of SA-(3-gal-positive cells, and caused cell cycle arrest, while the treatment of
PC Al alleviated these changes (Figures 2 and 3). To further investigate the mechanisms of
PC A1, we conducted RNA-sequencing analysis. The results revealed that PC A1l regulates
the PI3K/ Akt signaling pathway. Furthermore, PC A1 downregulated the expression of
anti-apoptosis genes that had been increased by Etop (Figure 4f) and reduced many SASP
factors produced by senescent cells (Figure 4g). Thus, it is believed that PC A1 exhibited
both senolytic and senomorphic functions, with the PI3K/Akt signaling pathway playing a
significant role in the senotherapeutic effects of PC Al.

Oxidative stress is a prevalent theme among the key features associated with the aging
process. It can lead to various hallmarks of aging, including the accumulation of damaged
proteins, telomere attrition, epigenetic alterations, cellular senescence, and mitochondrial
dysfunction, contributing to aging and age-related diseases. While antioxidants may
act as scavengers of ROS to maintain the biological redox homeostasis, they may play a
protective role in aging and age-related diseases [29]. In this study, H,O, was used to
induce oxidative stress in PC12 cells, and the treatment of PC A1 significantly improved
cell viability under oxidative stress and reduced ROS levels. MDA, a harmful end product
of lipid peroxidation, was also assessed as an indicator of oxidative damage. The results
indicated that PC Al decreased MDA production. As a primary defense against ROS-
mediated damage, SODs were also evaluated. We observed an increase in total SOD and
SOD?2 activity following the treatment with PC Al; however, SOD1 activity remained
unchanged (Figure 5). Notably, elevated ROS levels were also observed in senescent cells,
and pre-treatment with PC Al significantly reduced ROS levels in both senescent PC12
cells and NIH/3T3 cells (Figures 2c and 3d).

Disabled macroautophagy is one of the hallmarks of aging [7]. The term ‘autophagic
flux’ refers to the entire process of autophagic degradation, including the formation of au-
tophagosome and the subsequent degradation of the cargo within lysosomes. To assess the
ability to induce autophagy, we blocked the fusion of lysosome and autophagosome using
CQ and evaluated the autophagy flux by labeling autophagic compartments with a CYTO-ID
fluorescence dye [37]. The results indicated that PC Al increased autophagy (Figure 6a,b).
Consistently, the expression levels of autophagy-related proteins, including p62, Beclin-1, and
LC3I1/1, also confirmed the activation of autophagy (Figure 6c). Furthermore, the upstream
signaling pathway that regulates autophagy was tested through Western blot analysis, which
revealed that PC Al downregulated the levels of phosphorylated PI3K and Akt (Figure 6d).

Studies have demonstrated that impaired autophagy leads to oxidative stress and
cellular senescence [12]. In this study, we observed that Rapa, as an autophagy inducer,
also reduced ROS levels in senescent cells (Figures 2c and 3d). Conversely, SBI-0206965, a
highly selective ULK1 kinase inhibitor and autophagy inhibitor, exacerbated the senescence
phenotype. Cells treated with both SBI-0206965 and Etop were even bigger and flatter

73



Antioxidants 2025, 14, 322

than those treated with Etop alone (Figure 7a). Additionally, SBI-0206965 elevated ROS
levels in senescent cells. Notably, the ability of PC Al to scavenge ROS and decrease
the number of SA-f3-gal-positive cells was diminished by SBI-0206965 (Figure 7). These
findings support the notion that autophagy deficiency plays a critical role in oxidative stress
and cellular senescence. Meanwhile, ULK1, a conserved kinase involved in autophagy
initiation, emerges as a necessary component in the anti-aging mechanism of PC Al.

The PI3K/ Akt signaling pathway regulates signal transduction and biological processes
such as cell growth, proliferation, survival, apoptosis, autophagy, and metabolism [38,39].
Previous research has shown that PI3K inhibition can alleviate aging in Drosophila and reduce
cardiac aging and immune senescence in older adults [40-42]. In this work, the levels of
phosphorylated PI3K and Akt were reduced by PC A1 (Figure 3d). Furthermore, RNA-seq
analysis indicated that the PI3K/Akt signaling pathway is implicated in the senescence-
alleviating effects of PC A1 (Figure 6d). Therefore, we propose that the PI3K/ Akt signaling
pathway plays a role in the anti-aging effects of PC Al. However, further data are needed to
substantiate this in our future work. Additionally, this investigation into the anti-aging effects
of PC Al is currently limited to the cellular level and requires validation at the animal level.
Given the low concentration of PC A1 in peanut skin, alternative sources must be explored
for its isolation.

5. Conclusions

Overall, our findings highlight the potential of PC Al as an anti-aging agent. Isolated
from PSE, PC A1l demonstrates significant efficacy, including an extension of the RLS of
yeast and the CLS of mammalian cells, as well as alleviating cell senescence, mitigating
oxidative stress, and inducing autophagy. Furthermore, the PI3K/ Akt signaling pathway
plays a role in the anti-aging effects of PC Al. Given these promising results, further
investigation into PC Al as a potential geroprotective agent is warranted.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox14030322/s1, Figure S1: Isolation scheme of procyanidin A1l
(PC A1) from peanut skin extract (PSE). Figure S2: The 'H NMR spectrum of procyanidin A1 (PC
A1) (500 MHz, CD3;0D). Figure S3: The HR ESI-TOF-MS chromatogram of procyanidin Al (PC A1l).
Figure S4: Procyanidin Al (PC A1) induced autophagy in PC12 cells, time dependently. (a) The Western
blot results of p-mTOR (Ser2448), mTOR, p-ULKT1 (Ser757), ULK1, Beclin-1, p62, and LC3 compared
with 3-Actin in PC12 cells after treatment with 500 nM of rapamycin (Rapa) and 3 uM of PC A1 for
different times (0, 0.5, 1, 2, 4, 8, 18, 24, and 48 h). (b) The Western blot results of p-PI3K (p85 (Tyr458)/p55
(Tyr199)), PI3K, p-Akt (Ser473), and Akt in PC12 cells after treatment with 500 nM of rapamycin (Rapa)
and 3 uM of PC A1 for different times (0, 0.5, 1, 2, 4, 8, 18, 24, and 48 h). (c—g) The digital Western blot
results of p-mTOR (Ser2448)/mTOR (c), p-ULK1 (Ser757)/ULK1 (d), Beclin-1 (e), p62 (f), and LC3I1/1 (g).
(h—j) The digital Western blot results of p-PI3K p85 (Tyr458)/PI3K (h), p-PI3K p55 (Tyr199)/PI3K (i),
and p-Akt (Ser473)/ Akt (j). The samples used for the Western blot analysis in (a,b) on different proteins
are derived from the same experiment or parallel experiments and the blots were processed in parallel.
*,** and *** represent significant difference compared with the negative control (p < 0.05, p <0.01, and
p < 0.001). The experiments were repeated three times, and data from each experiment are displayed as
mean £ SEM.
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Abbreviations

The following abbreviations are used in this manuscript:

CLS chronological lifespan

CQ chloroquine

DEGs differentially expressed genes
EdU 5-ethynyl-2’ -deoxyuridine
Etop etoposide

ETIS etoposide-induced senescence
FC fold change

MDA malondialdehyde

PC Al procyanidin Al

PSE peanut skin extracts

Rapa rapamycin

Res resveratrol

RLS replicative lifespan

ROS reactive oxygen species

SA-B-gal  senescence-associated 3-galactosidase
SASP senescence-associated secretory phenotype
SOD superoxide dismutase

TCM Traditional Chinese Medicine

YPD yeast peptone dextrose
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Abstract: Delphinidin (Delp), a natural antioxidant, has shown promise in treating age-related ail-
ments such as osteoarthritis (OA). This study investigates the impact of delphinidin on intervertebral
disc degeneration (IVDD) using human nucleus pulposus cells (hNPCs) subjected to hydrogen
peroxide. Various molecular and cellular assays were employed to assess senescence, extracellular
matrix (ECM) degradation markers, and the activation of AMPK and autophagy pathways. Initially,
oxidative stress (OS)-induced hNPCs exhibited notably elevated levels of senescence markers like
p53 and p21, which were mitigated by Delp treatment. Additionally, Delp attenuated IVDD character-
istics including apoptosis and ECM degradation markers in OS-induced senescence (OSIS) hNPCs by
downregulating MMP-13 and ADAMTS-5 while upregulating COL2A1 and aggrecans. Furthermore,
Delp reversed the increased ROS production and reduced autophagy activation observed in OSIS
hNPCs. Interestingly, the ability of Delp to regulate cellular senescence and ECM balance in OSIS
hNPCs was hindered by autophagy inhibition using CQ. Remarkably, Delp upregulated SIRT1 and
phosphorylated AMPK expression while downregulating mTOR phosphorylation in the presence
of AICAR (AMPK activator), and this effect was reversed by Compound C, AMPK inhibitor. In
summary, our findings suggest that Delp can safeguard hNPCs from oxidative stress by promoting
autophagy through the SIRT1/AMPK/mTOR pathway.

Keywords: delphinidin; IVDD; oxidative stress; senescence; apoptosis; ECM degradation; autophagy

1. Introduction

Age-related conditions such as osteoarthritis (OA) and intervertebral disc degeneration
(IVDD) are closely associated with oxidative stress (OS). In particular, OS exacerbates
during IVDD, significantly contributing to its progression [1]. Various pathophysiological
pathways, including matrix metabolism, inflammation, apoptosis, autophagy, and disc
cell senescence, play crucial roles in this progression [2]. The involvement of hydrogen
peroxide (HyOy)-induced OS in the intervertebral disc (IVD) has been extensively studied
due to its association with reactive oxygen species (ROSs). Hydrogen peroxide accelerates
ROS generation and DNA damage in senescent nucleus pulposus (NP) cells within the
IVD [3]. Senescent NP cells experience impaired proliferation due to accumulated cellular
damage and permanent cell cycle arrest [4]. Stimulation of the ATM-Chk2-p53-p21-Rb
and p16-Rb signaling pathways in NP cells induces premature cellular senescence [5,6].
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Hydrogen peroxide can also induce a catabolic phenotype in senescent cells, characterized
by increased expression of extracellular matrix-degrading enzymes (MMP-1, MMP-2,
MMP-9, and ADAMTS-5), and by the decreased levels of their suppressors (TIMPs) and
proteoglycans like aggrecan [5]. Moreover, HyO, activates various signaling pathways,
including p38 MAPKSs, ERKs, and JNKs, and leads to the translocation of NF-«B and Nrf2
to the nucleus [5]. Additionally, hydrogen peroxide accelerates premature aging of cartilage
endplate cells via the p53-p21-Rb pathway [7]. The marker p53 is associated with cellular
aging [8]. Although various stressors contribute to cellular senescence in IVDD, significant
knowledge gaps remain in this area, presenting opportunities for the development of
therapeutic interventions for age-related IVDD.

OA and IVDD are also characterized by heightened inflammation, which is pivotal
in the onset and progression of various diseases, influencing their pathophysiology [9].
Understanding the role of inflammation in OA and IVDD highlights the importance of
focusing on inflammatory pathways for therapeutic intervention. Researchers are exploring
anti-inflammatory drugs, including cytokine inhibitors and antioxidants, to slow the
progression of these degenerative conditions and alleviate symptoms [10,11].

Autophagy, a cellular catabolic process, serves as the cellular quality control system
by engulfing and breaking down damaged or dysfunctional cellular components. It acts
as a fundamental process in maintaining cellular homeostasis and adapting to various
environmental stresses. When cells encounter stressors like nutritional deficiency, viral
infection, hypoxia, or oxidative and genotoxic stress, autophagy is upregulated to help
mitigate the damage and restore cellular balance. Through this process, cells can recycle cy-
toplasmic components, including proteins and organelles, to generate energy and essential
building blocks for survival [12]. Recent studies have shed light on the potential thera-
peutic implications of autophagy modulation in age-related degenerative diseases such as
intervertebral disc degeneration and osteoarthritis [13,14]. While excessive autophagy may
contribute to cellular dysfunction and disease progression, maintaining an optimal level of
autophagic activity could potentially alleviate the pathological processes associated with
these conditions. Thus, understanding the intricate regulation of autophagy and its role in
disease pathogenesis holds promise for the development of novel therapeutic strategies
targeting age-related degenerative disorders.

Anthocyanins exhibit heightened sensitivity to H,O,-induced oxidative stress and
demonstrate superior capability in scavenging HyO, compared to other phenolics, as
reported in various studies [15,16]. Notably, the remarkable antioxidative activity of
anthocyanins has led to their utilization as a distinct dietary supplement for free radical
scavenging, thereby gaining prominence in addressing age-related ailments, including
intervertebral disc degeneration [17]. Among these anthocyanins, delphinidin, renowned
for its potent antioxidant properties, stands out as one of the most beneficial polyphenols.
Previous research, including our own, has demonstrated the efficacy of delphinidin in
protecting chondrocytes against oxidative stress associated with age-related conditions such
as osteoarthritis (OA) [18,19]. Our previous findings indicated that delphinidin shields
C28/12 chondrocyte cells from ROS-induced apoptosis through the activation of Nrf2
and NF-«kB pathways, while promoting protective autophagy mechanisms [18]. Despite
delphinidin being a prominent bioactive compound within anthocyanins, the precise
mechanisms underlying its protective effects against oxidative stress-induced senescence in
age-related diseases remain inadequately characterized. We postulate that senescent cells
may accumulate within the intervertebral disc with age and progressive disc degeneration.
To elucidate the mechanisms underlying NP senescence, we employed HyO, as an inducer
of oxidative stress in human NP cells.

2. Materials and Methods
2.1. Human Nucleus Pulposus Cells Culture

Human nucleus pulposus cells (hNPCs) were purchased from ScienCell Research
Laboratories (4800, ScienCell, Carlsbad, TX, USA) and cultured in Nucleus Pulposus Cell
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Medium (NPCM, ScienCell, Carlsbad, TX, USA) supplemented with 2% fetal bovine serum
(FBS; ScienCell, Carlsbad, CA, USA), 1% penicillin/streptomycin (P/S; ScienCell, Carlsbad,
CA, USA), and nucleus pulposus cell growth supplement (NPCGS; ScienCell, Carlsbad,
CA, USA).

2.2. Hydrogen Peroxide (H,O,) Treatment

The hNPCs were cultured in 96-well plates at 1 x 10* cells/well with 150 pL of
NPCM in the presence of various doses of HyO, (0 to 1000 pM) for 24 h to determine
the cytotoxicity and inhibitory concentration (ICs) of HyO,. Cell viability was measured
via a Cell Counting Kit test (CCK-8) (CK04-13; Dojindo, Kumamoto, Japan). The hNPCs
(700 cells) were cultured in 6-well plates with 1.5 mL of NPCM in the presence of var-
ious doses of HyO, (0, 110, 185, and 250 uM) for 24 h, followed by 7 days of recovery.
Clonogenicity was measured by crystal violet staining assay.

2.3. Delphinidin Treatment

The hNPCs were cultured in 96-well plates at 1 x 10* cells/well with 150 uL of
NPCM in the presence of various doses of Delp (0 to 200 uM) at 24 h to determine the
ICsq value of Delp. Cell viability was measured by the CCK-8 assay and crystal violet
assay. The hNPCs were cultured in 96-well plates with 150 uL of NPCM in the presence
of various doses of Delp (0, 2.5, 5, 10, 20, and 40 uM) or 5 mM of N-acetyl cysteine
(NACQC) at 12 and 24 h before 185 uM of H,O, was added to determine the dose- and
time-dependent effects of Delp. The hNPCs (700 cells) were cultured in 6-well plates
with 1.5 mL of NPCM supplemented with 40 uM of Delp or 5 mM of NAC for 24 h before
185 uM of H,O, was added for 24 h, followed by 7 days of recovery. Clonogenicity was
determined by crystal violet staining assay.

2.4. Establishment of Oxidative Stress-Induced Senescence (OSIS)

H,0O, was employed to induce oxidative stress-induced senescence (OSIS), following
previously established protocols with slight modifications (Figure S1) [20-22]. Primary
human nucleus pulposus cells at a population doubling (PD) of 3.5 and a population
doubling time (PDT) of 2.8 in passage 1 (P1) were utilized to establish the OSIS model.
Treatment commenced 24 h post-seeding by incubating 3 x 10° cells in a 6-well plate with
2 mL of culture medium. Cells were cultured under normal conditions (nOSIS-control)
or treated with delphinidin (nOSIS-Delp) or subjected to HyO, treatment (OSIS-control),
and H,O, treatment with delphinidin (OSIS-Delp). Briefly, cells were incubated for 24 h
in 6-well plates with 2 mL of NPCM containing 2% FBS supplemented with or without
40 uM of delphinidin before exposure to 250 uM of HyO; for 4 h in passage 2 (P2). In
passage 3 (P3), cells were pretreated with or without 20 pM of delphinidin for 24 h af-
ter being split into a 1:3 ratio and exposed to 185 uM of H,O, for 4 h, followed by 24 h
of recovery. Similarly, in passage 4 (P4), cells pretreated with 10 uM of delphinidin for
24 h or not were exposed to 110 uM of H,O; for 4 h, followed by 24 h of recovery. The
senescence model was confirmed through SA-(3-gal assay, Western blotting, and other as-
says. For mechanistic evaluation, OSIS cells were cultured with normal media, delphinidin
(20 uM), chloroquine (10 uM CQ; autophagy inhibitor), 5-Aminoimidazole-4-carboxamide
ribonucleotide (1 mM, AICAR; AMPK inducer), or compound C (10 uM, CC; AMPK
inhibitor) for 72 h.

2.5. Cell Population Doubling Time (CPDT)

The hNPCs were seeded at a constant density (2500 cells/mL) on the surface of
a 10 cm culture plate containing NPCM in a humidified incubator (37 °C, 5% CO,) for
10 days to assess the phenotypic and morphological alterations of the in vitro OSIS model.
After seeding cells, the entire cultural medium was swapped out for a fresh one every
three days. Trypan blue exclusion was used to assess the in vitro proliferative poten-
tial of hNPCs [23]. The numbers of cell population doubling (NCPD) [24] and cell pop-
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ulation doubling time (CPDT) were then calculated based on the following equations
(Equations (1) and (2)) [25]:

NCPD = 3.322 * (logNt — logNi) (1)

CPDT = (t — ti)/NCPD @)

where Nt and Ni are the cell numbers at a specific time point t (10 days) and at the initial
time point ti (0 days), respectively.

2.6. Cell Viability Assay

Cell viability analysis was conducted using the CCK-8 assay. hNPCs were seeded in
96-well plates and incubated with varying concentrations of delphinidin, H,O, alone, or
a combination of both as indicated. Subsequently, 150 puL of media comprising 135 uL of
NPCM and 15 pL of CCK-8 solution (CK04-13; Dojindo, Kumamoto, Japan) was added
to each well and incubated for 120 min at 37 °C. Following incubation, absorbance was
measured at 450 nm using a microplate reader.

2.7. Crystal Violet Staining Assay

The cells were allowed to proliferate for the crystal violet proliferation assay for the
specified duration. Following this, the media were aspirated, and the cells were washed
twice with 1X Phosphate Buffered Saline (PBS). Subsequently, a solution of 10% formalin
in 1X PBS was added and incubated for 20 min at room temperature. After incubation,
the formalin solution was removed, and 0.1% (w/v) crystal violet (# C0775-25G, Sigma,
St. Louis, MO, USA) was added to each well and incubated for an additional 20 min at room
temperature. The crystal violet solution was then discarded, and the plates were thoroughly
washed with tap water, followed by air-drying at room temperature. For quantification
purposes, 1% SDS was added to each well and incubated at room temperature for 30 min.
The extracted solution was transferred to a 96-well plate and quantified by measuring the
optical density (OD) at 590 nm.

2.8. Clonogenic Survival Assay

To evaluate the cells’ clonogenic survival capability, the exposure medium was aspi-
rated, and cells were detached using trypsin and counted using a hemocytometer. Subse-
quently, cells were seeded at a density of approximately 700 cells in 2.0 mL of medium per
well in 6-well plates. The plates were then incubated for 7 to 10 days at 37 °C with 5% COx.
Following the incubation period, clonogenic activity was assessed using the crystal violet
proliferation assay described earlier.

2.9. Measurement of Reactive Oxygen Species (ROSs)

To measure reactive oxygen species levels, a dichlorodihydrofluorescein diacetate
cellular ROS assay kit (ab113851) from Abcam was employed following the manufacturer’s
instructions. hNPCs were cultured on Poly-L-lysine-coated 96-well plates, and dichlorodi-
hydrofluorescein diacetate was added to the cultures 30 min before the end of the recovery
period. Following washing steps, fluorescence intensity was measured at 485/535 nm
using a microplate reader.

2.10. Senescence-Associated B-Galactosidase Staining (SA-B-Gal Staining)

To assess the aging process of hNPCs, a cellular senescence activity assay (catalog#:
ENZ-KIT129, Enzo Life Sciences, Lausen, Switzerland) was conducted following the man-
ufacturer’s protocol. Initially, cells were seeded at a density of 1 x 10* cells per well in a
96-well plate and incubated for 72 h. Subsequently, the medium was aspirated, and after
washing with PBS, hNPCs were lysed on ice using a lysis buffer and incubated at 4 °C for
5 min. The entire lysate was then transferred to a microcentrifuge tube and centrifuged at
14,000 g for 10 min at 4 °C to collect the supernatant as cell lysate. A quantity of 50 uL
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of the cell lysate was transferred to a 96-well plate, followed by the addition of 50 uL of
freshly prepared assay buffer. The plate was then incubated at 37 °C, shielded from light,
for 2 h. After incubation, 50 pL of the reaction mixture was transferred to a separate 96-well
plate suitable for fluorescence measurement. The reaction was stopped by adding 200 uL
of stop solution. Fluorescence intensity was measured using a fluorescence plate reader
with excitation at 360 nm and emission at 465 nm.

2.11. Autophagy Flux Detection

The autophagic flux in response to Delp therapy was assessed using the CYTO-ID
Autophagy detection kit (#ENZ-51031, Enzo Life Sciences, Lausen, Switzerland), according
to the manufacturer’s protocol. Briefly, human nucleus pulposus cells (hNPCs) were
cultured in a 37 °C incubator with 5% CO; during the experimental period. The cells
were then rinsed twice with PBS at room temperature and subjected to centrifugation at
400x g for 5 min at room temperature. After removing the supernatant, the cell pellets
were resuspended in 200 puL of PBS at room temperature for 20 min. Next, 0.4 pL of Cyto-ID
Green stain solution was added, and the cells were stained for 5 min at room temperature.
This was followed by the addition of 0.2 uL of Hoechst 33342 stain solution for a 20 min
incubation. The autophagic flux was quantified by collecting the cells and staining them
with Cyto-ID Green fluorescent dye, which was detected at an excitation wavelength of
approximately 480 nm and an emission wavelength of approximately 530 nm.

2.12. Interleukin 1 Beta (IL-1pB) Measurement

The cellular IL-1p3 level was assessed using the ELISA assay (#ADI-900-130A, Enzo
Life Sciences, Farmingdale, NY, USA) according to the manufacturer’s guidelines. In
brief, homogenized cell lysates (50 uL) were incubated with 100 uL of human IL-1
biotin conjugate solution in wells coated with human IL-1$3 antibody on a 96-well
strip-well plate at room temperature for 2 h. A standard curve was generated using
different concentrations of a human IL-1$ standard (ranging from 0 to 250 pg/mL).
Following washing steps, 100 pL of streptavidin—peroxidase substrate solution was
added to each well (excluding the chromogen blanks) and incubated for 30 min at room
temperature. The reaction was halted by adding 100 uL of stop solution to each well.
Optical densities were measured at 450 nm using a microplate reader within 2 h after
the addition of the stop solution. IL-1(3 concentrations were determined by comparing
the optical densities to the standard curve generated using GraphPad Prism 8 software
(GraphPad Software Inc., San Diego, CA, USA).

2.13. Western Blotting

Cells were harvested and lysed using RIPA lysis and extraction buffer (#89900, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 1x Halt Protease and Phos-
phatase Inhibitor Cocktail (#78441, Thermo Fisher Scientific). The protein concentration in
the total cell lysates was determined using Pierce BCA Protein Assay Kits (#89900, Thermo
Fisher Scientific) following the manufacturer’s protocol. Subsequently, the protein sam-
ples were separated on an SDS-PAGE gel and transferred onto a PVDF membrane (GE
Healthcare-Amersham Biosciences, Chicago, IL, USA) using a semi-dry transfer system
(Bio-Rad, Hercules, CA, USA). The membrane was then blocked with 5% skim milk in
TBST for 45 min at room temperature. After overnight incubation with primary antibodies
(refer to Table S1) at 4 °C in skim milk, the membrane was washed three times in TBST
for 10 min each and incubated with secondary antibodies (refer to Table S1) in TBST for
one hour. Following three additional washes with TBST for 10 min each, the signal was
detected using an Enhanced Chemiluminescence (ECL) detection system (#34080, Thermo
Fisher Scientific). Protein quantification was performed using ImageJ® software (Version
1.53e, NIH, Bethesda, MD, USA). The graphical representations depict the mean values
(£SD) derived from at least three independent experiments.
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2.14. Statistical Analysis

All experimental data were analyzed using the GraphPad Prism 8 software program
(San Diego, CA, USA) based on the number of replicates and group design. Ordinary one-
way ANOVA or two-way ANOVA with Tukey’s multiple comparisons test was employed
for the analysis, as specified in each figure legend.

3. Results
3.1. Effects of HyO, on Human Nucleus Pulposus Cells (1INPCs) Growth, Stress-Responsive ROS,
Autophagy, and Cell Death

A significant decrease in cell viability was observed with H,O, concentrations of
100 uM or higher after 24 h of incubation. H,O, treatment (100-1000 uM) resulted in a
significant reduction in hNPC cell viability (30-85%) compared to controls (Figure 1a). The
IC3p, IC5p, and ICg¢ values of HO, for hNPCs were determined to be 110.7 uM, 185.0 uM,
and 236.6 uM, respectively (Figure 1b). Exposure to 185 pM H,O; led to increased ROS
production between 12 and 24 h, suggesting the presence of oxidative stress (Figure 1c).
These results indicate that HyO, treatment significantly impaired hNPC proliferation, as
corroborated by the in vitro clonogenic assay (Figure 1d,e). Furthermore, treatment with
H,O; significantly elevated the expression of apoptotic proteins, cleaved caspase-3, and
reduced the expression of the anti-apoptotic protein, Bcl-2, compared to controls (Figure 1f)
during the 12 to 24-h period. Additionally, our findings revealed significant alterations
in the AMPK pathway following H,O, treatment, as evidenced by the upregulation of
p-AMPK and SIRT1, and downregulation of p-mTOR protein expression between 12 and
24 h (Figure 1g). Moreover, HyO, treatment significantly suppressed autophagy flux,
as indicated by reduced expression of LC3-II and Beclin-1, and increased p62 protein
expression between 12 and 24 h (Figure 1h).

Overall, these results highlight the induction of oxidative stress and apoptosis, as well
as alterations in cellular pathways including autophagy and AMPK signaling in hNPCs
upon exposure to HyO,. This finding underscores the significance of oxidative stress in
the biology of hNPCs and suggests potential therapeutic strategies for intervertebral disc
degeneration associated with oxidative stress.

3.2. Effects of Delp on HyO,-Induced Oxidative Stress in hNPCs

Delphinidin was administered to hNPCs at various concentrations for 24 h, and
its cytotoxic effect on hNPCs was assessed using the crystal violet assay. As depicted
in Figure 2a, Delp significantly reduced hNPC viability at concentrations exceeding
100 uM, while showing no effect at concentrations below 50 uM. The ICyg, IC3p, and
IC5 values of Delp in hNPCs at 24 h were determined to be 49.00 uM, 57.55 uM, and
74.10 uM, respectively (Figure 2b). These values offer crucial insights into the potency
of Delp in modulating hNPC viability, thereby guiding further investigations into its
mechanism of action and potential therapeutic applications. Given that H,O, concen-
trations above 100 uM decreased hNPC activity, with inhibition increasing with higher
concentrations (Figure 1a), we selected 185 uM H,O; for pretreatment in combination
with 5 mM NAC and 2.5, 5, 10, 20, and 40 uM Delp. Figure 2c demonstrates that doses
of 20 and 40 uM Delp were effective at 12 and 24 h, with 10 uM also showing efficacy at
24 h. Remarkably, ROS production increased significantly at 185 uM H,O, (>2.5-fold),
while Delp pretreatment led to a substantial reduction (30 to 40%) in H,O,-induced ROS
levels (Figure 2d,e). Furthermore, while H,O, treatment decreased the cell survival
rate of hNPCs, Delp treatment effectively rescued their clonogenic survival ability
(Figure 2f,g). These findings underscore the potential of Delp in mitigating the adverse
effects of H;O, on hNPCs, highlighting its prospective therapeutic utility in oxidative
stress-related conditions.

83



Antioxidants 2024, 13, 759

a_ - ¢ H,0, (M)
o .
;\?12 jaLa b s 110 pM 185 uM 250 uM
E 80 o 80
o S
= N ICeo= 236.6 uM
= = 40 1Ceo=236.6
3 ‘ 2 ICso= 185.0 uM
17 5 IC3,=110.7uM
ST TOFOIORY z 01 14
SN S 3 x z 3
Concentration of Hzoz (M) Log concentration of H,0, (uM)
e H,0, f‘? vo g .. =
Hours 0 12 24 kDa §& 2 _
© (=
Caspase-3‘ e — ’— 37 § g 1.5 g -§ 1.0
Cleaved ‘& .-Fw :§10 g@'-
Caspase-3 i S 0.5 g 205
N2 <
BCl-2 | comm—cam— - — i‘26 8 o & -
0 110185250 ﬂ-actin‘..- ’_43 “ 0h 12h 24h " Bel2  Cleaved
Hz0; (1M) Hours caspase-3
h H,0, I . J k
Hours 0 12 24 _kba L5 . s 2 k)
P-AMPK |wsie = == _gp & ni T =
[
AVPK [ W= — g 10 5% 1 monh
— = o
SIRT| | w—— = 7130 o - £ @04 H12h
- Q05 R B24h
PmTOR | —— e 239 2 B
h 0 o
U 20.0 .0 0.0
mTOR [ = 0h 12h 24h 0h 12h 24h p-AMPK p-mTOR SIRT1
B-actin ‘b-— — —43
! 300 ek o __Hgo_z_ n= 2.0
N~ *x Hours 0 12 24 kDa S
o8 17 215
% 3200 - LC3 |I| \‘ - — — 14 g g
22 $ 210
5 8100 P62 —62 £y
¢ E ez
Beclin1 ‘ — — * 60 ue_ o5
Oh 12h 24h N = 0.0
B-actin ‘ - e—  — 43 LC3-l p62 Beclin-1

Figure 1. H,O;-induced oxidative stress decreases cell viability, increases ROS generation and cell
death, and manipulates AMPK signaling and autophagy flux. (a) Cell growth rate following H,O,
treatment on hNPCs was assessed using the CCK-8 assay. Distinct letters indicate statistically
significant variances. (b) The inhibitory concentration (IC) of HyO, was determined to assess its
cytotoxic effect on cells. (c) Clonogenic assay was employed to evaluate proliferative potential.
(d) Proliferation ability was quantified using crystal violet by measuring absorbance at 590 nm.
(e) Western blot analysis was conducted to detect protein levels of caspase-3, cleaved caspase-3,
and Bcl-2 proteins. (f) Cleaved caspase-3/caspase-3 ratio. (g) Expression level of cleaved caspase-
3 and Bcl-2 relative to 3-actin. (h) Western blot analysis was performed to detect protein levels
of p-AMPK, AMPK, SIRT1, p-mTOR, and mTOR. (i) p-AMPK/AMPK ratio. (j) p-mTOR/mTOR
ratio. (k) Expression level of p-AMPK, SIRT1 and p-mTOR relative to 3-actin. (I) Fluores-
cence intensity was analyzed using a fluorescence microplate spectrophotometer. (m) Western
blot analysis was conducted to detect protein levels of LC-31/1I, p62, and Beclin-1. (n) Expres-
sion level of LC-3II, p62, and Beclin-1 relative to -actin. h: hours. Values are presented as
mean £ SD (n = 3 or >3), and statistical significance was determined using ordinary one-way
ANOVA with Tukey’s multiple comparisons in (d,f,i,j 1) and two-way ANOVA with Tukey’s
multiple comparisons in (g, k) and (n). * p < 0.01 ** p < 0.001, and *** p < 0.0001 were considered
statistically significant. ns: not significant.
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Figure 2. Delp increases cell viability and reduces oxidative stress in HyO,-treated hNPCs.
(a) The cell growth rate following Delp treatment on hNPCs was assessed using the CCK-8
assay. (b) The inhibitory concentration (IC) of Delp was determined to identify an effective
and safe dose for hANPCs. (c) Cell viability was evaluated using the CCK-8 assay with different
doses of Delp (2.5, 5, 10, 20, and 40 uM) and 5 mM of NAC in 185 uM of H,O, treated hNPCs
at 12 and 24 h. (d) 2/,7'-dichlorodihydrofluorescein diacetate (DCFH2-DA) green fluorescence
staining was performed to evaluate oxidative stress-induced ROS activity, with a scale bar of
50 um. (e) Fluorescence intensity was analyzed using a fluorescence microplate spectropho-
tometer. (f) The clonogenic assay was utilized to assess proliferative potential. (g) Proliferation
ability was quantified using crystal violet solution by measuring absorbance at 590 nm. Values
are presented as mean + SD (n = 3 or >3), and statistical significance was determined using
ordinary one-way ANOVA with Tukey’s multiple comparisons in (a,e,g), and two-way ANOVA
with Tukey’s multiple comparisons in (¢). ** p < 0.001, and *** p < 0.0001 were considered
statistically significant.

3.3. Confirmation of HyO,-Treated Oxidative Stress-Induced Senescence (OSIS) Model in INPCs

We established an H,O;-induced oxidative stress-induced senescence (OSIS) model,
which could serve as a valuable tool for comprehending the impact of Delp on cell growth
and potentially studying intervertebral disc degeneration characterized by similar alter-
ations in cell proliferation rates. In the OSIS model, we observed an increase in Cell
Population Doubling Time (CPDT) (Figure 3a). Compared to the nOSIS control group, the
OSIS control group exhibited a significant approximately 3- to 4-fold increase in CPDT
(2.84 £ 0.10 vs. 10.40 £ 0.39 days, Figure 3a). Intriguingly, Delp substantially inhibited
H,0;-induced CPDT by approximately 2-fold compared to the control (4.80 = 1.69 vs.
10.40 + 0.39 days, Figure 3a) in the OSIS model. However, when administering Delp in the
nOSIS model, we did not observe any differences in CPDT compared to the control group
(2.82 4+ 0.08 vs. 2.84 & 0.10 days, Figure 3a).
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Figure 3. Delp induces cell proliferation and inhibits cellular senescence in OSIS hNPCs. (a) Cell
population doubling time (CPDT) was determined to assess cellular aging. (b) Morphological
evaluation was conducted under light microscopy, with a scale bar of 50 um. (c) Relative cell viability
was measured using the CCK-8 assay over a 4-day period. (d) The clonogenic assay was performed
to evaluate proliferative potential. (e) The absorbance percentage of the blue-violet color at 590 nm
was measured in the crystal violet assay. (f) Senescence activity was assessed using the senescence-
associated-[3-galactosidase (SA-3-gal) kit. (g) Western blot analysis was employed to evaluate the
protein levels of p53 and p21. (h) Quantification of p53 and p21 protein levels relative to (3-actin
was conducted. Values are presented as mean + SD (n = 3 or >3), and statistical significance was
determined using ordinary one-way ANOVA with Tukey’s multiple comparisons in (a,c,e,f), and two-
way ANOVA with Tukey’s multiple comparisons in (h). *** p < 0.0001 were considered statistically
significant. ns: not significant.

Next, we examined the morphological changes of hNPCs in both nOSIS and OSIS
models. In the nOSIS model, hNPCs displayed a spindle-shaped morphology, charac-
teristic of actively proliferating cells (Figure 3b). Conversely, in the OSIS model, hNPCs
underwent morphological alterations, transitioning from a spindle-like shape to enlarged,
flattened, and irregular shapes, indicative of reduced cell growth rates (suggesting cellular
senescence). Notably, Delp treatment significantly impeded this transition and maintained
a spindle-like shape (Figure 3b).

Furthermore, the relative cell viability was notably reduced in the OSIS model, whereas
Delp treatment significantly restored cell proliferation activity (Figure 3c). OSIS hNPCs
exhibited substantially lower proliferation rates, as evidenced by diminished clonogenic cell
growth (Figure 3d), indicating cellular senescence. Delp treatment significantly ameliorated
the clonogenic survival capacity of OSIS hNPCs (Figure 3d,e).

Moreover, senescence-associated (3-galactosidase (SA-[3-Gal) activity was higher in the
OSIS model, while Delp treatment resulted in lower SA-3-Gal activity (Figure 2f). SA-3-Gal
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is a widely used marker of cellular senescence, reflecting the presence of senescent cells.
Additionally, we evaluated the expression levels of two key senescence-related proteins,
p53 and p21, in OSIS hNPCs. Both p53 and p21 are established regulators of cellular
senescence pathways. Western blot analysis revealed elevated expression of senescence
markers, including p53 and p21, in HyO,-induced hNPCs (Figure 3g, h). Conversely, Delp
pretreatment markedly reduced the expression of these markers (Figure 3g,h).

3.4. Delp Protects hNPCs from OSIS via Controlling ROS Production, ECM Synthesis,
and Autophagy

We delved deeper into the effects of Delp therapy on OSIS in hNPCs, particularly
focusing on its influence on cellular responses related to oxidative stress and autophagy,
as well as its impact on IVDD phenotypes. Initially, we examined how Delp affected
two crucial aspects of oxidative stress: superoxide dismutase (SOD) activity and reactive
oxygen species (ROS) production. SOD serves as a vital antioxidant enzyme, neutralizing
superoxide radicals to safeguard cells from oxidative damage. Our findings revealed a
decrease in SOD activity in OSIS hNPCs compared to nOSIS conditions (Figure 4a), indi-
cating diminished antioxidant capacity in OSIS cells, rendering them more vulnerable to
oxidative damage. Remarkably, treatment with Delp significantly enhanced SOD activity
in OSIS hNPCs (Figure 4a), suggesting an augmentation in the cells” ability to neutralize
superoxide radicals, potentially mitigating oxidative stress-induced damage. Moreover, we
observed ROS overproduction in OSIS hNPCs compared to nOSIS conditions (Figure 4b,c),
a hallmark of oxidative stress. Notably, Delp treatment markedly attenuated ROS overpro-
duction in OSIS hNPCs, indicating its potential to alleviate oxidative stress by reducing
excessive ROS generation within the cells.

Subsequently, we investigated the role of autophagy in our senescence model, given
its established role in mitigating oxidative stress. Our results revealed a significant
reduction in autophagy activation in the OSIS model compared to nOSIS conditions
(Figure 4d), suggesting an impaired autophagic process, possibly due to elevated
oxidative stress or other cellular dysfunctions. However, treatment with Delp rescued
autophagy flux in the OSIS model (Figure 4d), indicating its ability to restore or enhance
the autophagic process under senescent conditions. Furthermore, we examined the
expression levels of key autophagy-related proteins, LC3-1/11, Beclin-1, and p62, in
OSIS hNPCs. Increasing expression levels of LC3 and Beclin-1, along with decreased
expression of p62, signified significant restoration of autophagy activation in OSIS
hNPCs upon Delp treatment (Figure 4e,f), suggesting that Delp-mediated rescue of
autophagy flux may involve modulation of these key autophagy-related proteins.

Additionally, we explored the effect of Delp treatment on IVDD phenotypes using
the OSIS model in hNPCs. We aimed to evaluate how Delp influences various molecular
markers associated with IVDD. Our results demonstrated elevated levels of interleukin-1
beta (IL-1$), a pro-inflammatory cytokine implicated in IVDD pathology, in the OSIS model
compared to nOSIS conditions (Figure 4g), indicative of increased inflammation associated
with IVDD. However, treatment with Delp resulted in a reduction of IL-1f3 levels induced by
oxidative stress (Figure 4g), suggesting its anti-inflammatory properties that may alleviate
IVDD-related inflammation. Moreover, Western blot analysis revealed alterations in the
expression levels of key ECM proteins associated with IVDD, including COL2A1, aggrecan,
MMP-13, and ADAMTS-5, in the OSIS model. Delp treatment promoted COL2A1 and
aggrecan expression while inhibiting MMP-13 and ADAMTS-5 expression in OSIS hNPCs
(Figure 4h,i), indicating its potential to protect against IVDD by enhancing the synthesis
of structural proteins and inhibiting enzymes responsible for disc degradation, thereby
preserving disc integrity and function.
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Figure 4. Delphinidin reduces oxidative stress and ECM degradation with increasing autophagy
flux in OSIS hNPCs. (a) SOD activity was assessed to evaluate the antioxidant properties of Delp.
(b) The green fluorescence staining of 2’,7’-dichlorodihydrofluorescein diacetate (DCFH2-DA) was
performed to evaluate oxidative stress-induced ROS levels, with a scale bar of 50 um. (c) Fluorescence
intensity was analyzed using a fluorescence microplate spectrophotometer. (d) Relative autophagy
flux was evaluated using an autophagy kit. (e) Western blot analysis was conducted to assess the
expression of LC3-1/1I, p62, and Beclin-1 proteins. (f) The expression levels of LC3-1/1I, p62, and
Beclin-1 proteins relative to 3-actin were quantified. (g) The amount of interleukin 1 beta (IL-13) was
measured to evaluate IVDD phenotype in OSIS hNPCs. (h) Western blot analysis was performed to
measure the expression of COL2A1, Aggrecan, MMP-13, and ADAMTS-5 proteins. (i) The expression
levels of COL2A1, Aggrecan, MMP-13, and ADAMTS-5 proteins relative to (3-actin were quantified.
Values are presented as mean & SD (1 = 3 or >3), and statistical significance was determined using
ordinary one-way ANOVA with Tukey’s multiple comparisons in (a,c,d,g), and two-way ANOVA
with Tukey’s multiple comparisons in (f,i). ** p < 0.001, and *** p < 0.0001 were considered statistically
significant. ns: not significant.

3.5. Autophagy Enhanced the Inhibitory Effect of Delp on the Senescence and ECM Degradation in

OSIS hNPCs

To confirm the involvement of autophagy in cellular senescence and extracellular
matrix (ECM) degradation in OSIS hNPCs, we employed chloroquine (CQ), a known au-
tophagy inhibitor, to block the autophagic process and observe its effects on Delp-mediated
autophagy activation and associated protein expression. Initially, Delp treatment activated
autophagy in OSIS hNPCs, as evidenced by increased expression of key autophagy-related
proteins such as Beclin-1, alongside decrease of p62 protein (Figure 5a—c). This indicates
that Delp effectively induced autophagy in OSIS hNPCs, potentially contributing to cellular
protection against oxidative stress and senescence. Subsequently, co-treatment of OSIS hN-
PCs with CQ abolished Delp-mediated autophagy activation, as evidenced by a significant
reduction in the expression of Beclin-1 and the increased level of p62 protein (Figure 5a—c),
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suggesting that CQ effectively inhibited the autophagic process initiated by Delp, leading
to the accumulation of autophagy-related proteins and disruption of autophagic flux.
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Figure 5. Inhibition of autophagy abolished the protective effect of Delp in OSIS hNPCs. (a) The
reduction of Delp-induced autophagy by CQ treatment was assessed by evaluating the relative
autophagy flux using an autophagy kit. (b) Western blot analysis was conducted to evaluate the
expression levels of p62 and Beclin-1. (c) The expression levels of p62 and Beclin-1 proteins relative
to B-actin were quantified. (d) Senescence activity was measured using a senescence-associated-(3-
galactosidase (SA-[3-gal) kit. (e) Western blot analysis was performed to evaluate the protein levels of
p53 and p21. (f) The expression levels of p53 and p21 proteins relative to 3-actin were quantified.
(g) The green fluorescence staining of 2/,7-dichlorodihydrofluorescein diacetate (DCFH2-DA) was
performed to evaluate oxidative stress-induced ROS levels, with a scale bar of 50 um. (h) Fluorescence
intensity was analyzed using a fluorescence microplate spectrophotometer. (i) Western blot analysis
was conducted to measure the expression levels of COL2A1, Aggrecan, MMP-13, and ADAMTS-5
proteins. (j) The expression levels of COL2A1, Aggrecan, MMP-13, and ADAMTS-5 proteins relative
to 3-actin were quantified. Values are presented as mean =+ SD (1 = 3 or >3), and statistical significance
was determined using ordinary one-way ANOVA with Tukey’s multiple comparisons in (a,d h),
and two-way ANOVA with Tukey’s multiple comparisons in (c,£,j). *** p < 0.0001 was considered
statistically significant.
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We continued our investigation into the role of autophagy in attenuating the cellular
senescence of hNPCs subjected to OSIS. Inhibition of autophagy by CQ had significant
consequences on several senescence-related parameters in OSIS hNPCs treated with Delp.
Firstly, the attenuation of SA-f3-Gal activity by Delp was reversed upon treatment with
CQ (Figure 5d), indicating that the inhibition of autophagy by CQ interfered with the
ability of Delp to attenuate cellular senescence. Additionally, Delp treatment effectively
reduced the expression of p53 and p21 in the OSIS model, indicative of its ability to mitigate
senescence-associated signaling pathways (Figure 5e,f). However, the inhibitory effect of
Delp on p53 and p21 expression was significantly attenuated by CQ treatment, suggesting
that the inhibition of autophagy compromises Delphinidin regulation of senescence-related
protein expression in OSIS hNPCs (Figure 5e,f).

Furthermore, we explored how autophagy inhibition influenced the effects of Delp
on ROS production in hNPCs subjected to OSIS. Delp treatment significantly reduced
ROS overproduction in OSIS hNPCs, indicating its antioxidant properties and ability to
mitigate oxidative stress-induced damage (Figure 5g,h). However, co-administration of
CQ with Delp reversed the effect of Delp on ROS production (Figure 5g,h), suggesting
that autophagy inhibition interferes with Delp’s antioxidant mechanisms, leading to the
restoration of ROS overproduction in OSIS hNPCs.

Finally, we investigated the impact of autophagy inhibition on the effects of Delp
on IVDD phenotypes in OSIS hNPCs. Delp treatment promoted the expression of ECM
synthesis proteins, such as COL2A1 and aggrecan, while inhibiting the expression of ECM
degradation proteins, including MMP-13 and ADAMTS-5, in the OSIS model (Figure 5i,j),
indicating its potential to promote ECM homeostasis and protect against IVDD. However,
co-administration of Delp and CQ reversed the Delp-mediated effects on ECM home-
ostasis (Figure 5i,j), suggesting that autophagy inhibition interfered with Delp-dependent
regulation of ECM synthesis and degradation proteins in OSIS hNPCs.

3.6. Activation of the AMPK Pathway Is Important for Delp-Induced Autophagy in the
OSIS hNPCs

Based on our findings, it appears that treatment with chloroquine (CQ) reduces the
autophagy induced by Delp in OSIS hNPCs, suggesting the crucial role of Delp-induced
autophagy in its protective effect. We further explored the potential mechanisms underlying
the autophagy-inducing effect of Delp in OSIS hNPCs. AMPK is recognized for its role in
governing protective autophagy, enabling cells to counteract diverse stressors. By phospho-
rylating autophagy-related protein complexes, AMPK actively promotes autophagy across
various regulatory stages. We hypothesized that Delp triggers autophagy in OSIS cells through
activation of the AMPK signaling pathway. To investigate this hypothesis, we utilized com-
pound C (CC), a potential inhibitor of AMPK, and AICAR, an analog of AMPK. As expected,
like AICAR, Delp remarkably activated phosphorylated AMPK (p-AMPK) and SIRT1 proteins,
while reducing phosphorylated mTOR (p-mTOR) protein expression in the OSIS hNPCs model
(Figure 6a—d). Furthermore, Delp-mediated SIRT1/AMPK-mTOR activation was negated by
CC treatment. Notably, the induction of autophagy by Delp was significantly diminished with
CC treatment, evidenced by decreased levels of LC3-I/1I and Beclin-1, along with elevated
p62 protein expression in OSIS hNPCs (Figure 6e—g). These results strongly suggest that Delp-
induced AMPK activation leads to autophagy activation in OSIS hNPCs. Moreover, our data
revealed that AMPK activation by either AICAR or Delp notably reduced the overproduction
of reactive oxygen species (ROS), whereas CC treatment increased ROS production suppressed
by Delp (Figure 6h,i). Moreover, inhibition of the AMPK signaling pathway by CC markedly
induced the attenuation of SA-B-gal activity in OSIS hNPCs (Figure 6j). Correspondingly,
Western blot data indicated that CC treatment reversed the effects of Delp on the expression of
senescence proteins p53 and p21 in the OSIS model (Figure 6j,k). Additionally, the Western
blot analysis of IVDD candidate proteins showed significant reductions in COL2A1 and Ag-
grecan in the Delp plus CC-treated group, alongside increases in MMP-13 and ADAMTS-5
(Figure 61, m). These findings underscore the critical role of AMPK signaling in mediating the
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effects of Delp on autophagy, ROS production, and senescence in OSIS hNPCs, highlighting
its potential as a therapeutic target for IVDD. Taken together, our findings indicate that Delp
activates autophagy through AMPK and reduces oxidative stress-induced senescence and

IVDD phenotypes.
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Figure 6. The AMPK pathway mediates Delp-induced autophagy in OSIS hNPCs. (a) Protein levels of
p-AMPK, AMPK, SIRT1, p-mTOR, and mTOR were assessed using Western blot analysis. (b) The ratios of
phospho-AMPK to AMPK were calculated. (c) The ratios of phospho-mTOR to mTOR were determined.
(d) The expression level of SIRT1 relative to 3-actin was quantified. (e) The relative autophagy flux was
measured to assess the effect of CC on Delp-induced autophagy. (f) Western blot analysis was performed
to evaluate the expression levels of LC3-1/1I, p62, and Beclin-1. (g) The expression levels of LC3-II, p62, and
Beclin-1 relative to B-actin were quantified. (h) 2’,7’-dichlorodihydrofluorescein diacetate (DCFH2-DA)
staining was used to evaluate oxidative stress-induced ROS, with a scale bar of 50 um. (i) Fluorescence
intensity was analyzed using a fluorescence microplate spectrophotometer. (j) Senescence activity was
measured using a senescence-associated-3-galactosidase (SA-3-gal) kit. (k) Western blot analysis was
conducted to evaluate the protein levels of p53, p21, cleaved caspase-3, and Bcl-2. (1) The expression levels
of p53, p21, cleaved caspase-3, and Bcl-2 relative to (3-actin were quantified. (m) Protein levels of COL2A1,
Aggrecan, MMP-13, and ADAMTS-5 were assessed using Western blot analysis. (n) The expression levels
of COL2A1, Aggrecan, MMP-13, and ADAMTS-5 relative to (3-actin were quantified. Values are presented
as mean & SD (n = 3 or >3), and statistical significance was determined using ordinary one-way ANOVA
with Tukey’s multiple comparisons in (b—e,i,j), and two-way ANOVA with Tukey’s multiple comparisons
in (gln). ** p <0.001, and ** p < 0.0001 were considered statistically significant.
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4. Discussion

Our study demonstrated that Delp exerts antioxidant effects by mitigating ROS-
induced oxidative stress and cellular senescence in human IVD NPC cells. Moreover,
Delp simultaneously induces autophagy, fostering cell growth and ECM synthesis while
suppressing ROS overproduction and cellular senescence. Inhibition of autophagy using
CQ in hNPCs diminished the protective effect of Delphinidin on ROS overproduction,
cellular senescence, and ECM degradation. This protective autophagy induction by Delp is
mediated via the activation of the SIRT1/ AMPK-mTOR signaling pathway in hNPCs.

Hydrogen peroxide (H,O,) was selected as a ROS inducer to simulate an in vitro
oxidative stress condition in our study. We established an “H;O;-induced OSIS” model
to investigate the effects of Delp on cell growth under oxidative stress conditions relevant
to IVDD. This model is tailored to mimic oxidative stress-induced conditions in IVDD,
providing insights into how Delp influences cell growth under such circumstances.

Oxidative stress, driven by ROS generation, triggers redox imbalance and lipid peroxi-
dation, contributing to cellular cytotoxicity when exceeding the cell’s repair capacity [26].
In degenerative disorders lacking sufficient antioxidant defense mechanisms, ROS pro-
duction substantially disrupts cell homeostasis, leading to the accumulation of damaged
DNA with molecular alterations [27]. Delphinidin, a polyphenol from the anthocyanin
group, has been shown in previous studies to protect against age-related oxidative stress,
playing a critical role in preventing osteoarthritis development and progression [28-31].
Consistent with prior reports, our study demonstrated the cytoprotective effect of Delp
against oxidative stress, highlighting its potential as a clinical cytoprotective agent.

Prolonged ROS release induces oxidative stress, triggering premature senescence,
apoptosis, and eventual cell death [32]. In our study, Delp modulated SA-f3-gal enzymatic
activity and regulated the expression of senescence-related proteins p53 and p21, mediating
cell growth through a cytoprotective pathway. Autophagy initiation has been suggested
to protect against apoptosis in IVDD, underscoring its cytoprotective role [33,34]. While
current research predominantly supports autophagy’s preventive role in IVDD, some
studies suggest its potential to accelerate the condition [35]. Autophagy reduces NP
cell apoptosis, ECM degradation, senescence, and CEP inflammation and calcification,
maintaining IVD ECM balance to prevent IVDD [36—40].

Numerous signaling pathways regulate autophagy induction, with AMP-activated
protein kinase (AMPK) being a key player impacted by ROS. AMPK serves as a significant
indicator of cellular energy status and a central regulator of autophagy and lysosomal
activity [41]. Several natural compounds regulate autophagy through the AMPK pathway
in NP cells against oxidative stress-induced senescence, ECM degradation, and apopto-
sis [42—44]. Our study explored the molecular mechanism of Delp-induced autophagy and
its relationship with the AMPK pathway. Delp upregulated SIRT1 function upstream of
AMPK phosphorylation, affecting mTOR phosphorylation downstream of AMPK, thereby
rescuing autophagy. Compound C, an AMPK inhibitor, notably reduced Delp-mediated
autophagy activation [45]. This highlights its protective effect on hNPCs through the AMPK
pathway, linking cell proliferation and autophagy induction. Further in vivo experiments
are warranted to validate these findings.

5. Conclusions

This study presents the initial evidence suggesting that Delp has the potential to
safeguard hNP cells against senescence, apoptosis, and ECM degradation induced by
oxidative stress-driven ROS overload by activating autophagy. This protective effect is
likely mediated through the ROS-AMPK-mTOR axis, as illustrated in Figure 7. The
emerging therapeutic role of Delp in combating oxidative stress in hNPCs could pave the
way for novel treatment strategies of IVDD. Nevertheless, the exact mechanism underlying
Delphinidin action requires further investigation, and these findings need validation in
in vivo settings.

92



Antioxidants 2024, 13, 759

Secretory molecules
Cellular

Xenescence

IVDD
phenotypes

NPC

ROS 0~V
production SIS NPC

SIRT1/

HO.
I on =P  AmpKk —1mTOR

Delphinidin Autophagy

Figure 7. The proposed molecular mechanism involved in Delphinidin treatment in OSIS hNPCs.
Hydrogen peroxide (H,O;) serves as a source of reactive oxygen species (ROS), inducing oxidative
stress conditions and mimicking intervertebral disc degeneration (IVDD) phenotypes in human
nucleus pulposus cells (hNPCs), leading to a state of oxidative stress-induced senescence (OSIS).
Delphinidin (Delp) mitigated OSIS in H,O,-exposed hNPCs by enhancing cellular autophagy through
activation of the SIRT1/AMPK/mTOR axis.
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Abstract: Background: Autophagy, a catabolic process essential for maintaining cellular
homeostasis, declines with age and unhealthy lifestyles, contributing to neurodegenerative
diseases. Probiotics, including Milmed yeast, have demonstrated anti-inflammatory and
antioxidant properties. This study evaluated the activity of Milmed on BV-2 microglial cells
in vitro and in the in vivo model of Caenorhabditis elegans (C. elegans) in restoring autophagic
processes. Methods: BV-2 microglial cells were incubated with S. cerevisiae (Milmed treated
yeast or untreated yeast) and then stimulated with lipopolysaccharide (LPS). mRNAs
of the autophagic factors and antioxidant enzymes were assessed by qPCR; mTOR and
NRF2 were evaluated by ELISA. pNRF2 compared with cytosolic NRF2 was evaluated by
immunofluorescence. The longevity, body size, and reactive oxygen species (ROS) levels of
C. elegans were measured by fluorescence microscopy. Results: Treatment with Milmed
YPD cultured yeast or the dried powder obtained from it promoted autophagic flux, as
shown by the increased expression of the Beclin-1, ATG7, LC3, and p62 mRNAs and the
inhibition of mTOR, as evaluated by ELISA. It also enhanced the antioxidant response by
increasing the expression of NRF2, SOD1, and GPX; moreover, pPNRF2 expression compared
with cytosolic NRF2 expression was enhanced, as shown by immunofluorescence. Milmed
dietary supplementation prolonged the survival of C. elegans and reduced the age-related
ROS accumulation without changing the expression of gst-4. The pro-longevity effect was
found to be dependent on SKN-1/Nrf2 activation, as shown by the absence of benefit in
skn-1 mutants. Conclusions: Milmed yeast demonstrates significant pro-autophagy and
antioxidant activity with significant pro-longevity effects in C. elegans, thereby extending the
lifespan and improving stress resistance, which, together with the previously demonstrated
anti-inflammatory activity, highlights its role as a highly effective probiotic for its beneficial
health effects. Activation of the SKN-1/NRF2 pathway and the modulation of autophagy
support the therapeutic potential of Milmed in neuroprotection and healthy aging.

Keywords: yeast; microglia; neuroinflammation; autophagy; oxidative stress; NRF2;
Caenorhabditis elegans; probiotic; longevity; ROS
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1. Introduction

Autophagy, as an evolution-restricted, lysosome-dependent catabolic process present
in all eukaryotic cells, plays an essential maintenance role in the homeostatic response
to stress and other extrinsic and intrinsic strains placed upon an organism, promoting
cell survival and degrading damaged and dysfunctional intracellular organelles [1-3].
Nevertheless, autophagic efficacy deteriorates with advancing age, sedentary lifestyle
and unrestricted, nonselective nutrition leading to chronic disease states such as obesity,
sarcopenia, type 2 diabetes, inflammaging, and oxidative stress [4—6]. Neuronal survival,
homeostatic processes, and the regulation of nutrient uptake and energy balance necessi-
tate an ongoing autophagy [7,8]. The links between autophagy and aging processes have
been established in longevity models of Caenorhabditis elegans whereby neurodegenera-
tive propensities and a decline in health parameters and longevity are associated with
compromised autophagy with concomitant expressions of inflammaging and oxidative
stress [9].

Probiotic agents, living microorganisms with minimal or the absence of adverse
reactions, have been applied for the treatment of a wide range of disease/disorder states
as well as offering generalized health benefits and protective advantages [10-12]. It has
been shown that probiotics induce health-enhancing effects by engaging a variety of
mechanisms including lowering the intestinal pH, decreasing colonization and invasion
by pathogenic organisms, and modifying the host immune response. In this context, it
has been implied that probiotics may redress existing bacterial-fungal gut microbiome
actions, thereby reducing the inflammatory and/or toxic propensities [13-15]. These agents
have been shown to induce preventative/protective actions in several animal models of
tissue disorder including intestinal damage, intestinal injury gastroenteritis, cardiovascular
tissue damage, and improved renal function following injury [16-19]. The probiotic,
Lactiplantibacillus plantarum NJAU-01, was found to produce ameliorative effects upon
D-galactose-induced hepatic oxidative stress through the induction of the hepatic total
antioxidant capacity and antioxidant enzyme activities involved in superoxide dismutase,
glutathione peroxidase, and catalase [20]. In a systematic review presenting the beneficial
effects of probiotics through the promotion of autophagy and a comparison of the intestinal
cell lines and/or tissue with other types of cell lines and tissue, Nemati et al. (2021)
postulated that autophagy effectively describes a viable mechanism to describe the health
benefits of probiotic actions over a range of tissue substrates [21]. An effective yeast
probiotic, a Saccharomyces cerevisiae strain isolated from a traditional Korean fermentation
initiator, was found to reduce the levels of interleukin-1 and interferon-y. Furthermore,
the probiotic yeast, Saccharomyces boulardii, was administered to transgenic APP/PS1 mice
expressing neuroinflammation arising from activated microglia and the toll-like receptor
pathway; this treatment alleviated dysbiosis and improved cognitive impairment [15].
Yeasts have contributed to the understanding of fundamental aspects of lifespan regulation
including the roles of nutrient response, global protein translation rates and quality, DNA
damage, oxidative stress, mitochondrial function and dysfunction as well as autophagy [22].

It was previously found that the treated yeast, Milmed, exerted both neuroprotective
and neurorestorative effects both functionally and neurochemically in a lower, repeated
dose, progressive administration of -methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a
selective dopamine neurotoxin, as a laboratory animal model of Parkinson’s disease [23,24].
Yeast cells that have undergone treatment with millimeter-wavelength electromagnetic
waves (range: 1 GHz to 300 GHz), so-called Milmed, were found to exert a high level
of anti-allergy efficacy among suffering patients [25]. Furthermore, patients presenting
with irritable bowel syndrome and symptoms of inflammatory bowel disease (IBS-IBD)
reported fewer symptoms following treatment compared with patients who had a placebo
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(untreated yeast preparation) and expressed fewer symptoms compared with their pre-
treatment report [26-28]. Armeli et al. (2022) demonstrated that Milmed yeast, derived
from S. cerevisiae exposed to millimeter wavelengths (as developed by Golant 1994 and
Golant et al. 1994 [28,29]), induced a shift in LPS-M1-polarized microglia toward an anti-
inflammatory phenotype. This transition was evidenced morphologically by the restoration
of the resting microglial phenotype, as shown by the reduced inducible nitric oxide synthase
(INOS) and the reduced mRNA levels of IL-18, IL-6, and TNF-«x [27].

Furthermore, Milmed stimulates the secretion of interleukin-10 and the expression of
arginase-1, which provides cell markers of M2 anti-inflammatory polarized cells. Among
racehorses in training presenting with physiological health problems, mainly ‘common-
cold” and inflammation symptoms remain a constant setback. In two studies, I and II, the
time to reduce the pulse to 130 and pulse rate after 15-minutes were estimated both before
and after the Milmed treatment, and the levels of improvement on a scale of 1-10 as well as
judgements of vigor, general health, and performance following several weeks of Milmed
administration were assessed [26,30].

In both studies, it was indicated that the Milmed-treated racehorses presenting poor
health showed an improved physiological health responses, underlying the utility of
several weeks of Milmed yeast treatment for the alleviation of mainly respiratory conditions
among racehorses under the relatively stressful training and racing season. Remarkably, no
evidence of toxicity, neither in vitro nor in vivo, has ever been obtained with the Milmed
yeast [31].

Taking into account the several health-rendering observations attributed to the Milmed
yeast, it was contended that the probiotic may promote the advancement of autophagic
processes among cell cultures. Thus, in all the observations, liposaccharide (LPS) was
applied to induce cellular damage/toxicity in order to assess the Milmed propensities for
anti-inflammatory, autophagic, and antioxidant properties: the direct anti-inflammatory
effect through the augmentation of arginine-1 following the exposure of BV-2 microglia
to pro-inflammatory LPS was assessed. The promotion of autophagy was measured
through Beclin-1, a protein that is encoded by the BECN1 gene in humans, which promotes
the induction of autophagy, and ATG7, which recruits proteins related to autophagy.
The formation of the phagophore begins, which enlarges to become an autophagosome
factor as well as P62, a multifunctional ubiquitinated binding protein that is involved
in the signaling pathways of many cell life activities including autophagy and has an
impact upon cell survival [32-35]. NRF2, a basic leucine zipper (bZip) transcription factor
with a Cap’n’collar (CNC) structure, accumulates in the cytoplasm and then shifts into
the nucleus to activate the transcription of downstream genes that code for antioxidant
enzymes, which protect cells from oxidative damage. It facilitates the transcription of the
downstream antioxidant genes in disc cells by binding to antioxidant response elements
(AREs) in promoter regions [36-38]. Evaluation and mRNA analysis of the factors involved
in autophagic flux (RT-PCR) and enzyme linked immunosorbent assay (ELISA) were
performed in BV-2 cells [32].

Given the well-established role of oxidative stress in aging and neurodegenerative
processes, model organisms such as Caenorhabditis elegans provide an invaluable system
for studying the molecular mechanisms underlying stress resistance and longevity [39].
C. elegans is widely recognized for its genetic tractability, short lifespan, and highly con-
served stress response pathways, making it a powerful tool for investigating the effects
of dietary and pharmacological interventions on oxidative homeostasis and lifespan reg-
ulation [40]. In this study, we utilized nematodes to evaluate the potential antioxidant
and pro-longevity effects of Milmed in vivo. The transgenic gst-4::GFP worm strain, a
well-established reporter strain for assessing the activation of the SKN-1/NRF2 pathway,
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which is a central regulator of cellular redox balance, was employed. Additionally, we
analyzed the lifespan of skn-1 mutant strains to determine the contribution of these stress-
responsive pathways to the observed effects. Reactive oxygen species (ROS) levels were
measured at different time points to assess whether yeast supplementation influenced
the oxidative damage accumulation over time. By integrating different approaches in
the BV-2 microglia cells and C. elegans in vivo model, this study aimed to elucidate the
potential mechanisms through which Milmed yeast may promote cellular stress resistance
and longevity, providing new insights into the interplay between dietary factors, oxidative
stress, and autophagy.

2. Materials and Methods
2.1. Cell Culture and Treatment

The BV-2 murine microglial cell line, kindly provided by Dr. Mangino, Sapienza
University of Rome (Italy), was cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Euroclone, Pero, M, Italy) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich,
St. Louis, MO, USA) and 1% penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO, USA)
at 37 °C in a humidified incubator under 5% CO, until they reached 90% confluence.
Cells were seeded in 6-well plates (cell density of 10° cells/well) and incubated at 37° C
with 10° Milmed yeast, a commercial probiotic (Alnozine™) obtained from Saccharomyces
cerevisiae after exposure to millimeter electromagnetic wavelengths (range: 1 GHz to
300 GHz) [28,29]. The dried yeast preparation was produced by the established yeast
manufacturer, Jdstbolaget AB, Sollentuna, Sweden. The yeast was treated in a suspension
by applying an apparatus that generated electromagnetic millimeter waves, followed by
the intensification of the suspension yeast manufactured, and then drying it to a powder
through an air-drying technique. Milmed was administered to the microglia cultures either
in liquid form (Milmed) or in the liquid form of dried powder regrown in YPD medium
(Milmed YPD), or as a powder directly added to the cultures (dried Milmed). Prior to each
treatment, a viability assay was performed to count the live yeast cells/each treatment.
Microglia cultures were also incubated with the common S. cerevisiae strain (untreated
yeast) as a control. After 45 min, the BV-2 cells were added with lipopolysaccharide (LPS,
strain 0111:B4, Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 1 ng/mL and
compared with the control.

2.2. Real-Time Quantitative PRC Analysis

The total RNA was extracted from both the BV2 control and treated cells using the
miRNeasy Micro Kit (Qiagen, Hilden, Germany) and quantified by a NanoDrop One/OneC
(Thermo Fisher Scientific, Waltham, MA, USA). The cDNA was synthesized using a high-
throughput reverse transcription kit. Quantitative real-time PCR (qPCR) was performed
for each sample in triplicate on an Applied Biosystems 7900HT fast real-time PCR system
(Applied Biosystem, Cheshire, UK) using Power SYBR® Green PCR Master Mix (Applied
Biosystem, Cheshire, UK). Primers for real-time PCR amplification were designed through
the UCSC Genome Browser https:/ /genome.cse.ucsc.edu/ (accessed on 1 November 2022);
University of California, Santa Cruz, CA, USA) (Table 1). Analysis of the real-time PCR
data was performed using the comparative threshold cycle (CT) method. The target
quantity, normalized against the endogenous (3-actin reference primer (ACT) and against

2—AACT

the untreated control calibrator (AACT), was calculated by the equation.

2.3. ELISA Assay

To distinguish the LC3-II form from the LC3-I form, the LC3-1I antigen was analyzed
by the ELISA assay. Cell lysates were prepared and analyzed according to the Autophagy
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ELISA Kit (LC3-II Quantitation, Cell Biolabs, INC, San Diego, CA, USA). To quantify mTOR
kinase and NRF2, cell lysates were prepared and analyzed according to mTOR KLM1703
GENLISA™ Mouse Mammalian Target of Rapamicyn ELISA 96T (KRISHGEN BioSystems
Mumbeai, India), and according to the Autophagy ELISA Kit LC3-II Quantitation CBA-
5116 (Cell Biolabs, San Diego, CA, USA). The absorbance (450 nm) was determined by a
Varioskan™ LUX Multimode Microplate Reader Thermo Scientific (Waltham, MA, USA).

Table 1. List of primers.

GENE Forward Primer (5'-3) Reverse Primer (5'-3') Accession Numbers bp
mLC3 TTCTTCCTCCTGGTGAATGG GTCTCCTGCGAGGCATAAAC NM_026160 2455
mBeclin-1 CAGCCTCTGAAACTGGACACGA CTCTCCTGAGTTAGCCTCTTCC NM_019584 2072
mNrf2 TCTGAGCCAGGACTACGACG GAGGTGGTGGTGGTGTCTCTGC NM_010902 2347
mp62 CCTTGCCCTACAGCTGAGTC CCACACTCTCCCCCACATTC NM_001290769 1916
mATG7 CAATGAGATCTGGGAAGCCATAA AGGTCAAGAGCAGAAACTTGTTGA NM_001253717 3872
mf3-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT NM_007393.5 1935

2.4. Immunofluorescence

A total of 30,000 BV2 cells/well of the chamber slides were plated in 200 pL of 10%
DMEM FBS and stimulated with 10% Milmed, dried Milmed, and untreated yeast in the
presence and absence of LPS 1 ng/mL for 24 h. After 3 washes in PBS, cells were fixed
in 4% paraformaldehyde for 30" RT. After 3 washes, TritonX-100 0.1% x 5 was added.
Two washes in PBS were performed, and glycine 0.1 M was added for 20’ RT. After 2 further
washes in PBS, the cells were incubated with Primary Antibody 1:100 in PBS 01% BSA
O.N. 4 °C for anti-NRF2 (NRF2 (A-10), Santa Cruz Biotechnology, Dallas, TX, USA) and
anti-pNRF2 (NRF2 phospho Ser40, GeneTex, Irvine, CA, USA). After 3 washes in PBS,
the cells were incubated with the fluoresceinated secondary antibody (Rb CF488-a goat
anti-Rb Ig(H+L) 20012, Biotium) for 30’ RT (1:100 in PBS) in the dark. After washing off the
excess, the slides were sealed with Vectashield® Antifade Mounting Medium with DAPI
(Newark, NJ, USA). Qualitative images were acquired using a confocal ZEISS Ism 980 with
ZEISS Zen Microscopy Software 3.6 (Carl Zeiss Inc., Ober Kochen, Germany). Fluorescence
intensity was quantified with Image]J software, version 1.48.

2.5. C. elegans Strains and Lifespan Analysis

The C. elegans strains used in this study were wild-type N2, CL2166 (dvIs19
[(pAF15)gst-4p::GFP::NLS] III), and QV225 skn-1 (zj15). Synchronized nematodes were
prepared as described in Schifano et al. (2022) [41] on NGM plates spread with 60 pL of
S. cerevisine BY4741, untreated yeast, or Milmed at a final concentration of 108 cells/mL.
Yeast strains were cultured in YPD broth and incubated at 28 °C overnight aerobically.
Lifespan analysis was conducted at 16 °C, with worms transferred daily to fresh plates
seeded with newly prepared yeast lawns. Worms were scored dead when they no longer re-
sponded to gentle touch with a platinum wire. A minimum of 80 nematodes per condition
was used in each experiment. All lifespan assays were performed in triplicate.

2.6. Body Size Analysis

Synchronized N2 worms were incubated at 16 °C on NGM plates seeded with Milmed
or S. cerevisine BY4741, prepared as previously described, allowing the embryos to hatch
and develop. For body length measurements, animals were photographed at 1- and 8-days
post-hatching using a ZEISS Axiovert 25 microscope connected to an Axiocam 208 color
camera. The worm body length was determined using ZEISS ZEN Microscopy Software
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2011 and compared with the BY4741-fed worms. At least 30 nematodes were analyzed per
dataset, with a minimum of three independent experiments conducted.

2.7. Fluorescence Analysis of C. elegans Transgenic Strains

At day 4 of adulthood, synchronized gst-4::GFP transgenic worms fed with Milmed or
untreated yeast from embryo hatching were anesthetized with sodium azide (20 mmol L)
(Sigma-Aldrich, St. Louis, MO, USA) and observed using a ZEISS Axiovert 25 microscope,
as described in Schifano et al. (2022) [41]. Each experiment was repeated three times, with
15 worms per group analyzed in each replicate. Images were acquired with an exposure
time of 0.2 s, and the fluorescence intensity was quantified using Image]J software. Scale
bars were added using Zeiss ZEN Microscopy Software 2011.

2.8. Evaluation of Reactive Oxygen Species (ROS) Levels

The ROS levels in 1- and 10-day-old adult worms, fed with Milmed or untreated yeast
from embryo hatching, were measured using the fluorescent probe 2,7’ -dichlorofluorescein
diacetate (HyDCFDA), according to Ficociello et al. (2023) [42]. Briefly, worms were col-
lected in triplicate in a 96-well microplate and washed with M9 buffer. The H,DCFDA
probe (Sigma-Aldrich, Milan, Italy) was added to each sample to a final concentration of
50 uM. After 1 h of incubation in the dark at 20 °C, fluorescence was measured using a
multiple reader (Promega, Glomax Multidetection System, Madison, WI, USA) at excita-
tion/emission wavelengths of 485/520 nm. Fluorescence was detected in whole worms
because the HyDCFDA probe is cell-permeable and undergoes hydrolysis by intracellular
esterases, followed by oxidation by reactive oxygen species (ROS), leading to fluorescence.
It should be taken into account that in worm homogenates, the fluorescence signal can be
significantly reduced or absent because the esterases might be inactivated or lost during
homogenization, and the ROS levels may be lower or more rapidly degraded in the dis-
rupted cellular environment. Several works have reported the measurements of C. elegans
ROS in entire animals [43,44].

2.9. Statistical Analyses

Data were expressed as the mean values = standard deviations (SD) or mean values - SEM
from at least three independent experiments. Statistical analyses were performed using
the unpaired Student’s t test (GraphPad Software Inc., San Diego, CA, USA). All results
were considered statistically significant with p < 0.05. For the C. elegans experiments, the
statistical significance was performed by the Student’s t-test or one-way ANOVA analysis
coupled with a Bonferroni post-test (GraphPad Prism 9.0 software, GraphPad Software Inc.,
La Jolla, CA, USA). Differences with p values < 0.05 were considered significant and were
indicated as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001. Experiments were performed
at least in triplicate. Data were presented as the mean =+ SD. For the fluorescence images,
the mean fluorescence intensity was analyzed using Image] software, measuring the ratio
of pixels per area of the worm.

3. Results
3.1. MILMED Restores Autophagic Processes in LPS-Treated BV2 Cells

As known, the autophagic process is composed of several steps that lead to the degra-
dation of misfolded proteins and the elimination of damaged organelles. We evaluated
the expression of the genes that promote autophagosome formation, namely ATG7, which
is involved in the formation of the pre-autophagosomal structures; the Beclin-1 factor,
which intervenes in the initial stages of nucleation and forms a complex that facilitates
the recruitment of other ATG proteins; and LC3 and LC3II markers of autophagosome
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vescicles. Our results showed that cells incubated with Milmed increased the expression of
Beclin-1 mRNA by 50% also in the presence of LPS, which by itself induced a 20% decrement
of Beclin-1 mRNA expression. An analogous increase in Beclin-1 mRNA was observed
after the addition of Milmed dried powder. Cells supplemented with the untreated yeast
showed no difference compared with the control cells. Milmed and Milmed dried powder
increased the expression of ATG7 by 50% compared with the control cells but Milmed dried
powder regrown in YPD showed a 100% increase in ATG7 mRNA (Figure 1).
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Figure 1. mRNA expression of Beclin-1 and ATG7 in BV-2 cells after yeast pre-treatment and LPS
stimulation. mRNA expressions of Beclin-1 and ATG7 were evaluated in BV-2 cells after pre-treatment
with Milmed or untreated yeast for 45 min and incubated with LPS 1 ng/mL for 4 h by qRT-PCR.
Data are shown as the mean + SD from three independent experiments performed in triplicate.
Expression profiles were determined using the 2-8ACT method. vs. CTRL ** p <0.01, **p <0.001,
**3% p < 0.0001. vs. LPS# p < 0.05, ## p < 0.01.

The interaction between p62 and LC3 represents the specific and necessary signal
to direct cytosolic elements to degradation. Analysis of LC3 and p62 mRNA expression,
as shown in Figure 2, demonstrated that the presence of the LPS inflammatory stimulus
significantly reduced the expression of these two key factors of autophagic flux compared
with the CTRL group. After treatment with Milmed, both LC3 and p62 mRNA expression
increased in the BV2 cells. Milmed treatment also increased the p62 mRNA expression in
the presence of LPS. The addition of dried yeast regrown in YPD significantly increased the
expression of LC3 and p62 in the presence of the inflammatory stimulus. Addition of the
Milmed dried powder directly to the BV2 cell culture increased the p62 expression both in
the absence and presence of LPS. The untreated yeast decreased LC3 expression compared
with the CTRL group and had no effect on p62 expression.

mTOR is a major repressor of autophagic flux. The addition of Milmed as such or in
the form of dried powder inhibited mTOR stimulated by the incubation of BV2 microglia
with LPS, thereby removing one of the main pathways of inhibition of autophagic flux.
Protein expression analysis of mTOR (Figure 3) significantly increased in the presence of
LPS while drastically decreasing after 24 h after treatment with modified yeast (Milmed,
dried YPD, and dried powder). There was also a slight decrease in the untreated yeast
treatment in the presence of LPS. In the absence of LPS, there was no significant difference
with the CTRL.

LC3 is a protein involved in autophagy that exists in two main forms: LC3-1, which
is present in the cytoplasm, and LC3-II, which is associated with the membranes of au-
tophagosomes. In response to stress signals, such as amino acid deficiency, autophagy
is activated, increasing the conversion of LC3-I to LC3-II. This process indicates the for-
mation of autophagosomes, making LC3-II a reliable marker for monitoring autophagy
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activity [45]. A commonly accepted signal for the induction or activation of autophagy
refers to increased levels of LC3-1I or decreased levels of p62, an autophagic substrate that
is degraded through the autophagic process [46].
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Figure 2. mRNA expression of LC3 and p62 in BV-2 cells after yeast pre-treatment and LPS stimulation.
mRNA expressions of LC3 and p62 were evaluated in BV-2 cells after pre-treatment with Milmed or
untreated yeast for 45 min and incubated with LPS 1 ng/mL for 4 h by qRT-PCR. Data are shown
as the mean + SD from three independent experiments performed in triplicate. Expression profiles
were determined using the 272CT method. vs. CTRL * p < 0.05, ** p < 0.01, *** p < 0.001; vs. LPS
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Figure 3. mTOR: a major repressor of autophagic flux. ELISA assay of mTOR was evaluated in
BV-2 cells after pre-treatment with Milmed or untreated yeast for 45 min and incubated with LPS
1 ng/mL for 24 h. Data are shown as the mean + SD from three independent experiments performed
in duplicate using the unpaired Student’s ¢ test. *** p < 0.001, # p < 0.05, ### p < 0.001, ##HH p < 0.0001
*vs. CTRL; # vs. LPS.

In Figure 4, it can be seen that LPS treatment significantly decreased the LC3-1I protein
expression while modified yeast significantly increased the LC3-II protein expression
compared with both the untreated BV2 cells (CTRL) and BV2 cells treated only with LPS.
Untreated yeast added to cultures did not modulate LC3-II expression in the presence or in
the absence of LPS.

3.2. Antioxidant Effect of Milmed in BV2 Cells

Nrf2 is a transcription factor present in all cells that is activated by oxidative stress.
It binds to the antioxidant response element (ARE), an enhancer sequence found in the
regulatory regions of antioxidant genes such as SOD1 and GPX [47].
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Figure 4. LC3-II is a reliable marker for monitoring autophagy activity. ELISA assay of LC3-II was
evaluated in BV-2 cells after pre-treatment with Milmed or untreated (control) yeast for 45 min and
incubated with LPS 1 ng/mL for 24 h. Data are shown as the mean + SD from three independent
experiments performed in duplicate using the unpaired Student’s f test. * p < 0.05, ** p < 0.01,
***p < 0.001, ## p < 0.01 * vs. CTRL; # vs. LPS.

The analysis of Nrf2 mRNA expression 4 h after pretreatment with Milmed yeast in
the presence and absence of LPS demonstrated that both liquid Milmed and the dried form
regrown in YPD significantly increased Nrf2 expression in both the presence and absence
of the inflammatory LPS stimuli. Powder directly added to the culture did not modulate
Nrf2 expression. Pre-treatment with untreated yeast decreased Nrf2 mRNA expression in
the presence of LPS compared with BV2 cells treated with LPS alone. Treatment with LPS
significantly reduced the mRNA expression of SOD1 and GPX. After 4 h after pretreatment,
as shown in Figure 5, there was an increase in the mRNA expression of SOD1 and GPX
in the liquid Milmed conditions both in the presence and absence of LPS. SOD1 mRNA
expression increased significantly in BV2 cells treated with dried YPD and dried powder in
the presence of LPS while GPX mRNA expression increased significantly in cells treated
with dried YPD and dried powder compared with the CTRL group. In the presence of LPS,
an increase in GPX mRNA expression was observed to be significant with the addition
of dried powder. Treatment with untreated yeast significantly decreased SOD1 mRNA
expression both in the presence and absence of LPS. The same treatment did not appear to
modulate GPX expression.
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Figure 5. Cont.
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Figure 5. mRNA expression of Nrf2, SOD1, and GPX in BV-2 cells after yeast pre-treatment and
LPS stimulation. mRNA expressions of Nrf2, SOD1, and GPX were evaluated in BV-2 cells after
pre-treatment with Milmed or untreated yeast for 45 min and incubated with LPS 1 ng/mL for 4 h
by qRT-PCR. Data are shown as the mean + SD from three independent experiments performed
in triplicate. Expression profiles were determined using the 27T method. vs. CTRL * p < 0.05,
**p <0.01, ** p <0.001; vs. LPS # p < 0.05, ## p < 0.01.

Analysis of the active form of NRF2, phosphorylated NRF2 (pNRF2), was evaluated by
immunuofluorescence, and in Figure 6, it is possible to observe that only a few conditions
showed more pronounced changes on pNRF2 expression. In particular, two conditions
showed a significant increase compared with the others, which were dried grown in YPD
compared with CTRL. Both the dried YPD form and dried powder in the presence of LPS
significantly increased the expression of pNRF2. The dried powder condition showed a
reduction compared with CTRL, although this was not found to be significant.

CTRL MILMED DRIED YPD DRIED POWDER UNTREATED

MILMED+LPS DRIED YPD+LPS DRIED POWDER+LPS UNTREATED+LPS

Figure 6. Cont.
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Figure 6. The bar graph shows the fluorescence intensity related to pNRF2 expression under different
experimental conditions. Data are shown as the mean + SD from three independent experiments
(24 h). Magnification 63 x. vs. LPS ## p < 0.01; vs. CTRL * p < 0.05, ** p < 0.01.

3.3. Milmed Yeast Extends Lifespan and Modulates Growth in C. elegans

To investigate the effects of yeast on C. elegans physiology, we first examined the
survival rate (Figure 7A). The median lifespan of wild-type nematodes fed with Milmed
yeast from embryo hatching was significantly extended compared with the S. cerevisiae
BY4741-fed controls. Indeed, the 50% survival rate in the Milmed-fed worms was recorded
at day 13, whereas it was observed at day 11 and day 9 in the untreated and BY4741-fed
animals, respectively. Microscopic analysis of larval development revealed that the Milmed
diet slightly affected the body size (Figure 7B). Body length analysis showed a slight
reduction at day 1 of adulthood, but progressively increased with age in both conditions.
However, at later stages, the body length of the Milmed-fed worms became comparable to
that of the control group.
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Figure 7. Effect of Milmed yeast on nematode lifespan and body length. (A) Kaplan-Meier survival
plot of N2 worms fed with Milmed or untreated yeast compared with the S. cerevisiae BY4741-fed
worms used as controls. n = 80 per data point in individual experiments. (B) Effect of yeast feeding
on the body size of C. elegans. Worms were grown in the presence of Milmed yeast, untreated yeast,
or S. cerevisine BY4741 (control), and their body lengths were measured from head to tail at the
indicated time points. Bars represent the mean of three independent experiments. Asterisks indicate
statistically significant differences (* p < 0.05, *** p < 0.001); ns: not significant.

3.4. Milmed Yeast Supplementation Reduces Age-Related Oxidative Stress in C. elegans

Since excessive oxidative damage can impair cellular function and has been shown to
increase with age [48], and given that reactive oxygen species (ROS) are one of the primary
causes of aging, the ROS levels were analyzed in C. elegans following yeast-based dietary
supplementation (Figure 8). These ROS are known to induce oxidative damage to essential
cellular components including DNA, proteins, and lipids [41]. At day 2 of adulthood,
the ROS levels in Milmed-fed worms were approximately twice as high as in the control
group (Figure 8). However, by day 10 of adulthood, while the ROS levels in control worms
had doubled compared with the young adults—as typically observed during aging—the
Milmed-fed nematodes exhibited an over 80% reduction in ROS levels. This suggests that
the Milmed diet may enhance cellular antioxidant defenses, thereby mitigating age-related
oxidative stress and contributing to the observed lifespan extension.

In C. elegans, the oxidative stress response is primarily controlled by the SKN-1/Nrf2
transcription factor, which plays a key role in maintaining redox balance by regulating
the expression of various antioxidant genes. The gst-4 (glutathione S-transferase) gene
encodes a phase II detoxification enzyme that is strongly induced in a SKN-1-dependent
manner [42].

In this study, we utilized transgenic C. elegans expressing the gst-4::GFP reporter
to assess potential differences in the expression of this detoxifying enzyme (Figure 9).
However, during aging, no significant variations were observed, as further confirmed by
the mean fluorescence intensity (MFI) analysis.
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Figure 8. Measurement of ROS levels in Milmed-fed worms at 2 and 10 days of adulthood. Worms
fed S. cerevisine BY4741 were taken as the control. Statistical analysis was evaluated by one-way
ANOVA with the Bonferroni post-test; asterisks indicate significant differences (*** p < 0.001). Bars
represent the mean of three independent experiments.
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Figure 9. Fluorescence microscopy of gst-4::GFP transgenic strain. (A) Fluorescence microscopy of gst-
4::GFP worm strain fed with Milmed from embryo hatching and (B) related MFI. Scale bar = 100 um.
Untreated yeast-fed worms were taken as the control. Statistical analysis was evaluated by one-
way ANOVA with the Bonferroni post-test; ns: not significant. Bars represent the mean of three
independent experiments.

3.5. Milmed Yeast Extends Lifespan in C. elegans Through Activation of SKN-1/Nrf2

On the other hand, the viability was further examined by administering Milmed yeast
to worms carrying mutations in the skn-1 gene, which encodes the transcription factor
involved in the p38 MAPK pathway (Figure 10). The median lifespan of skn-1 mutant
nematodes treated with Milmed from embryo hatching was not only deprived of the
pro-longevity effect, but was also significantly reduced (Figure 10). In particular, the 50%
survival rate in Milmed-fed skn-1 mutants was recorded at day 8 compared with day 9 in
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the control worms. Thus, Milmed did not induce a pro-longevity effect in these mutants as
observed in the wild-type animals, demonstrating that the beneficial effects of Milmed are
mediated through the activation of the transcription factor SKN-1/Nrf2.

— BYA4741

100 Milmed

Percent Survival
‘L‘

0 : — .
0 5 10 15
Days of adulthood

Figure 10. Effect of Milmed on skn-1 mutant animals. Kaplan-Meier survival plot of skn-1 mutant
worms fed Milmed yeast from embryo hatching. Lifespans of untreated-fed worms (control) were
taken as the reference; 1 = 80 for each data point of the single experiments (** p < 0.01). The experiment
was performed in triplicate.

4. Discussion

As outlined above, modulation of microglia activity has recently been proposed as
a therapeutic strategy to slow down the progression of neurodegenerative diseases. Gut
microbiota has been shown to play an important role in the modulation of neuroinflamma-
tion and neurodegeneration; moreover, dysbiosis has been related to neurodegenerative
acceleration. Our previous results showed that Milmed yeast, obtained from S. cerevisiae,
after exposure to electromagnetic millimeter wavelenghts, induced a reversal of LPS-M1
polarized microglia toward an anti-inflammatory phenotype as demonstrated by the de-
crease in the mRNAs of IL-1f3, IL-6, and TNF-« and in the expression of iNOS as well
as by the increase in IL-10 mRNA and the expression of arginase-1 [27]. Recently, the
importance of disabled macro-autophagy in aging and in the development of neurode-
generative diseases, including AD and PD, has been highlighted [49]. Several findings
showed a direct correlation between dysbiosis, neuroinflammation, and the development
of several neurodegenerative diseases including AD, PD, dementia, and depression [50].
Furthermore, a direct correlation has been hypothesized between aging and mitochondrial
dysfunction, cellular senescence, disabled macro-autophagy, chronic inflammation, and
dysbiosis [51]. Non-communicable diseases (NCDs) represent 77% of all deaths in Eu-
rope and remain the most widespread and without effective therapy; many of them share
pathogenetic mechanisms and show a high degree of molecular connectivity. The study
of these interconnections occurs through the identification of one or more mechanisms
underlying the disease and its comorbidities. This approach, thanks to the regulation of a
common molecular target can provide, at least partially, a therapeutic benefit to regulate
different altered cellular responses. These alterations constitute a mosaic of significantly
unbalanced processes that end up influencing each other, disrupting mechanisms that
should guarantee the homeostasis of the cells. Therefore, an interdependence between
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these different alterations is created, whereby the accentuation or attenuation of one specific
hallmark usually also affects other hallmarks.

The onset and development of several neurodegenerative diseases, including
Alzheimer’s disease, Parkinson’s disease, schizophrenia and depression, have been related
to neuroinflammation [52]. Neuroinflammation is characterized by the polarization of mi-
croglial cells toward a pro-inflammatory phenotype, M1 or classically activated phenotype,
which releases inflammatory cytokines and chemokines, showing a decreased phagocytic
capability and an increased chemotactic activity. The process is induced and amplified by
oxidative stress, targeting the transcription factors that bind to the promoter regions of
inflammatory genes. For all these reasons, the modulation of microglia activity has recently
been proposed as a therapeutic strategy to slow down the progression of neurodegenerative
diseases [53].

Our present study focused on Milmed actions that promote autophagy in microglia
cells exposed to an inflammatory microenvironment and to promote longevity, as shown
in the C. elegans experimental model. Disabled macro-autophagy accelerates the aging
process, whereas, in contrast, autophagy is a major anti-aging mechanism involved in
pro-longevity pathways [54]. In a recent review published in 2023, the importance of
disabled macro-autophagy, chronic inflammation, and dysbiosis in accelerating the aging
process was highlighted. The interdependence of aging hallmarks implies that the experi-
mental accentuation or attenuation of one specific hallmark usually affects other hallmarks
concurrently. Our findings demonstrate that Milmed exerted significant pro-longevity
effects in C. elegans, extending the lifespan and improving stress resistance. The rise in ROS
levels observed on the first day of adulthood seems to indicate a positive effect rather than
a harmful one and appears to trigger oxidative defense systems, which help lower the ROS
levels during aging and may contribute to a longer lifespan This was further confirmed by
previous studies highlighting the role of probiotics, including yeast-based supplements, in
modulating oxidative stress and inflammation [55,56]. The present results align with these
findings and suggest that Milmed yeast may function as a bioactive dietary component
capable of enhancing cellular stress responses. Notably, the ability of Milmed to lower
ROS accumulation in aging worms suggests a potential protective mechanism against
age-related oxidative damage, which is a hallmark of cellular aging and neurodegenerative
diseases [57]. The observed reduction in ROS levels (Figure 8) among the aged worms and
the loss of the pro-longevity effect in skn-1 mutants (Figure 10) indicated that the p38 MAPK
signaling cascade plays a crucial role in mediating these anti-aging effects. This contention
is further supported by previous studies highlighting the role of probiotics, including
yeast-based supplements, in modulating oxidative stress and inflammation [55,56]. The
present results conform with these findings and suggest that Milmed yeast may function as
a bioactive dietary component capable of enhancing cellular anti-stress responses. Notably,
the ability of Milmed to lower ROS accumulation in aging worms suggests a potential
protective mechanism against age-related oxidative damage, which is a hallmark of cellular
aging and neurodegenerative diseases [57].

Autophagy also plays a key role in extending longevity. A proteostasis (protein home-
ostasis) imbalance may result from the dysregulation of autophagy, a well-known clearance
mechanism of aggregated proteins, due to changes in mTOR/AMPK activity [58,59]. In-
deed, mTOR inhibition with rapamycin reduces toxicity in animal models of NDs [60,61].
Additionally, given that autophagy has a central role in the removal of defective mito-
chondria, its regulation by mTOR/AMPK may also be associated with mitochondrial
homeostasis and respiration [62,63]. In a previous study, S. cerevisiae-derived vacuoles
added to LPS-treated human neuroblastoma cells reduced phosphorylated tau and (3-
amyloid expression and confirmed our previous data showing that Milmed decreased the
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expression of pro-inflammatory cytokines as well as iNOS. Furthermore, it was shown
that S. cerevisine-derived vacuoles regulated NF-kBp65 translocation to the nucleus [64].
The administration of Saccharomyces boulardi to Drosophila that were exposed to paraquat,
a mitochondrial toxin, resulted in improved longevity and motor function. The main
activity resulted in increased lysosomal degradation of dysfunctional mitochondria, which
is mitophagy, outlining the potential therapeutic benefit of probiotic administration to pa-
tients with Parkinson’s disease [65]. In recent years, it has been shown that the autophagy
machinery is used for cellular activities independent from lysosomal degradation, opening
a new chapter in understanding the broad spectrum of functions of autophagy, outlining
the pro-survival role of autophagy [66,67].

It has been evidenced repeatedly that oxidative stress presents one of the main factors
promoting chronic degenerative diseases, and several environmental conditions favoring
the increase in ROS inside cells have been included among the main risk factors for the
development of cardiovascular and neurodegenerative diseases; therefore it is of funda-
mental importance for pro-longevity interventions to contain the cellular concentrations
of ROS within the physiological limits [68]. Our study demonstrated that Milmed is able
to enhance the antioxidant defenses of the cell, as demonstrated by the modulation of the
expression of NRF2, SOD3, and GPX, even in the presence of LPS and the translocation
of phosphorilated-NRF?2 to the nucleus of the cell. The in vivo C. elegans model confirmed
the antioxidant effects of Milmed in the reduction of ROS. Concomitantly, the antioxidant
potential of some strains of S. cerevisiae has also been demonstrated in other studies [69].
For example, Siesto et al. showed the antioxidant potential of Saccharomyces cerevisiae used
in wine fermentation and correlated this activity to the content of beta-glucans [70]. Yeast f3-
glucan has various biological properties including immunomodulatory, anti-inflammatory,
and antioxidant [71]. As a matter of fact, our study confirms the activity of Milmed as a
powerful antioxidant.

5. Conclusions

Milmed yeast demonstrated a notable and marked pro-autophagic and antioxidant ac-
tivity which, combined with the previously demonstrated anti-inflammatory activity, high-
lights its role as a highly effective probiotic for its beneficial effects on health and longevity.
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Abstract: Autophagy is a fundamental cellular process that maintains homeostasis by
degrading damaged components and regulating stress responses. It plays a crucial role
in cancer biology, including tumor progression, metastasis, and therapeutic resistance.
Oxidative stress, similarly, is key to maintaining cellular balance by regulating oxidants
and antioxidants, with its disruption leading to molecular damage. The interplay be-
tween autophagy and oxidative stress is particularly significant, as reactive oxygen species
(ROS) act as both inducers and by-products of autophagy. While autophagy can function
as a tumor suppressor in early cancer stages, it often shifts to a pro-tumorigenic role in
advanced disease, aiding cancer cell survival under adverse conditions such as hypoxia
and nutrient deprivation. This dual role is mediated by several signaling pathways, in-
cluding PI3K/AKT/mTOR, AMPK, and HIF-1e, which coordinate the balance between
autophagic activity and ROS production. In this review, we explore the mechanisms by
which autophagy and oxidative stress interact across different hematological malignan-
cies. We discuss how oxidative stress triggers autophagy, creating a feedback loop that
promotes tumor survival, and how autophagic dysregulation leads to increased ROS ac-
cumulation, exacerbating tumorigenesis. We also examine the therapeutic implications of
targeting the autophagy—oxidative stress axis in cancer. Current strategies involve mod-
ulating autophagy through specific inhibitors, enhancing ROS levels with pro-oxidant
compounds, and combining these approaches with conventional therapies to overcome
drug resistance. Understanding the complex relationship between autophagy and oxidative
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stress provides critical insights into novel therapeutic strategies aimed at improving cancer
treatment outcomes.

Keywords: autophagy; oxidative stress; reactive oxygen species; crosstalk; hematological
malignancies; cancer treatment outcomes; therapeutic opportunities

1. Introduction

Cancer represents a significant challenge in modern society, posing substantial public
health and economic burdens in the 21st century. Globally, it accounts for nearly one
in six deaths (16.8%) and approximately one in four deaths (22.8%) attributed to non-
communicable diseases. Furthermore, cancer is responsible for 30.3% of premature deaths
from non-communicable diseases among individuals aged 3069 years, making it one of the
three leading causes of mortality in this age group in 177 out of 183 countries [1]. A recent
study based on the 2022 GLOBOCAN estimates highlighted significant geographic vari-
ability in cancer incidence and mortality across 20 world regions, focusing on the 10 most
common cancer types (https://gco.iarc.who.int/today, 20 November 2024). It further
explored new opportunities for global cancer prevention and control and underscored the
critical need for new targeted prevention strategies.

Given the complexity and heterogeneity of tumors, autophagy and oxidative stress
have emerged in recent years as critical cellular processes in cancer development and
progression. These mechanisms play pivotal roles in human health. Autophagy is an
essential mechanism for maintaining cellular homeostasis [2,3], for preventing metabolic
imbalance and the accumulation of cytotoxic elements within cells, and for prolonging
cell survival [4-8]. On the other hand, oxidative stress arises from an imbalance between
the production of reactive oxygen species (ROS) and the effectiveness of cellular antioxi-
dant defenses. This imbalance often leads to DNA damage, genomic instability, cellular
dysfunction, and disease [3,9]. While autophagy can limit oxidative stress by degrading
damaged mitochondria (mitophagy), excessive levels of ROS can trigger autophagic activity
to promote cell survival under adverse conditions [3,10]. Autophagy and oxidative stress
are deeply interconnected in biology, with their roles oscillating between protective and
pathological depending on the context [11]. This review explores the intricate relationship
between autophagy and oxidative stress, examining their dual roles in tumorigenesis,
their implications for therapeutic intervention, and potential future research directions
to further elucidate these complex processes that may exhibit a synergistic and dual role,
acting as both tumor suppressors and promoters depending on the specific cellular and
microenvironmental context [12-15].

2. Mechanisms of Autophagy

Autophagy, a fundamental catabolic process in cellular homeostasis, acts in close
coordination with other crucial mechanisms of cellular control, such as apoptosis and the
proteasome system, to maintain cellular integrity and function [16]. This highly regulated
pathway unfolds through a series of well-orchestrated steps, each mediated by a complex
network of genes and proteins. Among the most extensively studied are the autophagy-
related genes (ATG), which play a pivotal role in the autophagy process [17]. Additionally,
key regulators such as the mechanistic target of rapamycin complex 1 (mTORC1), a ser-
ine/threonine kinase, and the phosphatidylinositol 3-kinase (PI3K) complex are critically
involved in modulating this pathway [18-20].
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The autophagic process is typically divided into distinct stages, including initiation,
nucleation, elongation, lysosome fusion, and autophagosome degradation [17]. Each
step is characterized by specific molecular events and regulatory mechanisms that ensure
the efficient turnover of cellular components and adaptation to stress conditions [20,21].
Understanding these stages in detail is crucial for elucidating the role of autophagy in health
and disease, as well as for identifying potential therapeutic targets in pathological contexts.

2.1. Molecular Machinery and Signaling Pathways
2.1.1. Initiation

Autophagy initiation begins with the formation of the autophagosome, requiring the
synthesis of an isolation membrane, or “omegasome”, which originates from the ER. This
membrane develops into the phagophore, a cup-based structure composed of a single
membrane. While the ER is the primary source, other organelles like the Golgi apparatus,
endosomes, mitochondria, and plasma membrane also contribute to its formation [21].
mTORCI1 regulates this stage, especially under nutrient deprivation. mTORC1 exists
in two functionally distinct complexes: the rapamycin-sensitive mTORC1 that regulates
cell size, and mTORC2 that is involved in modulating actin cytoskeleton organization.
When nutrients are plentiful, mTORC1 localizes to the lysosome, where it is activated by
the Rheb subunit, suppressing autophagy. Rapamycin, an mTORC1 inhibitor, induces
autophagy even in nutrient-rich conditions [22,23]. mTORC1’s regulation of autophagy
initiation involves its interaction with the ULK1 complex, which consists of ULK1, ATG13,
ATG101, and FIP200. Under nutrient-rich conditions, mTORC1 phosphorylates ULK1
and ATG13, inhibiting the ULK1 complex and autophagy. Under nutrient deprivation,
mTORC1 is inhibited, releasing the ULK1 complex to activate autophagy through AMPK’s
phosphorylation of Rheb and RAPTOR. The activated ULK1 complex then facilitates
the formation of the phagophore by phosphorylating Beclin-1 within the PI3K complex,
triggering autophagic pathway initiation [23-26].

2.1.2. Nucleation and Elongation

Autophagosome nucleation is triggered by the Class III PI3K complex, composed
of VPS34, Beclin-1 (ATG6), ATG14L, and p150 (VPS15) [27]. Beclin-1, located on the ER
membrane, modulates this complex by binding to UVRAG or members of BCL2 family
members, activating or inhibiting autophagy. ULK1, when activated, phosphorylates
Beclin-1 and AMBRA1, promoting the PI3K complex recruitment to the ER and facilitating
omegasome formation, the initial structure for the phagophore [24,28,29]. The activated
PI3K in the ER produces phosphatidylinositol 3-phosphate (PIP3) on the omegasome mem-
brane, recruiting WIPI proteins that attract other ATG proteins crucial for autophagy. ATG9,
the only transmembrane ATG protein, is essential for lipid transport to the phagophore.
The phagophore expands via two ubiquitin-like conjugation systems: the ATG12-ATG5-
ATG16L system and LC3-II (ATGS). LC3 is conjugated with phosphatidylethanolamine,
forming LC3-1II, which becomes inserted into the expanding phagophore membrane and
serves as an autophagosome marker, facilitating selective autophagy by interacting with
autophagic cargo receptors [24,30,31].

2.1.3. Selective Autophagy

Although autophagy is generally non-selective, evidence suggests substrate selectivity,
as exemplified by LC3-II's interaction with SQSTM1/p62. This adaptor protein binds
ubiquitinated proteins, facilitating their capture and delivery to autophagosomes through
LC3-1I in a process termed LC3-associated phagocytosis. In addition, chaperone-mediated
autophagy provides additional selectivity mechanisms, underscoring the dynamic adapt-
ability of autophagy to several cellular needs [25,30,32,33].
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2.1.4. Fusion with Lysosomes and Degradation

Upon completion, the autophagosome fuses with endosomes via the HOPS complex
and then with lysosomes to form an autolysosome. The Rab7 GTPase protein, activated
by UVRAG, regulates this process, with SNARE proteins mediating membrane fusion.
Proteins LAMP1 and LAMP2 stabilize the fusion process, facilitating material transport.
The lysosomal enzymes then degrade the autophagosome’s contents, with permeases
excreting the breakdown products into the cytosol for recycling [23,24,34].

This intricate autophagic process showcases its significance in cellular regulation, with
each stage offering potential therapeutic intervention points in cancer treatment. As a
multifaceted process, autophagy integrates several signaling pathways, underscoring its
role in cellular adaptation and survival under stress (Figure 1).
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Figure 1. Autophagy pathway.

2.2. Types of Autophagy

Autophagy encompasses two main mechanisms: microautophagy and macroau-
tophagy. Whereas microautophagy is a non-selective process where cellular components are
directly engulfed through membrane invaginations of the lysosome or vacuole, macroau-
tophagy (commonly referred to as autophagy) involves recycling damaged or dysfunc-
tional organelles within an autophagosome that later fuses with the lysosome to degrade
its contents [31,35]. On the other hand, autophagy can be classified as selective or non-
selective. Whereas non-selective autophagy degrades cellular materials without prior
recognition, primarily maintaining basic cellular functions, selective autophagy is a spe-
cific chaperone-mediated process that targets harmful cellular elements such as damaged
proteins, toxic aggregates, or invasive pathogens for lysosomal degradation [36,37].

3. Autophagy Regulatory Drugs

In recent years, there has been a significant focus on drugs targeting the autophagy
pathway, largely due to the role of autophagy in cellular homeostasis, cancer, and other dis-
eases. Autophagy modulators are classified broadly as autophagy inducers and autophagy
inhibitors, each with different mechanisms and clinical potential.
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3.1. Autophagy Inducers

Autophagy inducers have shown promise in cancer and neurodegenerative diseases,

where promoting the clearance of damaged cellular components can be beneficial. Key

drugs include rapamycin, resveratrol, and spermidine.

Rapamycin: Rapamycin is a well-characterized mTORC1 inhibitor that blocks the
mTOR signaling pathway, a central regulator of autophagy. By inhibiting mTORC1,
rapamycin induces autophagy initiation and has demonstrated efficacy in promoting
autophagic cell death in cancer cells, particularly in those resistant to apoptosis [38-40].
Beyond its anticancer properties, rapamycin has shown therapeutic potential in other
age-related diseases, emphasizing its broader clinical applications [41].

Limitations: Rapamycin’s inhibition of mTORC1 can lead to side effects, including
suppression of T-cell proliferation [42,43], which is critical for immune responses
against pathogens. Additionally, Rapamycin’s inhibition produces thrombocytopenia,
hyperlipidemia, insulin resistance and hyperglycemia [42—45]. These facts limit its
long-term use and application as a preventive tool. Strategies to overcome these side
effects include intermittent dosing, selective inhibition of mMTORC1 (without affecting
mTORC2) and combination therapies with metformin [45,46].

Resveratrol: Resveratrol is a natural polyphenol found in plants, including knotweed
and berries. Chemically, it is a stilbene derivative composed of two phenyl rings
connected by an ethylene bridge. This unique chemical structure underpins its bi-
ological activities, particularly its ability to scavenge ROS and regulate signaling
pathways involved in cellular stress responses [46,47]. Resveratrol, commonly found
in dietary sources such as grapes and red wine, has been shown to activate autophagy
through the inhibition of the mTOR pathway and the activation of AMPK, which
further suppresses mTOR signaling [48]. Additionally, Resveratrol exhibits significant
anti-tumor properties by inducing both apoptosis and autophagy, especially in cancers
characterized by high oxidative stress [49].

Limitations: Resveratrol may impair glucose metabolism, potentially leading to insulin
resistance and hyperglycemia. As Rapamycin, it may suppress immune responses
by affecting T-cell proliferation and cytokine production, increasing susceptibility to
infections or impairing wound healing [50]. Prolonged inhibition of mTORC1 has
also been linked to liver inflammation and gastrointestinal discomfort or diarrhea,
although these effects are generally mild [51]. Mitigation strategies to minimize side
effects include intermittent dosing, targeted delivery (such as CNS-specific formula-
tions), and combination therapies with agents that counteract metabolic dysregulation
(e.g., metformin) [52].

Spermidine: Spermidine is an endogenous polyamine that enhances autophagy by
inhibiting acetyltransferases and promoting the deacetylation of ATG proteins, which
are essential for autophagy initiation. It has demonstrated anti-aging, anticancer,
and geroprotective effects, reducing oxidative stress and lowering the incidence of
cardiovascular and neurodegenerative diseases [53-55]. Studies show that spermidine
levels increase during fasting or caloric restriction across species, and blocking its
synthesis impairs fasting-induced autophagy and negates the lifespan- and healthspan-
extending effects of these interventions. Spermidine mediates these effects through
autophagy induction and hypusination of the translation regulator elF5A, positioning
the polyamine-hypusination axis as a conserved metabolic hub for longevity and
health benefits [56,57].

Limitations: Spermidine’s interaction with mTORC1 can disrupt nutrient sensing and
energy metabolism, potentially leading to imbalances in amino acid homeostasis and
energy utilization, particularly during nutrient deprivation [58]. In some contexts,
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spermidine may also impair immune cell proliferation and function, increasing sus-
ceptibility to infections or reducing the body’s ability to respond to stressors. While
beneficial in cancer therapy [59,60], spermidine-induced inhibition of mTORC1 can
suppress normal cell proliferation and growth, potentially affecting healthy tissues.
Moreover, spermidine has been shown to enhance apoptosis via mitochondrial path-
ways, which is advantageous for targeting cancer cells but could harm normal cells if
not carefully controlled. Given that excessive polyamine accumulation has been linked
to genomic instability and neurodegeneration due to deregulated protein degradation
and nutrient sensing pathways, dosing and long-term use of spermidine need to
be considered carefully. Mitigation strategies to reduce spermidine-associated risks
include controlled dosing, tissue-specific delivery systems, and combination therapies
with agents that counteract its adverse effects (e.g., metabolic regulators).

3.2. Autophagy Inhibitors

Even though autophagy supports cell survival under stress conditions, excessive
autophagy can lead to autophagic cell death. Inhibitors of autophagy are, therefore,
relevant in treating cancers that exploit autophagy for survival.

Chloroquine (CQ) and Hydroxychloroquine (HCQ): Both chloroquine and hydrox-
ychloroquine are lysosomotropic agents that disrupt lysosomal acidification, thereby in-
hibiting the fusion of autophagosomes with lysosomes [61]. By blocking the final stages of
autophagy, these agents induce cell death in cancer cells that rely on autophagy for sur-
vival. CQ and HCQ have been extensively studied in clinical trials and have demonstrated
significant potential, particularly when used in combination with other cancer therapies,
highlighting their promise as adjunctive treatments in oncology [62-64].

Bafilomycin Al: An inhibitor of vacuolar H+-ATPase, Bafilomycin Al prevents lysoso-
mal acidification in a manner like CQ [65]. It has shown significant anti-tumor properties,
particularly in cancers that are highly dependent on autophagy [66,67]. Due to its ability to
effectively block autophagic flux, Bafilomycin A1 has become an invaluable tool in research
for studying the autophagy pathway and its implications in cancer biology.

3-Methyladenine (3-MA): 3-MA is a well-established inhibitor of autophagy that acts
by blocking class III phosphoinositide 3-kinase (PI3K), a key regulator in the early stages
of autophagosome formation. By inhibiting this kinase, 3-MA prevents the initiation of
autophagy, thereby reducing the formation of autophagosomes [68]. Although its use
in clinical applications is limited due to potential off-target effects and the incomplete
inhibition of autophagy, 3-MA remains an indispensable tool in experimental research [69].
It is widely used to investigate autophagy’s roles in cellular processes like survival, stress
response, and disease progression, enabling researchers to explore its contribution to
homeostasis and its involvement in diseases such as cancer, neurodegeneration, and infec-
tion [70-72].

Therefore, modulating autophagy in cancer therapy requires a deep understanding
of the cellular and molecular context of each tumor. Developing effective strategies will
depend on how we predict and manipulate the balance between the cytoprotective and
cytotoxic effects of autophagy in cancer cells.

4. Oxidative Stress and ROS

Cell metabolism involves anabolic and catabolic pathways that maintain energy bal-
ance. In multicellular organisms, oxygen is the main substrate for aerobic respiration,
producing adenosine triphosphate (ATP) [73,74]. Under physiological and resting condi-
tions, most of the oxygen consumed by cells is reduced to water via cytochrome oxidase
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activity, but 1-2% generate ROS through electron transfer events or reduction/oxidation
(redox) reactions within the mitochondria [75].

ROS were first identified as free radicals in skeletal muscle with harmful effects on
cells [76]. These specific oxygen-containing molecules are highly reactive and unstable,
classified into non-radical and free radicals based on unpaired electrons (Table 1) [77].
Recent research highlights their dual nature [78,79]. While they function as pleiotropic
physiological molecules at the baseline cell homeostatic state, involved in signaling path-
ways, immune defense and cell differentiation, elevated ROS levels cause cellular damage
and contribute to disease development [77,80].

Table 1. Reactive species classification.

Classification Definition Species Abbreviations
Superoxide Oy~
Hydroxyl radical HO-

At least one unpaired electron,

Free Radicals . . . Peroxyl radical ROO-
making them highly reactive. Alkoxyl radical RO.
Nitric oxide * NO-
Hyd id H,O
Reactive species without unpaired yS ro%etn peroxice 120 2
lectrons but, still, participating in gt OXygen 2
Non-radicals cecto Y Hypochlorous acid * HOCI
oxidative reactions. They can form Ozone Os
radicals under certain conditions. Organic hydroperoxides ROOH

The term reactive oxygen species (ROS) is frequently employed to refer to reactive oxygen-containing molecules,
as well as reactive nitrogen or chlorine species. * These chemical species are examples of reactive nitrogen and
chlorine species.

Cells maintain ROS homeostasis by tightly regulated biological mechanisms through a
balance between ROS production and scavenging mechanisms. Disruption of this balance,
typically due to elevated ROS levels, results in oxidative stress, a state characterized
by the disturbance of cellular redox homeostasis [81,82]. Understanding the complex
interplay between ROS, oxidative stress, antioxidants and cellular metabolism is crucial
for developing targeted interventions in several diseases associated with redox imbalance
such as cancer [83,84].

4.1. Sources of ROS in Cells

ROS are well-known to be produced from two primary sources: endogenous and
exogenous factors like radiation, pollutants, cigarette smoke, and nutrition [85]. Endoge-
nously, ROS are mainly produced by mitochondria and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases (NOXs), with other enzymes such as endoplasmic reticulum
(ER) oxidases, peroxisomes, superoxide dismutases (SODs), xanthine oxidoreductase, nitric
oxide synthases (NOSs), lipoxygenases, prostaglandin synthases, cyclooxygenases and
cytochrome P450 also contributing to their production [80,86,87].

The electron transport chain (ETC) in mitochondria is crucial for ATP production
through oxidative phosphorylation. Electrons from metabolic substrates are transferred
through protein complexes in the inner mitochondrial membrane (complexes I-1V), re-
ducing oxygen to water and generating a proton gradient that drives ATP synthesis via
the ATP synthase (complex V) [88]. Normally, ROS production in the ETC is low and
regulated, serving as signaling messengers for processes like metabolism, apoptosis, and
stress adaptation. However, complexes I and III are major ROS sources, leaking electrons
that generate superoxide anion radical (O, ™) and hydrogen peroxide (H,O,) [8§9-91]. When
ETC function is impaired, this electron leak can overwhelm antioxidant defenses, causing
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mitochondrial dysfunction, macromolecular damage, and disrupting signaling pathways
linked to disease, or triggering immune responses as danger-associated molecular patterns
(DAMPs) [92,93].

On the other hand, NOXs are a family of enzymes in the plasma membrane that play
a key role in cytoplasmic ROS production. In humans, the NOX family includes seven
members (NOX1-NOX5, DUOX1 and DUOX2), which primarily produce ROS, unlike other
cellular sources where ROS are by-products [94]. NOXs catalyze electron transfer from
NADPH to oxygen, generating O, ~ that can form other ROS like H,O, or hydroxyl radicals
(-OH). NOX-derived ROS are involved in host defense (e.g., NOS2 in phagocytes killing
pathogens) [95], signaling pathways (e.g., NOX4 regulating vascular tone [96], and thyroid
hormone biosynthesis (DUOX-produced H,O,) [97]. Dysregulation of NOXs leads to
excessive ROS, contributing to oxidative stress and damage in various diseases, including
cardiovascular, chronic inflammatory diseases, blood disorders, and tumors [98].

The ER and peroxisomes are key cellular compartments for ROS production. In the
ER, H,O; is generated during oxidative protein folding by enzymes like protein disulfide
isomerase and oxidoreductin-1. In peroxisomes, H,O, is produced during fatty acid (3-
oxidation, amino acid catabolism, and purine metabolism, and can be neutralized by CATs.
However, excessive ROS levels can overwhelm antioxidant defenses, contributing to lipid
peroxidation and oxidative stress [99,100].

Last, exogenous ROS from sources like radiation, pollutants, toxins, or therapeutic
drugs can amplify endogenous ROS production by damaging organelles and activating
ROS-producing enzymes like NOXs [101]. These ROS regulate signaling pathways but
can cause oxidative damage to DNA, lipids, and proteins when levels exceed antioxidant
defenses [102]. This interaction contributes to diseases such as hematological malignan-
cies, solid tumors, and neurodegenerative and cardiovascular disorders, emphasizing the
importance of maintaining redox balance to prevent pathological outcomes [103].

4.2. Antioxidant Defense Systems

Cells maintain redox homeostasis by balancing ROS production and antioxidant de-
fenses. ROS production is initially limited by mitochondria during OXPHOS, with NOXs
and other oxidases suppressed in a preventive phase. When ROS levels rise, cells activate
antioxidant systems to neutralize potential damage [81]. Key defense mechanisms, includ-
ing autophagy, counteract ROS through a dynamic interplay of oxidants, antioxidants, and
cellular responses [104,105].

Antioxidant defense components are categorized based on their synthesis, nature, or
function and can be divided into first-line and second-line defenses. The system is regulated
by cellular mechanisms to cope with chronic oxidative stress [106]. Enzymatic components
like SODs, catalases (CATs) and glutathione peroxidases (GPx) provide rapid first-line
defense by neutralizing ROS. Non-enzymatic components like reduced glutathione (GSH),
and peroxiredoxin/thioredoxin (TRX) system also contribute to defense. Second-line
defenses include ubiquinol (Coenzyme Q10) and exogenous antioxidants, such as vitamins,
minerals, flavonoids, and carotenoids, which further support ROS neutralization [107]
(Table 2).

Finally, despite preventive and detoxification measures, oxidative damage can occur
due to prolonged exposure to ROS. Hence, cells have evolved an adaptive third-line de-
fense response to restore redox balance by upregulating antioxidant defenses, repairing
oxidatively damaged molecules, and removing defective cellular components. Key mecha-
nisms of this cellular response include: (1) activation of antioxidant enzymes; (2) nuclear
factor erythroid 2-related factor2 (Nrf2); (3) autophagy; (4) mitophagy; (5) non-enzymatic
defense; and (6) metabolic reprogramming. For instance, stress signals dissociate Nrf2
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from its inhibitory complex (Kelch-like ECH-associated protein 1, Keapl), allowing its

translocation to the nucleus and activation of target genes encoding antioxidant enzymes
such as SODs, CATs or GPxs, while also promoting the catabolic process to degrade dam-
aged organelles, misfolded proteins and other toxic aggregates by inducing expression of
ATGs (e.g., p62/SQSTM1). Furthermore, impaired autophagy leads to p62 accumulation,
which competes with Nrf2 for binding KEAP1, enhancing Nrf2 activation [108]. This
cross-regulation is critical for protecting cells from oxidative stress, and emerging evidence

highlights the potential of targeting the Nrf2—autophagy axis in therapeutic interventions

for neurodegenerative diseases, cardiovascular disorders, and cancer [11,109-111].

Table 2. Antioxidant defense systems.

Classification Antioxidant

Characteristics

Superoxide
dismutase (SOD)

First-line

Catalase (CAT)

Glutathione
peroxidase (GPX)

Endogenous; enzymatic.
Degradation of superoxide anions to more stable ROS:
0O;” = HyO,
Three isoforms:
cytoplasmic Cu/Zn-SOD (SOD1); mitochondrial
Mn-SOD (SOD2), and EC-SOD (SOD3).
Endogenous; enzymatic.
Abundant in peroxisomes, it is absent in mitochondria of mammalian cells.
Degradation of hydrogen peroxide
0,” - H,O, - H,O+ Oy
Endogenous; enzymatic.

Mainly expressed in the mitochondria and sometimes in the cytosol.
Degradation of hydrogen peroxide, with glutathione as substrate:
0,7 - HyOp, - Hy O+ Oy
GSH — GSSG
Its activity may depend on its cofactor selenium,
so it is known as selenocysteine peroxidase.

Thioredoxin
(TRX) system

Glutathione (GSH)
Second-line Coenzyme Q10
Carotenoids

Flavonoids

Vitamin C

Endogenous; first- or second-line defense depending on the author.
Antioxidant proteins that facilitate reduction in
proteins by cysteine thiol-disulfide exchange.
Endogenous; non-enzymatic first- or second-line
defense depending on the author.

Cofactor for GPx; directly neutralizes free radicals and ROS.
Endogenous ubiquinone or exogenous from diet; non-enzymatic.
Participates in the ETC and neutralizes free radicals within mitochondria.
Exogenous; non-enzymatic.

Efficient quench of singlet oxygen and
upregulation of antioxidant enzyme activity.

Exogenous; non-enzymatic.

Direct free radical scavengers and metal-chelating properties.
Exogenous; non-enzymatic.

Ascorbate enters cells from plasma by co-transporters, being particularly
effective at scavenging superoxide radicals where SOD activity is lower.

Nrf2
Autophagy
Mitophagy

Third-line

Endogenous adaptive response.
It involves all mechanisms that upregulate antioxidant systems to
remove free radicals left during the previous lines of defense.

4.3. Redox Signaling

Redox signaling and oxidative stress are closely related but distinct, with ROS playing

a key role in determining cellular fate depending on their concentration and context

(Figure 2). Redox signaling involves low to moderate ROS levels that regulate biological
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processes, while oxidative stress occurs when ROS levels surpass the cell’s antioxidant
capacity, leading to cellular damage, disrupted signaling, and disease [112].
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Figure 2. Redox signaling and oxidative stress.

Spatial and temporal regulation is central to redox signaling. ROS are transiently
produced to enable dynamic responses, localized to specific cellular compartments such as
mitochondria, the ER, or the plasma membrane, ensuring precise outcomes. Key targets
are redox-sensitive residues, particularly cysteines and methionines, whose reversible mod-
ifications regulate protein activity [112,113]. ROS like O,~, HO,, and OH™ are essential
for oxidative stress and activating signaling cascades [80]. These signals are propagated
through complex communication networks, influencing processes like mitogen-activated
protein kinase (MAPK) cascades and p53 signaling, leading to responses such as cell cycle
arrest, senescence, or apoptosis [114]. Thus, redox signaling plays a key role in regulating
cellular processes, including antioxidant response, phosphokinase signal transduction and
redox metabolism [114,115]. Understanding redox chemistry involves considering reaction
kinetics. Redox signaling requires an oxidant (electrophile) reacting with a reductant (nu-
cleophile). Unlike conventional second messengers like cyclic adenosine monophosphate
(cAMP), redox signaling uses molecules with greater potential for non-specific reactions.
There are two main types of redox reactions: oxidation, where the oxidant accepts elec-
trons, and leaving the reducing agent in a more oxidized state. The oxidant may take
one electron (a free radical reaction) or two, leading to the oxidation of target proteins.
Two-electron oxidations predominate in redox signaling, as free radicals are more likely
to trigger further reactions. These reactions can alter protein function, gene expression,
or post-translational modifications [115,116]. The second type involves the formation of a
covalent bond between the reductant and oxidant, where atoms share electrons instead
of fully losing or gaining them [115]. However, as it will be discussed in more detail in
subsequent sections, dysregulated redox reactions and ROS production play crucial roles in
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blood and solid cancers, where ROS act as second messengers regulating cell proliferation,
death, and chemoresistance [117-119].

Upon therapy, some tumor cells undergo redox resetting, acquiring a new balance
with higher ROS levels and stronger antioxidant systems. This enables cancer cells to resist
anticancer drugs through mechanisms like increased drug efflux, altered drug metabolism,
mutated targets, activated pro-survival pathways, and reduced cell death [115]. Under-
standing these mechanisms offers promising strategies to overcome drug resistance and
improve treatment outcomes [120]. Furthermore, during metastasis, cancer cells face
significant oxidative stress as they migrate through diverse environments. To survive,
they undergo reversible metabolic changes that enhance oxidative stress resistance. How-
ever, oxidative stress can also induce ferroptosis, limiting the survival of metastasizing
cells [112,121]. Given the role of ROS in cancer, therapeutic strategies often target redox
status. Pro-oxidant therapies aim to increase oxidative stress in cancer cells, while antioxi-
dant therapies seek to reduce it. Natural substances from plants have chemopreventive
potential by modifying redox status [122-124]. Therefore, redox reactions and oxidative
stress are central to cancer biology, affecting tumor development, progression, and response
to treatment.

5. Crosstalk Between Autophagy and Oxidative Stress

Autophagy and oxidative stress are tightly regulated processes significantly influence
cancer onset and tumor progression [125-127] (Figure 3). Their interplay can suppress or
promote tumor growth, depending on the context [128]. In early tumorigenesis, autophagy
acts as a tumor suppressor mechanism by degrading oncogenic molecules, damaged
organelles, and misfolded or polyubiquitinated proteins [129,130]. It also helps reduce
oxidative stress and cytoplasmic debris [131-133], which have been related to genomic
instability and the accumulation of oncogenic mutations [129,130,134]. However, in later
stages with established tumors and during cancer progression, autophagy influences tumor
metabolism, supporting cell survival by sustaining energy needs for DNA repair, adapting
to the microenvironment [135], and modulating ROS production, metabolic reprogramming,
immune evasion, metastasis, and resistance to treatments [136].
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Figure 3. Autophagy and oxidative stress in hematological malignancies.

5.1. ROS as Inducers of Autophagy

Multiple studies have suggested that the crosstalk between autophagy and oxida-
tive stress is mediated by redox-sensitive proteins, which contain specific amino acid
residues particularly susceptible to oxidation or reduction [137,138]. These proteins mod-
ulate the intracellular redox environment, often shifting it towards a more oxidizing
state [139]. During starvation, exposure to HyO, triggers the efficient extrusion of GSH via
the MRP1 drug efflux pump. This process activates AMPK through S-glutathionylation
of specific reactive cysteine residues (Cys299 and Cys304) in « and 3 subunits, which
phosphorylates and activates key autophagy proteins, including ULK1 [140], mTORC1,
and PIK3C3/VPS34 [141-144]. Since S-glutathionylation can induce autophagy without
other stimuli, thiol redox homeostasis appears crucial for regulating autophagy. In addition
to AMPK, several proteins involved in the autophagy initiation, such as the ubiquitin-like
systems ATG7-ATG3 [143,145] and ATG7-ATG10 [143], Beclin-1 [140], PI3K [140], mem-
bers of Rab GTPase [146,147], PTEN (Cys124 and Cys71) [148] and SQSTM1/p62 [140],
are modulated by oxidation of specific cysteine residues. In support of the hypothesis
suggesting the regulation of autophagy-related proteins through the oxidation of cys-
teine residues, it has previously been demonstrated that the H,O,-mediated oxidation
of cysteine residues in ATG4, ATG3, and ATG?Y proteins is essential for inhibiting their
hydrolyzing activity on LC3-II, facilitating proper autophagosome elongation [143,144].
H,0O; inactivates ATG4B by oxidizing Cys81 near the catalytic site [143,149] and reduces
the interaction between ATG3 and ATG7 with LC3, preventing LC3 lipidation and au-
tophagy initiation [143]. In addition, mutations affecting Cys292 and Cys361 residues
in the ATG4B locus have been linked to increased autophagy flux, likely by altering the
protein’s redox sensitivity [150,151]. Furthermore, under oxidative stress, AKT forms
disulfide bonds between Cys297 and Cys311, leading to its dephosphorylation and inac-
tivation, which reduces mTORCT1 activity and induces autophagy [152]. Similarly, ROS
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increase AMPK phosphorylation and activity, thus leading to the induction of autophagy
through the inhibition of mTORCT activity and PI3K-AKT signaling [153]. Furthermore,
ROS oxidize ATM, promoting the formation of intramolecular disulfide bonds at Cys-2991.
This oxidation activates ATM independently of the DNA damage response pathway and
induces TSC2-mTOR signaling pathway, thereby promoting autophagy initiation [154].
ROS can also activate p53, which induces the transcription of sestrin proteins that promote
autophagy initiation through AMPK activation and mTORCI inhibition via the assembly
of TSC1 and TSC2 [153]. Finally, it has been reported that H,O, induces the translocation
of TFEB from the cytoplasm to the nucleus. This translocation triggers autophagy and
lysosomal biogenesis as a defensive response against oxidative damage [155]. Although
the translocation mechanism is not fully understood, it is believed to be directly induced by
ROS, which oxidize specific cysteine residues in TFEB, TFE, and MITF, leading to enhanced
expression of genes implicated in the autophagy-lysosome pathway [156], thus linking
redox signaling with autophagic regulation.

In addition to the post-transcriptional regulation of autophagy by oxidative stress,
it has been reported the existence of redox-independent relationship between autophagy
and antioxidant response, primarily mediated by the p62/Keapl/Nrf2 pathway [131,140].
Furthermore, it has been shown to selectively target oxidized and damaged biomaterials
for lysosomal degradation [157], reducing oxidative stress and promoting cell survival.

5.2. Autophagy as Regulator of Oxidative Stress

Autophagy regulates oxidative stress by clearing damaged organelles [137], oxidized
proteins [158], and protein aggregates [159], as well as by reducing ROS levels through
different pathways, including the regulation of TFEB [156]. It is well known that au-
tophagy plays a key role in maintaining cellular homeostasis by selectively targeting
specific organelles for degradation, including mitochondria (mitophagy), peroxisomes
(peroxiphagy), the ER (reticulophagy) and lysosomes (lysophagy) [132,137]. Once formed,
the autophagosome can engulf these organelles or harmful protein aggregates, which are
then degraded by lysosomal enzymes [160]. This process is vital for preventing ROS accu-
mulation particularly from dysfunctional mitochondria [161,162], peroxisomes [143,163]
and lysosomes [132,156]. It also helps maintain the balance between ROS production and
scavenging [164,165], facilitating the recycling of their components for energy production
and biosynthesis [160,166]. ROS from mitochondria are mainly involved in oxidative phos-
phorylation reactions within the inner mitochondrial membrane. These ROS are regulated
by classical scavengers, including SOD family proteins and the GSH redox system, which
sequentially convert O, into HyO,, and then reduce it to O, and H,O [167]. When mito-
chondria are dysfunctional, ROS accumulate leading to cellular damage [168] and activating
autophagy. Conformational changes in the mitochondrial membrane trigger autophagy
activation through Parkin-dependent ubiquitination [169] and the BNIP3-NIX-FUNDC1
mitochondrial adaptor pathways. When Parkin is phosphorylated by PTEN-induced pu-
tative kinase 1 (PINK1), it ubiquitinates outer membrane proteins (VDAC1, Mfnl and
Min2) [158,170], as well as other proteins such as fission protein (FIS) and its adaptor
(TBC1D15), and mitochondrial translocases (TOMM20 and TOMM?70) [170]. Once ubiqui-
tinated and tagged for proteasomal degradation, these proteins bind to autophagy cargo
receptors (SQSTM1, NDP52 and optineurin) [158], promoting mitochondrial engulfment
by the autophagosome. This process is also activated by Rab signaling proteins, including
RABGEF1, RAB5 and RAB7A [171,172], and autophagy receptors such as p62, TAX1BP1,
and CALCOCO?2 [170]. Furthermore, the BNIP3-NIX-FUNDC1 mitochondrial adaptor
pathway promotes mitochondrial attachment to the autophagosome. This step is positively
controlled by ULK1 and Src [173,174] and involves the recruitment of WIPI proteins (WIPI1,
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WIPI2 and WIPI3) to facilitate the recruitment of downstream proteins of the autophagy
machinery [175].

On the other hand, the engulfment of peroxisomes plays a key role in modulating
oxidative stress. These organelles are involved in lipid metabolism, ketogenesis, and the
metabolism of cholesterol and isoprenoids [176]. They contain acyl-CoA (ACOX) and
D-amino oxidases, which generate intracellular H,O, [177], as well as xanthine oxidases
and small ETCs in their membranes that produce anion superoxide (O, 7) [178]. When
peroxisomes are defective or damaged, they cause an elevation in intracellular ROS levels,
activating ATM through the oxidation of specific cysteine residues, including Cys2991.
This oxidation results in the formation of multiple intracellular disulfide bonds, promoting
ATM dimerization [179]. Once activated, ATM promotes AMPK and ULK1 activation
while inhibiting mTORCT1 to induce autophagy. Additionally, ATM phosphorylates PEX5
at Ser141 and promotes its mono-ubiquitination at K209 [180], facilitating its recognition by
p62 and NRB1. These adaptor proteins, in association with LC3, guide the autophagosome
to the damaged peroxisomes [181]. Another peroxisomal protein recognized by p62 and
NRB1 after undergoing oxidative modifications is PEX14, which is implicated in the timely
removal of dysfunctional peroxisomes. H,O,-induced phosphorylation of PEX14 at Ser232
inhibits the peroxisomal import of CAT in vivo and disrupts the interaction of CAT with
the PEX14-PEX5 complex in vitro [182].

Regarding reticulophagy and lysophagy, there is solid evidence suggesting that
they help in eliminating damaged ER and lysosomes. Reticulophagy is activated during
ER stress and helps in maintaining ER homeostasis by degrading damaged ER compo-
nents, which can be triggered by oxidative stress through the unfolded protein response
(UPR) [183]. Additionally, reticulophagy indirectly influences oxidative stress by pre-
serving mitochondrial function, as intact mitochondria are observed during excessive
ER-phagy [184]. Reticulophagy helps in reducing ER stress-induced ROS production,
which can otherwise damage mitochondria [185]. In addition, ER stress activates the Nrf2
transcription factor, which enhances the expression of antioxidant response genes, thus
protecting mitochondria from oxidative damage [185]. One key mechanism involves the
PERK pathway, where the ER stress sensor PERK phosphorylates and activates NRF2,
causing it to dissociate from its repressor KEAP1 and translocate to the nucleus [186,187].
Recent studies have demonstrated that PERK activation stimulates NRF2 expression via the
transcription factor ATF4, suggesting that NRF2 has a central role in preventing oxidative
damage [186]. A noncanonical pathway also involves the autophagy receptor p62/SQSTM1,
which binds and degrades KEAP1, thus facilitating NRF2 activation. Once activated, NRF2
induces the expression of antioxidant genes such as NQO1 and HMOX1/HO-1, which help
in neutralizing ROS and protect mitochondria from oxidative damage [188]. Furthermore,
NREF?2 activation promotes components of the UPR, including XBP1 and ATF6«, contribut-
ing to ER integrity and protein homeostasis [189,190]. By coordinating these protective
responses, NRF2 activation helps maintain redox balance, reduce mitochondrial oxidative
damage, and support cell survival during stress [188]. Besides these mechanisms, retic-
ulophagy supports mitochondrial quality control by maintaining ER function, which is
essential for protein folding [191-194], lipid synthesis [195], and mitochondrial membrane
integrity [196,197]. It also regulates mitophagy by providing membrane sources for au-
tophagosome formation and influences mitochondrial energy metabolism by regulating
lipid homeostasis [198] and calcium signaling between the ER and mitochondria [197,199],
affecting ATP production. Likewise, reticulophagy impacts mitochondrial dynamics, in-
cluding fission and fusion [185], by modulating the structure of the ER, which is essential
for mitochondrial network formation and cellular stress adaptation. Reticulophagy also
controls oxidative stress by influencing lipid metabolism [200] and lipid droplets (LDs)
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homeostasis, which store excess lipids. LDs play a protective role by preventing lipotoxicity
and the toxic effects of unesterified lipids [201-203]. Conversely, changes such as the
accumulation of free fatty acids, cholesterol and ceramide lead to lysosomal membrane
permeabilization and lipid-ROS production [184,198]. The ER and mitochondria are con-
nected through structures known as mitochondria-associated membranes [204-206], which
are crucial for lipid synthesis and exchange [207,208], particularly involving phospholipids
like phosphatidylcholine, phosphatidylethanolamine, diacylglycerol, and cholesterol [209].
Disruptions in lipid metabolism at these sites can destabilize lysosomal membranes, leading
to lipotoxicity [210,211], accumulation of lipid hydroperoxides, and increased membrane
permeability [212,213]. This destabilization facilitates the release of ROS and damaging con-
tents from ribosomes and lysosomes, such as cathepsins, exacerbating oxidative stress [214].

Similarly to reticulophagy, ribophagy, and lysophagy, the selective autophagy of
damaged ribosomes and lysosomes can mitigate oxidative stress [215]. Given that these
processes are faster compared than the autophagy of entire organelles, it has been pro-
posed that they are selective mechanisms [200,216-218]. Among these specific autophagic
processes, lysophagy has gained significant attention as it supports mitochondrial quality
control by maintaining lysosomal function, which is critical for mitophagy, and reduc-
ing ROS production [212,219]. Recent studies have suggested that ubiquitination plays
a key role in the regulation of both lysophagy and ribophagy [216,220]. Ubiquitin-based
modifications are commonly involved in the selective elimination of cellular structures,
suggesting they could dictate which ribosomal and lysosomal components are targeted
for degradation. Upon lysosomal damage, extensive ubiquitination of lysosomal proteins
occurs [221], involving both K63-linked and K48-linked ubiquitin chains that serve as
recruitment platforms for autophagy receptors, enabling the identification of damaged
organelles [222,223]. This ubiquitination cascade relies on E1 ubiquitin-activating enzymes,
E2 ubiquitin-conjugating enzymes like UBE2QL1, and E3 ubiquitin ligases such as TRIM16
and SCF FBXO27 [222]. UBE2QL1 is particularly critical, as its depletion reduces ubiquitina-
tion and disrupts lysophagy [224]. Temporal dynamic studies have revealed that K63 chain
formation occurs within 30-60 min of damage, while K48 chains peak after 2-3 h [222].
These ubiquitin chains recruit autophagy receptors, such as p62/SQSTM1, TAX1BP1, and
Optineurin, which link damaged lysosomes to the autophagy machinery [225]. Addi-
tionally, ubiquitination facilitates the recruitment of the AAA-ATPase VCP/p97 and the
TRIM16-Galectin-3 complex, which, along with factors like ATG16L1 and ULK1, drive local
phagophore formation [222,223]. This orchestrated process ensures the efficient removal of
damaged lysosomes, maintaining cellular homeostasis.

In ribophagy, the Ubp3-Bre5 complex interacts and controls the ubiquitination of
ATG19 [226], a receptor in the cytoplasm-to-vacuole targeting pathway [227]. ATG5-
ATG19 autophagy interaction motifs (AIM) interaction competes with the ATG8-ATG19
AIM interaction [228], suggesting a regulatory mechanism involving ubiquitination and
deubiquitination activities. In addition, it is also supported by the fact that decreased levels
of the ubiquitin ligase Rsp5, along with the deletion of Ubp3, impair ribosome turnover,
although other cytoplasmic proteins are still degraded by autophagy [229]. These findings
underscore the importance of both ubiquitination and deubiquitination in regulating
ribophagy and suggest the importance of understanding the precise mechanisms behind
these processes and its regulation.

Finally, it is important to highlight the role of lipophagy in cellular lipid metabolism
and homeostasis, particularly under oxidative stress conditions [230]. High glucose lev-
els, for example, can activate lipophagy to alleviate lipid accumulation by promoting
LD breakdown and enhancing mitochondrial 3-oxidation, with oxidative and ER stress
pathways acting as key regulators [231]. ROS also triggers lipophagy through the activa-
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tion of transcription factors like TFEB via lysosomal calcium release, creating a feedback
mechanism to mitigate oxidative damage [232]. However, prolonged oxidative stress can
impair lipophagy [183,209], as seen in endothelial cells exposed to oxidized low-density
lipoprotein (ox-LDL), where reduced lipophagic activity leads to lipid accumulation and
cellular damage [233]. Interestingly, exposure to ox-LDL also induces oxidative stress in
liver, increasing LD enriched with cholesteryl ester hydroperoxidases and deregulating
genes like SREBP1, FASN and DGAT1 [234]. These findings underscore the critical role of
lipophagy in lipid homeostasis [231] and its dysfunction under oxidative stress, contribut-
ing to diseases like atherosclerosis and non-alcoholic fatty liver disease (NAFLD) [230,234].
Furthermore, lysosomes are central to this process, as impaired lysosomal function exac-
erbates oxidative stress and metabolic dysfunctions, highlighting the interplay between
lysosomal activity, ROS production, and lipophagy in cellular health.

Although the information above links mitophagy, reticulophagy, ribophagy, lysophagy,
lipophagy and oxidative stress, further research is needed to fully understand their roles
in maintaining cellular redox balance and their contributions to diseases such as NAFLD,
neurodegenerative diseases, and cancer.

6. The Role of Autophagy and Oxidative Stress in
Hematological Malignancies

Autophagy and oxidative stress play crucial roles in the development, progression,
and treatment of hematological malignancies. Disruption in autophagy and oxidative
imbalance during hematopoiesis can lead to malignant transformation and increased cell
proliferation [21] and it may have different biological effects depending on the specific
tumor type, genetic context, and stage of development [235]. The complex interplay
between autophagy and oxidative stress significantly impacts malignant cell survival, drug
resistance, and therapeutic outcomes.

6.1. Autophagy and ROS as Modulators of Tumor Survival, Treatment and Disease Progression

In the early stages of hematological cancers, autophagy serves as a survival mech-
anism that helps cancer cells cope with metabolic stress caused by rapid proliferation,
nutrient deprivation, or hypoxia. This adaptive response allows tumor cells to maintain
viability under harsh conditions and contributes to their persistence and potential relapse.
Autophagy enables cancer cells to recycle intracellular components, providing energy and
essential building blocks during metabolic stress. This process is particularly important
in apoptosis-defective cells, allowing them to survive prolonged nutrient and oxygen
deprivation [59,236]. In leukemic cells, hypoxia-induced autophagy has been shown to
support the survival of leukemia stem cells (LSCs), contributing to chemoresistance and
disease progression [237]. Additionally, autophagy facilitates tumor dormancy by enabling
residual cancer cells to endure metabolic deprivation. These dormant cells can later re-enter
the cell cycle and drive relapse when conditions become favorable [238,239]. The ability of
autophagy to maintain cellular homeostasis under stress resembles a “hibernation-like”
state that enhances long-term survival [236,238]. While autophagy supports cancer cell
survival, its suppression in early tumor stages can lead to increased genomic instability,
inflammation, and necrotic cell death, promoting tumorigenesis [236,237].

On the other hand, in advanced stages, autophagy becomes a pro-survival mechanism
that sustains malignant growth and resistance to therapy [236,240]. Therapeutically, inhibit-
ing autophagy may improve treatment outcomes in hematological cancers by sensitizing
cancer cells to stress-induced death, particularly in apoptosis-defective tumors [236,240].
However, the paradoxical role of autophagy as both a tumor suppressor and promoter
complicates therapeutic strategies. Careful timing and context-specific targeting are critical
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to avoid unintended consequences. Clinical trials are currently investigating the efficacy
of therapies targeting autophagy and oxidative stress in combination with traditional
treatments to enhance patient outcomes. Strategies aimed at oxidative stress focus on
two key approaches: mitigating ROS-induced damage to healthy tissues or leveraging
elevated ROS levels to selectively target cancer cells. Increasing evidence highlights the
potential of combination therapies that concurrently modulate autophagy and oxidative
stress, offering a promising avenue for more effective cancer treatments. For example, com-
bining autophagy inhibitors with pro-oxidants has shown synergistic effects in preclinical
models, as the inhibition of autophagy sensitizes cancer cells to ROS-induced death [18].
Additionally, targeting upstream regulators of autophagy and oxidative stress, such as the
PI3K/AKT/mTOR axis, offers a promising avenue for integrated therapeutic strategies.

6.2. ROS and Autophagy in Hematological Malignancies
6.2.1. Leukemias
Chronic Lymphocytic Leukemia

In CLL, oxidative stress levels are higher compared with normal B cells. The main
source of ROS in CLL cells is mitochondria, which also has an increased mitochondrial
mass. Mitochondrial ROS, specifically superoxide and hydrogen peroxide, are products of
mitochondrial respiration and play a role in B-cell receptor (BCR) signaling by modulating
cellular metabolism. This process involves oxidative phosphorylation and highlights the
differences between naive B cells and anergic B cells [241]. Higher levels of ROS produce
genomic instability and DNA damage which affects disease progression. Mitochondrial
DNA mutations (mtDNA) can increase the nitric oxide (NO) levels, which have an influence
on mitochondrial biogenesis [242]. Inhibition of NOS, the enzymes that produce NO and
oxidative stress, can modify this process. It is demonstrated that L-NAME, an inhibitor of
NOS, induces apoptosis in CLL cells by the reduction in the NO production affecting the
oxidative stress pathways and the mitochondrial biogenesis [242,243].

Additionally, PI3K/AKT signaling pathways play a key role for cell proliferation and
survival. It is overexpressed in CLL cells due to the inhibition of the SH1P phosphatase,
which usually inhibits this pathway. Restoring the SHIP1 activity could be a potential
target for CLL by limiting this pathway and promoting cell death [244]. Higher levels of
phosphorylated STAT3 in Ser727 (pSTAT3Ser727) in mitochondria is another significant
mechanism for the CLL. Overexpression of STAT3 improves the antioxidant defenses
of the CLL cells, improving their survival. So, it could be a potential target therapy to
reduce malignant B cells in CLL [245]. In conclusion, these processes highlight the role
of the mitochondrial function in the PI3K/AKT signalization and the antioxidant defense
mechanism in CLL, suggesting several therapeutics targets in future treatments.

The transcription factor Nrf2 (the nuclear factor erythroid 2-related factor 2) presents
higher levels by oxidative stress and toxic aggressions. Nrf2 function is the regulation
of the expression of numerous proteins that play a role in the antioxidant response, im-
proving the CLL cell survival. The increased mitochondrial mass and the production of
mitochondrial ROS activates this signalization pathway in CLL cells [246]. Under nor-
mal conditions, Keap1 negatively regulates Nrf2, promoting its degradation through the
ubiquitin-proteasome pathway. However, under pathological conditions, such as oxida-
tive stress, Keap1 modified in its cysteine reactive residues, these modifications produce
conformational changes in the Keapl protein, releasing Nrf2. Once released, Nrf2 is
translocated to the nucleus and activates the antioxidant and cytoprotective gene tran-
scription [247]. Nrf2 promotes the expression of the catalytic and modulates antioxidant
subunits, GCL (Glutamate-Cysteine Ligase) subunits, which enhances the expression of
GSH. Furthermore, GSH positively regulates the heme oxygenase-1, which also positively
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regulates the mitochondprial transcription factor A, stimulating mitochondrial biogenesis.
This process reduces the ROS damage and compensates for reduced mitochondrial energy
production [248].

Sénchez-Lopez et al. (2020) showed that the activation of p-62-Nrf2 pathway, depen-
dent on NF-kB plays a key role in the survival and drug resistance in CLL cells with high
levels of ROR 1, a tyrosine kinase receptor associated with a poor prognosis [249]. The
activation of NF-kB by microenvironmental factors such as BAFF (B-cells activation factor),
increases ROS production. Furthermore, the signaling adaptor p62 (SQSTM1) is involved in
the union of NF-kB with Nrf2. Consequently, higher levels of p62 promote the sequestration
of Keap1, protecting the CLL cells by reducing ROS cell effects. In addition, in higher
expression of ROR1 CLL cells, the activation of NF-kB through the BAFF signalization
improves the autophagy flux, producing an accumulation of p62. To summarize, this
process is involved in cell survival and drug resistance, by the reduction in the oxidative
stress induced by ROS levels [249].

The autophagy process implications in the disease vary depending on the patient’s
stage. In early Binet stage patients, the BECN1 and ATG5 expressions are higher, and
LC3-II has shown a similar tendency. These are associated with the del(13q) and the
negativity of CD38 biomarker, associating the autophagy process to a better prognosis.
Additionally, survival analysis showed that high expression of ATG5 correlated with a
longer survival without treatment [250,251]. SLAMF1 is also associated with the prognosis
of the disease. Low levels of this gene correlate with aggressive forms of CLL and reduce
autophagy. The expression of SLAMF1 depends on the ROS levels within the cell, and
a low expression of SLAMF1 negatively regulates ROS, reducing their levels. It also
depends on the MAP Kinases that regulate cellular signaling, and by the BCL2 complex
phosphorylation, which releases Beclin-1. In conclusion, reduced SLAMF1 levels diminish
the formation of autophagy complexes and produce resistance to certain therapies such as
fludarabine and ABT-737 [252].

On the other hand, the overexpression of the PI3K components, including the PIK3C3,
PIK3R4, and BECN genes, is associated with a poorer prognosis. Additionally, it was
verified that these three genes can be independent prognosis markers [253]. Smith et al.
(2019) investigated the viability of CLL with autophagy inhibition using VPS34-IN1. They
observed that inhibition produces lower levels of LC3B-II mediated for BCR but did not
produce effects on BCR signalization. Their study concluded that autophagy has a protector
effect in CLL patients, and its inhibition could be a potential therapy [254]. Recently, Chen
et al. (2024) showed the role of USF2 in CLL. The overexpression of this gene promotes
cell proliferation and inhibits apoptosis, which is related to a poorer prognosis in CLL.
Their study revealed that USF2 can act as an autophagy enhancer, since its overexpression
produces an increase in the LC3I1/LC3I ratio and Beclin-1 expression [255].

Therapeutic implications: In CLL, targeting mitochondrial metabolism offers a promis-
ing therapeutic approach, as drugs that disrupt mitochondrial function or increase mi-
tochondrial ROS selectively induce cytotoxicity in CLL cells, sparing normal cells. For
instance, PK11195, which targets mitochondrial F1F0-ATPase, increases superoxide pro-
duction and triggers apoptosis in CLL cells. Additionally, inhibiting antioxidant defenses
by targeting pathways such as Nrf2 or STAT3 could reduce the antioxidant capacity of CLL
cells, rendering them more susceptible to oxidative damage. Furthermore, combination
therapies that pair ROS-inducing agents with inhibitors of autophagy or antioxidant path-
ways (like p62-Nrf2 and USF2) may enhance therapeutic efficacy and help overcome drug
resistance, offering a more effective treatment strategy for CLL.
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Acute Lymphoid Leukemia

Acute lymphocytic leukemia (ALL) is characterized by the abnormal clonal prolif-
eration of naive or mature T to B lymphocyte cells, leading to their infiltration into bone
marrow, peripheral blood, and sometimes other organs and tissues. This disease exhibits
significant clinical heterogeneity and diverse biological features. ALL predominantly
affects children more than adults, with B-lymphocyte lineage being the most involved
subtype [256].

The most common genetic alteration in patients with ALL, occurring in 20-40% of
cases, is BCR/ABL translocation [257]. This gene fusion plays a crucial role in cellular
growth and the reduction in apoptosis by the transcription of BCR/ABL protein with
tyrosine kinase activity [258]. Studies have shown that the BCR/ABL protein can in-
crease intracellular ROS levels through the activation of the NOX complex [259]. Addi-
tionally, BCR/ABL can further elevate ROS by activating other pathways, such as the
PI3K/AKT/mTOR signaling pathway. Malignant cells with this mutation often develop
mechanisms to resist the DNA damage caused by elevated ROS levels [260]. Additional
studies analyzed the interaction between the PI3K/AKT pathway and IL-7 in the produc-
tion of ROS. These studies also demonstrated that the use of ROS eliminators inhibited the
viability of T-ALL cells, and in some cases, it induced the death of malignant cells [261]. On
the other hand, Lim et al. (2020) discovered that IL-7 signaling in the JAK/STAT pathway
enhances cell growth and increases ROS levels in malignant cells. B-ALL cells are depen-
dent on high levels of ROS for survival [262]. NOTCH1, a membrane receptor with an
essential function in the proliferation, differentiation, and activation of T-cells, is the least
regulated pathway in T-ALL [263]. Patients that carry this mutation have higher levels of
ROS due to the regulation of c-Myc that activates the PI3K/Akt/mTOR pathway [264] and
the upregulation of CK2 (casein kinase 2) caused by the downregulation of the function
of the PTEN protein. The inhibition of CK2 and normal levels of ROS cause the death of
T-ALL cells without producing any damage to normal T-cells [265]. Ping et al. (2022) show
that the levels of creatine, albumin, or C-reactive protein, indicators of cellular stress levels,
could be independent prognostic factors for overall survival (OS) in T-ALL [266].

Kantner et al. (2013) found in murine models that the fusion gene ETV6/RUNX1
(TEL/AML1), the most common chromosomal aberration in the pediatric form of ALL,
which occurs in 25% of children with B-ALL, generates a preleukemic clone and induces
elevated levels of ROS. These increased ROS levels result in genetic instability and DNA
strand breaks, leading to the transformation of preleukemic clones into malignant cells [267].
Polak et al. (2019) discovered another critical function of the aberration ETV6/RUNXI,
showing that it regulates autophagy levels in leukemic cells even in the absence of cellular
stress. Specifically, ETV6/RUNXI induces the activation of Vps34, a key component of
the central regulatory complex for autophagy. In this context, autophagy promotes the
survival and proliferation of leukemic cells. Importantly, the inhibition of Vps34 and
autophagy pharmacologically was shown to reduce the survival and proliferation of these
cells [268]. Building on this, Bwanika et al. (2024) corroborated the findings of Polak et al. by
reporting elevated levels of Vps34 and autophagy in patients with the ETV6/RUNX1 fusion
gene. Additionally, they identified the upregulation of ATG14, a protein closely linked to
autophagy. These findings emphasize the role of ETV6/RUNX1 in enhancing autophagy
and supporting cell survival [256]. Collectively, these studies demonstrate a connection
between the ETV6/RUNX1 fusion gene, autophagy, and cellular stress. However, it is
necessary to conduct more research in these fields to explore the interplay between these
processes and their therapeutics implications.

In B-ALL, resistance to glucocorticoids is the principal treatment for the disease. It
is associated with an increased activation of the MAPK pathway, which leads to a poor
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prognosis. The MEK1/2 inhibitor, selumetinib, enhances the effectiveness of GC and
reduces the activation of pERK1/2, also affecting the mTOR pathway [269]. Additionally,
selumetinib increases the level of LC3-1I, a marker crucial for autophagy [270,271]. In
pediatric patients, leukemic cells show low expression of ATGs such as ATG7. Additional
studies indicated that the deletion of this key gene in murine models resulted in an increased
proliferation of leukemic cells [271]. Furthermore, activating autophagy with rapamycin
has been shown to improve survival in mice with B-ALL [271]. These findings suggest that
targeting autophagy could be a promising therapeutic approach.

In T-ALL, research in Jurkat cells models of the disease, have shown that certain
therapies, such as timosaponin A III, can activate autophagy and apoptosis, suggesting that
autophagy could be a potential therapy for T-ALL [272]. Another study discovered that the
JAK/STAT pathway is frequently mutated in T-ALL, proposing TG101209 inhibitor of JAK2
can suppress the autophagy and the cell proliferation through the modulation of JAK/STAT
pathway [273]. Other drugs, like MK-2206, and CQ inhibit the autophagy and protect the
malignant cells for the apoptosis [264,274]. In the case of FAPP2, its overexpression in
T-ALL is involved in the activation of PI3K/AKT/mTOR pathway contributing to leukemic
cell proliferation and survival. The negative regulation of FAPP2 induce the autophagy and
trigger the inhibition of the malignant cell proliferation, suggesting that the modulation of
the expression of this gene could be a potential therapeutic strategy, due to the autophagy
induce by its negative regulation produce a leukemic cell death and help to control the
T-ALL progression [264]. Therefore, new therapies with autophagy present challenges and
require further investigation, but in general, autophagy suppression represents a potentially
interesting therapeutic approach.

Therapeutic implications: Targeting oxidative stress in ALL offers promising strategies
for treatment. In T-ALL, ROS eliminators, such as NOX inhibitors or CK2 targeting, can
induce apoptosis in malignant cells while sparing normal cells. Combining ROS modulation
with inhibitors of critical pathways like PI3K/AKT/mTOR may enhance therapeutic
efficacy. In parallel, modulating autophagy provides additional therapeutic potential.
Inhibiting autophagy, for example with VPS34 inhibitors, disrupts survival mechanisms
in leukemic cells, while activating autophagy with agents like rapamycin can improve
outcomes, particularly in B-ALL with low ATG expression. Furthermore, pathway-specific
inhibitors targeting PI3K/AKT/mTOR or JAK/STAT pathways can suppress both ROS
production and autophagy, reducing leukemic cell viability. Additionally, MEK inhibitors
like selumetinib have shown potential in enhancing GC sensitivity while modulating
autophagic flux, offering new avenues for therapeutic intervention.

Chronic Myeloid Leukemia

Chronic myeloid leukemia (CML) is a malignant myeloproliferative neoplasm char-
acterized by the uncontrolled cell proliferation of myeloid cells in different stages of
maturation. The disease progression is heterogeneous, and the patients can present one
of three clinical phases: the chronic phase, the accelerated phase and the blast crisis. The
chronic phase is the initial stage, defined by less than 10% of blast in bone marrow or
peripheral blood. The accelerated phase is an intermediate stage, in which the blast repre-
sents between 10 and 19%. Finally, the blast crisis is the most advanced progression, and
it is characterized by more than 20% of blast, which could be of myeloid, lymphoid or
undifferentiated origin [275].

CML patients have a reciprocal translocation between the long arm of chromo-
some 9 and the long arm of chromosome 22, resulting in the Philadelphia chromosome
(t(9;22)(q34;q11)), which creates the hybrid gene BCR/ABL. This gene encodes a tyrosine
kinase with a key function in the transformation of the leukemic HSC, promoting abnormal
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cellular proliferation, protein synthesis and antiapoptotic signals [276,277]. Nowicki et al.
(2004) demonstrated the importance of the aberration BCR/ABL in CML. Their study
has shown that the double-strand breaks in the patients with this aberration occur by the
increase in ROS levels induced by the gene fusion. Furthermore, the HSC stimulation for
growth factors or the BCR/ABL kinase results in higher levels of ROS in comparison than
the normal cells [278]. The reason for this is that the Philadelphia chromosome inhibits
two detoxifying enzymes, the CAT and Glrx1, contributing to the oxidative stress [279].
Similar to ALL, this aberration can activate the PI3K/mTOR pathway, increasing the intra-
cellular ROS levels [260]. The activation of this pathway induces the activation of ATF5, a
transcription factor that regulates mTORC1, depending on Fox4, a factor involved in cell
survival and metabolism. This suggests that the BCR/ABL gene increases the expression
of mTORCT, contributing to the inhibition of autophagy [280]. On the other hand, studies
demonstrated that the inhibitor of BCR/ABL used in the treatment against CML, imatinib,
inhibits the expression of microRNA-30a in CML cells producing an increase in autophagic
flux and higher levels of the proteins Beclin-1 and ATGS5 [281]. In addition, Colecchia
et al. (2015) found that MAPK15 (also known as ERKS) plays a crucial role in autophagy
induced by BCR/ABL in CML. MAPK15 regulates the interaction between the protein
fusion BCR/ABL and the autophagy vesicles, facilitating autophagy activation. It also
interacts with the LC3 family proteins depending on LIR (LC3-Interacting region), which
is essential for autophagy. The inhibition of MAPK15 reduces cell proliferation and the
tumor development produced by the Philadelphia chromosome, presenting MAPK15 as a
therapeutic target in CML [282].

Another study in murine models suggests that BCR/ABL kinase activity regulates
autophagy by phosphorylating Beclin-1 at tyrosine residues 233 and 352 in CML. This
phosphorylation disrupts the interaction between key autophagy regulators, including
UVRAG, VPS15, ATG14, VPS34, RUBICON, and Beclin-1. The result is the inhibition
of autophagy, which impacts cancer cell survival and proliferation. This mechanism
highlights the role of BCR/ABL in manipulating cellular processes to promote leukemia
cell survival [269].

Therapeutic implications: In CML, high ROS levels are crucial for cell survival but
also contribute to DNA damage. Therapeutic strategies that modulate ROS levels or
enhance antioxidant defenses could disrupt this balance, potentially sensitizing CML
cells to treatment. Additionally, modulating autophagy presents a promising approach.
Inhibiting autophagy in CML cells, for example, by targeting Vps34 or MAPK15, impairs
autophagic flux and reduces leukemic cell viability. On the other hand, inducing autophagy
in combination with tyrosine kinase inhibitors (TKIs) like imatinib may improve therapeutic
outcomes by promoting apoptosis in resistant CML cells. Furthermore, combining TKIs
with agents that target oxidative stress or autophagy-related pathways holds promise for
improving outcomes in resistant or advanced-phase CML.

Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a hematological malignancy defined by an abnormal
growth of myeloid blast or progranulocytes that do not mature properly. The disease has
an unfavorable or poor prognosis. In 2024, the estimated new cases are 20,800 (1% of all
new cancer diagnoses) and the median age of diagnosis is 69 years. The prognosis is poor
with a general survival rate after 5 years lower than 50% in young patients with LMA and
lower than 20% in older patients [264].

In AML the ROS levels are essential to predict the prognosis of the patients. There
are multiple mechanisms to increase the ROS levels. The mutation in FLT3, affecting
30% of AML patients, is associated with a poor prognosis due to a shorter OS [283].

135



Antioxidants 2025, 14, 264

Stanicka et al. (2015) demonstrated that AML patients carrying this mutation had increased
the levels of ROS due to the NOX, specifically NOX4 and p22phox. These molecules act
as pro-survival signals [284]. Earlier, Hole et al. (2013) concluded that AML blast with
NOX produces higher levels of ROS than the normal blast. They discovered that the ROS
produced by NOX2 are associated with dysfunction in p38 MAPK and that inhibiting this
molecule improved cell proliferation. Additionally, extracellular ROS contributed to the
proliferation of AML cells [285]. More recently, this research group demonstrated that
NOX2 enhanced glucose uptake and the glycolysis process through reprogramming cell
metabolism. It is produced by the activation of a key enzyme of the glycolysis process,
PFKFB3, generating NADPH and biosynthetic precursors in AML [286].

FLT3-ITD (FLT3 tyrosine kinase receptor) triggers downstream pathways such as
STATS, PI3K/AKT, and RAS/MAPK, which are linked to the higher levels of ROS in AML
patients [287]. In contrast with other types of leukemias, these higher levels of ROS are
cytoplasmic because the FLT3 mutation occurs in the cytoplasmic membrane [283]. Proteins
such as Jab1 and TRX, which are involved in cell growth, can be activated by the higher
levels of ROS produced by the FLT3 mutation, suggesting that ROS/Jab1/TRX could be
a therapeutic target in AML [288]. Rasool et al. (2007) investigated the NRAS and BCL2
genes and the ROS levels in the leukemic cell. Their study in murine models concluded that
mutations in NRAS produce higher levels of ROS, increasing cellular stress. Furthermore,
the double mutants NRAS and BCL2 produced more ROS levels and had a significant
impact on the AML blast [289]. Other authors showed in murine models that autophagy
is essential for leukemic initiator cells in the bone marrow but not for the differentiated
leukemic blast, as it prevents cellular stress. The accumulation of ROS and mitochondria
are closely linked to the maintenance of leukemic initiator cells. When comparing normal
and leukemic initiator cells, the latter is shown to have a higher number of mitochondria
than the former. In contrast, in peripheral blood, autophagy improves the survival of
leukemic cells regardless of their differentiation stage [290]. Additionally, autophagy is
closely correlated with glycolysis. Increasing glycolysis levels can suppress autophagy
flux producing poorer disease prognosis. Studies show that the inhibition or deletion of
the gene ATG5 reduces the levels of autophagy and increases AML cell proliferation by
inducing higher levels of glycolysis [291]. Other studies show that the inhibition of ATG3
produces the same effect in tumor progression, showing the importance of autophagy in
the disease [292]. Wang et al. (2019) discovered that patients with mutated NPM1 have
an increased expression of PKM2, a glycolytic enzyme that increases the phosphorylation
levels of Beclin-1, a key molecule in autophagy. They observed that the higher levels of
PKM2 are associated with poorer prognosis in AML patients [293]. On the other hand, in
de novo AML patients, the basal autophagy flux is lower, and the expression of ATG7 and
LC3 genes is reduced, showing a strong correlation with autophagy levels. Therefore, a
reduction in the autophagy pathway could produce the initiation of leukemogenesis [294].

Patients with FLT3 mutation are associated with higher levels of basal autophagy,
contributing to drug resistance. Elevated autophagy levels are associated with higher
expressions of phospho-FLT3, phospho-BKT, and ATF4 in resistant AML cells [295].
Heydt et al. (2017) show in mice that the transcription factor ATF4 depends on FLT3-ITD
activity, and the inhibition of ATF4 inhibits the proliferation of AML, increasing survival,
mimicking the effects of autophagy inhibition [296]. Recently, Shang et al. (2019) inves-
tigated the implication of circular RNA in autophagy in therapy resistance cells. Their
study revealed that circPAN3 has an important function in the acquired resistance in AML.
circPANS, which is expressed in resistant AML cells, enhances autophagy levels by the reg-
ulation of the AMPK/mTOR pathway, making circPAN3 a new therapy target in relapsed
AML [297]. In conclusion, autophagy plays a heterogeneous role in AML. While higher
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levels of autophagy may improve prognosis due to the inhibition of glycolysis, it may also
lead to a worse prognosis due to the resistance of AML cell therapy.

Therapeutic implications: Targeting ROS-producing pathways, such as NOX en-
zymes or FLT3 signaling, offers a promising strategy to reduce oxidative stress and impair
leukemic cell survival. Additionally, the ROS/Jabl/TRX axis has emerged as a poten-
tial therapeutic target for disrupting pro-survival signaling in AML cells. Targeting this
pathway could enhance the vulnerability of tumor cells to treatment by inhibiting their
oxidative defense mechanisms and promoting cell death, offering new avenues for therapy
in resistant AML cases. In addition, inhibiting key autophagy regulators, such as ATG5 and
ATG7, has shown potential in reducing leukemic cell proliferation by increasing metabolic
stress, thereby impairing their survival mechanisms. Emerging therapeutic targets also
include circPAN3, which regulates autophagy through the AMPK/mTOR pathway. This
circular RNA is implicated in therapy resistance, particularly in relapsed AML, suggest-
ing that targeting circPAN3 could enhance treatment efficacy and overcome resistance in
these patients.

6.2.2. Lymphomas

Lymphoma encompasses a diverse group of over 90 subtypes of hematological ma-
lignancies, traditionally categorized into Hodgkin lymphoma (HL) and non-Hodgkin
lymphoma (NHL). In 2019, these diseases accounted for 4.7% of all newly diagnosed cancer
cases in the United States. Known risk factors include genetic predisposition, infectious
agents, and inflammatory conditions [298].

Hodgkin Lymphoma

HL is the most frequent lymphoma, and the prognosis is generally favorable when
using chemotherapy and radiotherapy, as approximately 90% of patients can be cured. HL
is usually diagnosed in young adults, around 35 years old. However, whereas chemother-
apy is ineffective in some patients, in others, it produces toxic effects and a decrease in
life expectancy [299]. Lymphoma is characterized by the presence of abnormal B-cells,
Reed-Sternberg (RS) cells, which are big and multinucleated malignant cells, and a high
density of immune effector cells in the tumoral microenvironment [300]. The origin of this
type of cell is unknown, although Epstein—Barr virus (EBV) could be implicated in their
development [301].

Oxidative stress in HL affects RS cells and the surrounding microenvironment. Bur
et al. (2014) discovered oxidative stress damage in mononuclear cells of peripheral blood in
non-treated HL patients caused by an increase in ROS levels in mitochondria. RS cells suffer
from oxidative stress damage in DNA, specifically in advanced stages of HL, which is char-
acterized by an increased expression of 8-OHdG, an oxidative stress marker. This damage
produces genomic instability and reduces DNA repair enzymes. However, in aggressive
forms of HL, RS cells and the microenvironment produce increased levels of antioxidant
enzymes in mitochondria such as Mn-SOD and PrxV. This suggests an adaptive mechanism
against oxidative stress in the cells [302]. Later, Marini et al. (2022) validated the presence
of oxidative stress in peripheral blood mononuclear cells of untreated patients. Their study
proposes that the decoupling of oxidative phosphorylation and the redox stress causes
more damage to lymphocytes than to monocytes. The metabolic response in both types of
cells involves an increased activity of hexose-6-phosphate dehydrogenase, producing an
increase in glucose flux through the ER [303]. These studies suggest that chemotherapy
based on increased ROS levels could be failed for the presence of antioxidants in RS and
peripheral blood cells. Other studies on the senescence of HL cells revealed that certain
senescence pathways are upregulated by oxidative stress. Specifically, oxidative stress
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increases the expression of p16 INK4a and p21Cip1 producing the inhibition of the cellular
cycle in RS cells. Moreover, other biomarkers associated with senescence, such as H2AX
and p53, show elevated expression in the Hodgkin lymphoma-derived L428 cell line under
oxidative stress condition [304]. Ikeda et al. (2012) studied the HL cell lines L1236 and
L428, which were found to have a tumorigenic potential. These cell lines can expel ROS
maintaining low intracellular ROS levels. Their study proposed that the population with
higher levels of aldehyde dehydrogenase (ALDH) and lower levels of ROS could be cancer
initiator cells [305]. Additionally, ROS play a crucial role in the differentiation of the cell
types implicated in HL. Immature HL cells reduce ROS levels through the action of HIF-1«,
a protein that regulates the cellular response to hypoxic conditions. The stabilization of
H1F-1« inhibits the differentiation of the HL cells treated with H,O,, a ROS that often
stimulates cell differentiation. This inhibition is mediated by the protein HO-1, whose
primary function is to eliminate ROS [306].

The autophagy process is also involved in the senescence. Some studies have shown
that the high expression of p62 in RS cells could indicate a poorer prognosis in patients
with HL. The function of p62 is the repair of the nuclear machinery of DNA but, when
autophagy is inhibited, the accumulation of p62 inhibits RNF168 producing a reduction in
the recruitment of DNA repair proteins. Moreover, this process produces an increase in the
DNA damage produced by ROS and the degradation of certain DNA repair proteins [307].
Additionally, EBV appears to influence the autophagy flux levels in HL. In malignant cells,
EBV protein LMP1 enhances the autophagy flux modulating stressful situations such as
inanition conditions or chemotherapy treatment agents like doxorubicin (DOX). Murine
models have shown that the inhibition of autophagy with CQ effectively eliminates HL
cells that express LMP1. Interestingly, excessive autophagy can lead to cell death. In
HL cell lines like L428 and KM-H2, LMP1 protects against apoptosis and increases the
autophagy flux. Nevertheless, an excessive increase in autophagy could produce cell
death. Therefore, autophagy acts as a double-edged sword in EBV-associated HL. It can
protect tumor cells under certain conditions, but excessively high levels can result in their
destruction, presenting autophagy as a promising therapeutic target [308].

Another study investigating the impact of microgravity on autophagy in HL patients
found that exposure of human HL cells to time-averaged simulated microgravity (taSMG)
for two days led to increased oxidative stress. This effect was attributed to the elevated
expression of NOX family genes, while levels of ATPase and ATP synthase were reduced,
resulting in lower intracellular ATP levels. Consequently, autophagy was activated via
the AMPK/Akt/mTOR and MAPK pathways. However, this autophagy activation was
inhibited when cells were treated with the ROS scavenger NAC. The findings suggest
that autophagy activation driven by oxidative stress under taSMG conditions could hold
potential as a novel anticancer strategy for HL patients [309]. Likewise, Wahyudianingsih
et al. (2024) reviewed the role of autophagy in the chemotherapy of HL, and they reported
that autophagy is activated in response to DNA damage caused by chemotherapy, which
often induces apoptosis in tumor cells. However, in some cases other pathways such
as autophagy or senescence could be activated instead of cell death, protecting tumor
cells from dying. This process is regulated through the inhibition of mMTORC1, ATR/Chk1
signaling, ULK1 phosphorylation, G endonuclease activation, and KU70 protein interaction.
In line with previous findings, these results suggested that autophagy inhibition could
constitute an efficient therapeutic strategy in HL patients [310].

Therapeutic implications: Inhibiting autophagy with agents such as CQ has demon-
strated efficacy in eliminating EBV-positive HL cells by disrupting their adaptive stress
responses. Chemotherapy-induced autophagy, on the other hand, can protect tumor
cells from apoptosis, highlighting the need to target autophagy-related pathways such
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as mTORC1 or ATR/Chk1 to enhance treatment efficacy. Additionally, studies in simu-
lated microgravity show increased oxidative stress in HL cells, driven by the upregulation
of NOX genes and reduced ATP levels. This stress activates autophagy through the
AMPK/Akt/mTOR pathways, suggesting that microgravity could be explored as a novel
anticancer strategy for HL.

Non-Hodgkin Lymphoma

NHL is the most common hematological malignancy, and it is characterized by a
proliferation of different B and T cells. It is differentiated from HL by the absence of RS cells
and the histology markers CD15 and CD30. It is a very heterogeneous disease with more
than 40 different subtypes [311]. Oxidative stress, which arises by an imbalance between
pro-oxidant and antioxidant mechanisms, plays a crucial role in NHL. Wang et al. (2006)
highlighted the importance of this pathway in NHL by the genotyping of 13 single nu-
cleotide polymorphism (SNPs) in 10 genes of the oxidative stress pathway including
AKR1A1, AKRI1C1, CYBA, GPX, MPO, NOS2A, NOS3, OGG1, PPARG and SOD2. They
concluded that the NOS2A, SOD2 and PPARG genes could play a role in the oxidative stress
and the risk of developing NHL [312]. Subsequently, Lan et al. (2007) analyzed 10 candi-
date genes from oxidative stress pathway (AKRIA, AKR1C1, AKR1C3, CYBA, GPX1, MPO,
NOS2A, NOS3, OGG1 and SOD?2) in a cohort of female patients and identified 14 SNPs
within the NOX, AKR1A1 and CYBA genes significantly associated with the risk of devel-
oping NHL [313]. Likewise, Gustafson et al. (2014) studied polymorphisms in 28 genes of
the oxidative stress pathway in NHL patients treated with anthracycline-based therapies.
Their study identified that homozygous patients for the rs188312 SNP within the NCF4
gene could be involved in the treatment outcomes because these patients showed a higher
risk of hematological toxicity [314].

The autophagy process has been implicated in several types of NHL. For instance,
chLym-1, a monoclonal anti-HLA-DR antibody, can activate the autophagy process in Raji
cells, a cell line derived from an NHL subtype (Burkitt lymphoma). In treated patients,
chLym-1 acts by inducing apoptosis through the activation of autophagy pathways such as
Akt/mTOR and MEK/Erk [315]. In the case of mantle cell lymphoma (MCL), the associa-
tion between TG2 and IL6 activates autophagy, promoting MCL cell survival. Moreover, the
interaction with ATGS5 produces a positive regulation of TG2/NF«B/IL6 signaling [316]. In
primary effusion lymphoma (PEL), the anti-tumoral effects of CQ inhibited the autophagy
process. This inhibition produced the accumulation of unfolded proteins, producing ER
stress. These conditions induced apoptosis in PEL cells, suggesting that autophagy inhi-
bition could be a potential therapy for PEL patients [317]. Considering these results, it
seems that the role of autophagy in NHL is heterogeneous and varies according to the
disease subtype.

Therapeutic implications: In NHL, autophagy acts as a double-edged sword in ther-
apy; while it supports tumor cell survival under stress, its excessive activation can lead
to cell death. Targeting autophagy pathways offers a promising strategy to enhance treat-
ment efficacy or overcome drug resistance. Modulating oxidative stress pathways, such as
reducing ROS levels or targeting antioxidant defenses, could also disrupt tumor survival
mechanisms and increase the effectiveness of treatment. Additionally, manipulating au-
tophagy by either inhibiting protective autophagy or inducing excessive autophagy could
potentiate therapeutic responses and improve disease outcomes.

Diffuse Large B-Cell Lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the most common type of lymphoma,
accounting for approximately 30% of all cases. It is an aggressive form of B-cell lymphoma,
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with an average age of diagnosis around 70 years. The primary treatment typically in-
volves chemotherapy, often combined with immunotherapy, including options such as
chimeric antigen receptor T-cell (CAR-T) therapy for refractory or relapsed cases [318].
Nakamura et al. (2022) investigated oxidative stress as a prognosis factor in untreated pa-
tients with DLBCL. They showed that oxidative stress levels were significantly higher in
patients compared to healthy controls. Derivatives of reactive oxygen metabolites cor-
related with several prognosis factors, including sIL-2r, a biomarker associated with the
lymphoma activity, the international Prognostic Index that evaluates the risk of DLBCL
and with elevated levels of lactate dehydrogenase that is linked with metabolic activity
and tumor proliferation. The study concluded that oxidative stress may be associated
with poorer prognosis, and that it plays an important role in the carcinogenesis of DLBCL
patients [319]. Additional studies have consistently underscored the importance of the glu-
tamine metabolism in DLBCL. In DLBCL, glutamine metabolism is upregulated, producing
elevated levels of glutamine and lower levels of a-KG. Through the activity of malate
dehydrogenase 1, «-KG is converted into 2-hydroxyglutarate, resulting in elevated levels
of ROS in tumor cells. High ROS levels induce ferroptosis by activating lipid peroxidation
and enhanced TP53 expression, which is associated with DNA damage. Furthermore,
dimethyl-o-ketoglutarate inhibits tumor proliferation, suggesting that the regulation of
glutamine metabolites could constitute a new therapy for DLBCL [320].

On the other hand, Zhao et al. (2025) studied the role of some oxidative stress-
related genes in DLBCL. They identified 26 genes that were crucial for tumor proliferation
processes such as DNA damage, lipid peroxidation, and the escape of the immune system.
Notable genes included CCND1, GPX3, ICAM1, IFNG, MT2A, NDRG1, NLRP3, PLAU,
SQSTM1 and TXN. These researchers demonstrated that patients could be classified into
two groups based on differences in immunity infiltration that were dependent on the levels
of oxidative stress. The infiltration of tumor-killing cells, including CD4/CD8 T cells,
dendritic cells, macrophages, and NK cells, differed significantly between groups. These
differences were accompanied by markedly distinct levels of oxidative stress, which were
likely responsible for the observed immune disparities [321]. Like HL, elevated levels of
certain biomarkers, such as YH2AX and 8-OHdG, were associated with aggressive subtypes
of DLBCL, particularly those positive for MYC/BCL2, including the Activated B-cell (ABC)
subtype and high-grade B-cell lymphoma (HG-BCL). In these subtypes, the activation of
DNA repair mechanisms and increased BCL-2 expression enable cells to withstand the
oxidative stress induced by the oncogenic activity of MYC. Based on this observation,
targeting DNA repair mechanisms and BCL2 inhibition could alleviate oxidative stress in
malignant cells and enhance apoptosis without relying on conventional chemotherapy [322].
Prior to this study, Mai et al. (2016) investigated the role of oxidative stress in the two
main subtypes of DLBCL: activated B-cell-like (ABC-DLBCL) and germinal center B-cell-
like (GCB-DLBCL). ABC-DLBCL is more resistant to treatment, and the effectiveness of
doxorubicin (DOX) in this subtype depends on its ability to generate reactive oxygen species
(ROS) to kill tumor cells. In contrast, GCB-DLBCL is more sensitive to chemotherapy, where
DOX primarily induces DNA damage through the activation of DNA repair mechanisms.

In the ABC-DLBCL subtype, activation of the STAT3 protein is a key feature. STAT3
regulates antioxidant mechanisms, including the expression of the SOD2 enzyme, which
neutralizes ROS and contributes to the resistance of malignant B cells to DOX. How-
ever, when ROS levels exceed a critical threshold, STAT3’s capacity to mitigate oxidative
stress collapses, leading to cell death. This makes STAT3 a potential therapeutic target
for DLBCL [323]. Additionally, evidence suggests that STAT3 plays a role in autophagy
by suppressing oxidative stress-induced autophagy and protecting mitochondria from
mitophagy [324]. Further studies have explored STAT3 inhibition in the context of antiretro-
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viral therapy, which inhibits cellular proliferation and induces apoptosis, autophagy, and
ferroptosis. These findings indicate that STAT3 inhibition is essential for regulating therapy,
and combining antiretroviral therapy with autophagy inducers or STAT3 inhibitors could
offer a novel treatment strategy for DLBCL [325].

Concerning autophagy, Li et al. (2019) investigated the role of CUL4B, a gene associ-
ated with autophagy and involved in multiple types of cancer, in the DLBCL. Their study
showed that CUL4B is overexpressed in DLBCL and contributes to characteristics of aggres-
sive tumors, such as a larger tumor size, metastasis and poorer prognosis. CUL4B regulates
certain signalization pathways such as JNK that regulates several cellular processes in-
cluding autophagy. Specifically, CUL4B positively regulates the activity of JNK, thereby
promoting the autophagy process. Taking this into account, the inhibition of CUL4B could
serve as a potential therapeutic target by inhibiting the JNK pathway, reducing the au-
tophagy process, and ultimately reducing cell survival [326]. Other studies have developed
a prognostic model based on the ADD3, IGFBP3, TPM1, LYZ, AFDN, DNAJC10, GLIS3
and CCDC102A genes, which are involved in autophagy. This model integrates genomic
prediction and immunological infiltration, offering a new therapeutic tool in personalized
medicine, as they permit prediction of the survival probability and the drug resistance [327].
In addition, Mandhair et al. (2024) emphasized the pivotal role of ULK1, a key protein in
the autophagy process, in germinal center B-cell-like diffuse large B-cell lymphoma (GCB-
DLBCL). They found that ULK1 was overexpressed in patients with this disease subtype
and influenced their response to treatment. Their findings suggest that suppressing ULK1
could represent a therapeutic strategy for GCB-DLBCL. Additionally, the study proposed
that ATG biomarkers might serve as predictors of treatment response [328]. Another gene
significantly influencing autophagy and DLBCL is BECN1, which encodes Beclin-1 pro-
tein. Autophagy activation associated with Beclin-1 contributes to improved prognoses by
overcoming acquired resistance and enhancing therapeutic outcomes. Notably, venetoclax,
which disrupts the Beclin-1/BCL2 interaction, has shown potential to induce autophagy
and improve the efficacy of chemotherapy in treating DLBCL [329].

Therapeutic implications: Targeting oxidative stress presents a promising strategy
for improving outcomes in DLBCL. Reducing ROS levels could alleviate DNA damage
and inhibit tumor proliferation, while exploiting the heightened sensitivity of malignant B
cells to elevated ROS could enhance cytotoxicity. In the ABC-DLBCL subtype, targeting
antioxidant mechanisms like STAT3 or promoting excessive ROS accumulation may help
overcome resistance to therapies like doxorubicin. For MYC/BCL2-positive subtypes,
inhibiting DNA repair mechanisms or targeting BCL2 could enhance apoptosis by dis-
rupting the oxidative stress balance. Therapeutic strategies such as combining STAT3
inhibitors with autophagy modulators or antiretroviral therapies have shown potential
to induce apoptosis and ferroptosis in resistant DLBCL cases. Combination therapies
that pair chemotherapy with agents modulating redox homeostasis and autophagy may
improve therapeutic efficacy and reduce resistance, offering a more effective approach to
treating DLBCL.

7. Therapeutic Potential

Autophagy and oxidative stress are intricately linked processes with significant impli-
cations for cancer therapy. Oxidative stress, driven by ROS, modulates autophagy through
key signaling pathways such as AMPK, MAPK, Akt, and JNK, thereby influencing cancer
cell survival, proliferation, and stress adaptation [330-334]. At low to moderate levels,
ROS act as signaling molecules to activate these pathways, whereas excessive ROS lev-
els induce autophagy as a protective mechanism [335]. Autophagy plays a dual role in
cancer: it suppresses tumorigenesis by removing damaged organelles and mitigating ox-
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idative damage [336], but it also enables tumor survival under conditions such as hypoxia,
starvation, and therapeutic stress, contributing to drug resistance [337,338].

Therapeutic strategies targeting autophagy are promising but complex. General
autophagy inhibition by agents such as CQ and HCQ has shown potential in overcoming
resistance, although its efficacy varies with cancer type and treatment context [338,339]. In
addition, selective types of autophagy, such as mitophagy and lysophagy, are emerging as
precise tools for therapy, offering avenues to disrupt cancer-specific mechanisms [14,340].
ROS-inducing therapies, including chemotherapy and radiotherapy, exploit the dynamic
interplay between oxidative stress and autophagy to improve treatment outcomes, although
careful modulation is required to prevent resistance [341,342]. The dual role of autophagy
and oxidative stress in cancer biology highlights their therapeutic potential as targets for
innovative cancer therapies.

7.1. Autophagy Modulators

Targeting autophagy is a promising approach for cancer therapy. Below, we report
key strategies organized by therapeutic focus:

7.1.1. Role of Autophagy Inhibitors

Autophagy inhibitors have emerged as important tools in cancer therapy, enhanc-
ing the efficacy of conventional treatments by sensitizing cancer cells. Agents like
3-methyladenine (3-MA), wortmannin, CQ, and HCQ have demonstrated promising
effects in hematological malignancies and solid tumors affecting cancer cell viability,
whereas wortmannin has shown to inhibit autophagy independently of nutrient avail-
ability and promote apoptosis by downregulating proliferative pathways (PI3K/Akt and
NF-kappaB) [338,343,344].

Clinically approved CQ and HCQ, which block lysosomal fusion, not only enhance
chemotherapy efficacy in leukemias and lymphomas [21,64] but also exhibit anticancer
effects beyond autophagy suppression and promote drug sensitization in both solid tumors
and hematological malignancies [21,64,345-348]. However, the relatively limited potency
of these agents has driven the development of more potent analogs, such as EAD1, which
has shown encouraging preclinical results in solid tumors [349,350]. These findings un-
derscore the therapeutic potential of autophagy inhibitors while highlighting the need for
further optimization to improve potency and specificity. In addition, autophagy modu-
lation through targeted therapies offers new opportunities in cancer treatment. Tyrosine
kinase inhibitors like imatinib, INNO-406, and dasatinib induce autophagic cell death
in CML and ovarian cancer, demonstrating the utility of leveraging autophagy as a cell
death mechanism [349]. mTOR inhibitors such as rapamycin and its analogs (temsirolimus,
everolimus, and deforolimus) stimulate autophagy and exhibit anti-tumor activity in multi-
ple hematological malignancies including AML, MCL, and MM [351-353], while AMPK
activators like metformin [354] and AICAR [355] suppress proliferation and induce apopto-
sis through autophagy activation among other mechanisms [349,354,356,357]. Additionally,
the modulation of pathways such as Akt, mTOR, and tyrosine kinases, as well as other
key signaling pathways like Notch, Wnt, and Hedgehog, underscores the complexity
and context-dependent roles of autophagy in hematological malignancies [358-360] and
solid tumors [361,362]. These approaches highlight autophagy’s dual potential to either
inhibit tumor initiation or promote cancer progression, depending on the cancer type and
therapeutic context, offering diverse strategies for cancer management.

7.1.2. ATGs and Proteins

ATGs and proteins play pivotal roles in cancer progression and therapy, acting as
critical modulators of tumorigenesis and cellular survival. Mutations in ATGs, such
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as ATG2B, ATG5, ATG7, ATG9B, and ATG12, have been linked to frameshift mutations
in leukemias [363] but also gastrointestinal and liver cancers [364], highlighting their
significance in cancer biology. Similarly, Beclin-1, a key regulator of autophagosome
formation, often shows allelic loss, reduced or increased expression [329,365] or inhibiting
phosphorylation in hematological malignancies [365] and solid tumors, implicating its
dysfunction in carcinogenesis [366].

Other players, such as p62 (SQSTM1), which activates tumor-promoting NF«B and
Nrf2 pathways [367], and mitophagy receptors BNIP3 and BNIP3L (NIX), which protect
against tumorigenesis by maintaining mitochondrial quality [368], further demonstrate
the multifaceted role of autophagy in hematological malignancies [369-371] and its role in
disease prognosis [371].

These findings underscore the intricate functions of autophagy-associated pathways
in regulating tumor growth and survival. The diverse roles of these genes and proteins
not only deepen our understanding of cancer biology but also reveal promising targets for
therapeutic development, paving the way for novel interventions in cancer treatment.

7.1.3. Flavonoid-Based Autophagy Modulation

Flavonoids, a diverse group of plant-derived compounds, have received considerable
attention for their anticancer potential, largely due to their ability to modulate autophagy.
Compounds such as apigenin, quercetin, epigallocatechin gallate (EGCG), and curcumin
exhibit potent biological activity in hematological malignancies despite challenges related
to their limited oral bioavailability [372,373].

Clinical studies underline their therapeutic relevance. For example, a bioflavonoid
mixture containing apigenin and EGCG (20 mg each) is currently being studied as a
preventive measure against recurrence in hematological malignancies and solid tumors,
highlighting its translational potential in both hematology and oncology areas [374]. In
hematological malignancies, flavonoids have been found to interfere with different sig-
naling pathways and molecules, demonstrating anticancer properties in leukemia and
lymphoma cells [375,376]. In addition, it has been found that flavonoids induce cell cycle
arrest, apoptosis, inhibition of fatty acid synthesis, oxidation, and metal chelation, and they
have chemosensitization features [377,378]. These results suggest that the integration of
flavonoids with traditional chemotherapy agents might constitute a promising therapeutic
approach. In line with this hypothesis, it has been reported that the use of quercetin or
flavonoid methyl esters in combination with specific mitogen-activated extracellular kinases
(MEK) 1/2 inhibitors substantially enhanced leukemic cell death, confirming the clinical
implications for the use of these compounds in combination with MEK 1/2 inhibitors as
potential therapeutic agents for leukemia [376]. Additionally, it has been demonstrated
that flavonoids such as quercetin, catechin, and brusatol reduce the risk of lymphoma [379]
by inhibiting proliferation and inducing the apoptosis of tumor cells. Similar effects have
been observed in ALL, AML, CLL, CML, and MM cell lines [372,373,380,381]. Importantly,
they are also able to induce apoptosis and promote tumor regression in lymphoma and
myeloma xenograft models acting synergistically with dexamethasone, venetoclax, or
bortezomib [382-385]. However, other authors claim that caution should be taken with
their use as flavonoids because it could inhibit the anticancer effects of bortezomib [386].
Curcumin, another prominent flavonoid, has demonstrated safety and efficacy in a range
of hematological malignancies [387], further validating its clinical applicability [388]. Cur-
cumin diminishes the viability and survival rate of leukemia, myeloma, and lymphoma
cells by inducing cell cycle arrest and apoptosis, and it inhibits molecular pathways linked
to tumor progression such as NFKB, STAT, Akt/PI3K, and MEK/ERK [387,389-391]. The
use of Curcumin in a myeloma patient with a third relapse and in the absence of further
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anti-myeloma treatments, controlled the disease for 5 years with good quality of life [390].
In addition, it has been suggested that Curcumin enhances the efficacy of chemother-
apy drugs by modulating drug resistance pathways [387] and might represent a viable
alternative to corticosteroids in combination with immunomodulatory drugs or protea-
some inhibitors [392]. Similarly, Silibinin shows promise as a therapeutic intervention for
[-Talassemia, AML, anaplastic large cell lymphoma, and MM [393]. However, despite
the large amount of information available, the mechanistic effects of flavonoids on au-
tophagy are nuanced, as they can stimulate or inhibit autophagic pathways depending
on the context. Compounds such as EGCG and quercetin play dual roles in regulating
cellular processes such as cell survival, angiogenesis, and resistance to therapy. While some
flavonoids, such as silibinin, induce toxic autophagic cell death, which contributes to their
anti-tumor effects, others may promote tumor survival by activating protective autophagy,
thereby complicating their therapeutic impact [394,395]. These findings suggest that the
flavonoid-induced modulation of autophagy holds promise as a multilayered approach to
cancer therapy, which requires further investigation to optimize its clinical benefits.

7.1.4. Targeting ROS via Autophagy

Keeping ROS levels low is essential for normal hematopoiesis and stem cell function,
and impaired ROS homeostasis is a common signature of hematological malignancies,
such as AML and CML [396]. In addition, chronic oxidative stress has been associated
with BCR-ABL, FLT3-ITD, and RAS mutations; genomic instability and DNA damage;
and disease relapse and poor prognosis in AML patients [397]. On the other hand, given
that ROS play a central role in the regulation of autophagy, several chemotherapeutic
agents have exploited this interplay to enhance their efficacy in cancer treatment [398].
For instance, arabinocytosine (Ara-C), a purine analog used as a first-line treatment in
AML (also known as cytarabine), has been found to induce ROS production, which in
turn can trigger autophagy in leukemic cells. Interestingly, enhanced autophagy has
been observed in AraC-resistant U937 leukemia cells, suggesting a potential role of ROS-
induced autophagy in cancer cell survival [399,400] and drug resistance [400]. In addition,
Ara-C reduced the phosphorylation of mTOR and its downstream target p70S6 kinase
in REH cells, which was associated with the downregulation of the mTOR activator Akt
and the activation of extracellular signal-regulated kinase. These data suggested that the
therapeutic efficiency of Ara-C in leukemic patients could be increased by the inhibition
of the mTOR-dependent autophagic response [399,401]. Similarly, leukemic cells treated
with anthracyclines exhibited increased ROS formation and enhanced autophagy, which
promoted tumorigenesis and drug resistance [402]. However, in other cases, autophagy
contributed to cytarabine’s antineoplastic effects, particularly at low doses [403], which
suggest a complex and dual effect of autophagy in blood cancers. While the precise
mechanisms of this dual effect remain to be elucidated, it highlights the promise of targeting
autophagic pathways in blood cancer treatments.

7.1.5. Antidepressants as Autophagy Modulators

Antidepressants have emerged as interesting modulators of autophagy in cancer,
exhibiting both stimulatory and suppressive effects depending on the type and stage of the
disease. Tricyclic and tetracyclic antidepressants (TCA/TeCAs) such as imipramine, de-
sipramine, and amitriptyline have been investigated for their role in autophagy regulation.
Maprotiline has shown the ability to induce autophagic programmed cell death in chemore-
sistant Burkitt lymphoma cells, highlighting its potential against resistant cancers [348].
Similarly, selective serotonin reuptake inhibitors (SSRIs) have shown anti-tumor activity
through their effects on autophagy. For example, sertraline acts through both apoptotic and
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autophagic pathways and has potent effects in acute myeloid leukemia cells [404,405]. In
addition, loss of the selective autophagy receptor p62 impaired murine myeloid leukemia
progression and mitophagy, which suggested that antidepressants have potential in modu-
lating autophagy and exhibiting anticancer effects in hematological malignancies [406]. On
the other hand, Vortioxetine has been shown to induce apoptosis and autophagy in gastric
cancer cells via the PI3K/AKT pathway, representing a novel therapeutic approach for this
solid tumor. Likewise, paroxetine was found to block autophagic flux and cause mitochon-
drial fragmentation in lung cancer cells, illustrating a unique mechanism of action [348].
These examples highlight the potential of antidepressants, including TCAs, TeCAs, and SS-
Rls, as modulators of autophagy, offering innovative strategies for therapeutic intervention
in hematological malignancies and solid tumors.

7.2. Selective Autophagy Processes as Therapeutic Targets

Mitophagy, the selective degradation of damaged mitochondria, is a therapeutic target
in cancer treatment with several promising compounds. For example, BH3 mimetics target-
ing different BCL-2 family members have been found to be efficient at killing AML cells
through the activation of the apoptosis pathway [407]. Interestingly, blockage of autophagy
or specific targeting of MFN2 potentiates BH3-mimetic action in eliminating leukemic
cells [407]. Likewise, there has been reported that splicing factor mutations (SRSF2P95H/ +)
are common in hematological malignancies (MDS and AML) and that the inhibition of
splicing with glycogen synthase kinase 3 inhibitors impairs mitophagy and activates apop-
tosis in SRSF2P95H /+ mutated cells [408]. These results suggest that combining mitophagy
inhibitors with anticancer agents could represent an effective approach to overcome drug
resistance in cancer [409]. Some natural compounds have been shown to affect cancer
cell death and exhibit anticancer properties by modulating mitophagy [410]. Notably,
fluorizoline inhibits mitophagy by targeting PHB1/PHB2, disrupting mitochondrial energy
production and demonstrating anti-tumor effects in hematological malignancies [411,412].
Additionally, fluorizoline upregulates pro-apoptotic factors such as NOXA and BIM, in-
hibits C-RAF activation, and increases p21 expression, thereby exhibiting activity against
CLL, CML, and AML cells [411,412]. Importantly, fluorizoline shows anti-tumoral activity
in CLL irrespective of TP53 and ATM gene alterations or IGHV mutation status [411].
However, unlike ibrutinib, it failed to prevent leukemia development in a mouse model of
aggressive CLL [413]. Moreover, while no studies to date have investigated its effects in
hematological malignancies, nitazoxanide has been reported to promote ROS-mediated
mitophagy in solid cancers and exhibits synergistic effects when combined with CQ, a
well-established autophagy inhibitor [414].

Besides mitophagy, ER-phagy plays a critical role in cancer therapy as it is regu-
lated by the ubiquitin—proteasome system and autophagy. Loperamide induces ER-phagy
and potently inhibits the proliferation of leukemia cell lines and primary leukemia cells
from AML and ALL patients in a dose-dependent manner [415]. In addition, it triggers
DNA damage and induces apoptosis in leukemic cells [415]. Additionally, xenophagy,
the autophagic degradation of intracellular pathogens, is another key therapeutic mech-
anism in hematological malignancies. Resveratrol has been demonstrated to have anti-
proliferative and pro-apoptotic effects in various leukemic cell lines by inducing autophagy
through AMPK activation and JNK-mediated p62/SQSTM1 expression [416], and inhibit-
ing PI3K phosphorylation and Akt/mTOR pathway, reducing cyclin D1, and upregulating
Caspase-3 [417,418]. However, its use in clinical trials has shown unexpected results. A
clinical trial using SRT501, a formulation of resveratrol, in MM patients was terminated
due to adverse events, including renal failure [419]. Additionally, salinomycin exhibits
potent inhibitory activity against AML and mixed lineage leukemia-rearranged (MLLr)

145



Antioxidants 2025, 14, 264

cell lines and primary cells [420] and impairs colony formation and reduces leukemia
repopulation ability in AML and MLLr models [420]. Finally, lipophagy, the selective
degradation of lipid droplets, has also emerged as a valuable target in cancer therapy.
Tripterine (celastrol), a novel HSP90 inhibitor, activates lypophagy and it has been shown
to inhibit proliferation of leukemia cells, including acute promyelocytic leukemia (APL)
HL-60 cells. It depletes Ber-Abl and induces apoptosis in imatinib-resistant CML cells
harboring T315] mutation [421]. Furthermore, celastrol induces cell apoptosis and inhibits
the expression of the AML1-ETO/C-KIT oncoprotein in t(8;21) leukemia [422]. Notably,
celastrol has also been suggested as an effective therapeutic agent in signal transduction
therapy for the treatment of patients with MM. It induces cell cycle arrest at G1 phase and
apoptosis in human myeloma U266 cells through the activation of caspase-3 and NF-«B
pathways [423-425]. Finally, it has been demonstrated that celastrol has synergistic effects
with other drugs. For instance, it enhances the cytotoxic effects of TNF, paclitaxel, and
doxorubicin in leukemia cells [426].

Finally, lysophagy, the degradation of damaged lysosomes, is targeted by compounds
such as loperamide and pimozide, which induce lysosomal membrane permeability,
leading to apoptosis of cancer cells [415]. Pimozide also inhibits STAT5, exhibiting ef-
ficacy in models of AML driven by FLT3 mutations [427]. These findings illustrate the
therapeutic promise of targeting specific forms of autophagy to treat different types of
hematological malignancies.

7.3. Antioxidant Therapies

Antioxidant therapies based on oxidative stress in cancer exploit the susceptibility
of cancer cells to elevated levels of ROS. Here are the main types and their mechanisms
of action:

7.3.1. Pro-Oxidant Chemotherapeutic Agents

Pro-oxidant chemotherapeutic agents play a crucial role in the treatment of hemato-
logical malignancies by inducing oxidative stress to enhance their anticancer efficacy [428]
and even help in designing individualized therapies for patients suffering from refractory
diseases [429]. Cisplatin, for instance, exerts its effects by binding to the N7 position of
guanine in DNA, interfering with repair mechanisms and preferentially targeting gua-
nine over adenine [430]. This binding promotes the overproduction of ROS, reducing the
antioxidant defenses of cancer cells, which in turn increases DNA damage and enhances cis-
platin’s overall anticancer activity [431,432]. These combined effects make cisplatin a potent
pro-oxidant therapy for several cancers, including hematological malignancies. Cisplatin
inhibits cell proliferation and induces apoptosis in APL cells by forming DNA adducts
and by activating p53 and AP-1 transcription factors [433]. Similarly, anthracyclines such
as doxorubicin targets DNA replication and repair by intercalating into replicating DNA
and inhibiting topoisomerase II [434]. In addition to disrupting these processes, anthracy-
clines generate oxygen-derived free radicals through two mechanisms: a non-enzymatic
pathway involving iron and an enzymatic pathway associated with the mitochondrial
respiratory chain. Both pathways contribute to oxidative damage, thereby enhancing the
therapeutic efficacy of anthracyclines [431]. These dual mechanisms highlight the potential
of pro-oxidant chemotherapeutic agents in exploring oxidative stress to combat hema-
tological malignancies [435]. However, despite the promise of pro-oxidative therapies,
challenges remain in achieving the selective targeting of malignant cells while sparing
normal hematopoietic cells. One potential strategy to address this issue could be combining
pro-oxidant agents with other treatments to improve therapeutic outcomes.
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7.3.2. Small Pro-Oxidant Molecules

Elesclomol (STA-4783), imexon, motexafin gadolinium (MGd), and buthionine sul-
foximine (BSO) are pro-oxidant agents that exploit oxidative stress to promote cancer cell
death. Elesclomol chelates copper ions and transports them into mitochondria, disrupting
the mitochondrial respiratory chain and inducing apoptosis. Imexon and MGd enhance
oxidative stress by inhibiting the antioxidant defenses of cancer cells, while BSO targets
the glutamate-cysteine ligase complex, a key enzyme in GSH synthesis. By reducing GSH
levels, BSO further increases cancer cell susceptibility to oxidative damage, highlighting the
therapeutic potential of pro-oxidant strategies in cancer treatment [431]. In AML, elesclo-
mol has shown a potent anti-leukemic effect at concentrations as low as 10 nM, which
is well below the concentrations achieved in cancer patients [436]. In addition, imexon
induced apoptosis in MM tumor cells [437] and has shown to have efficacy in clinical trials
for MM [438] and refractory B-cell non-Hodgkin lymphoma [429]. Likewise, MdG induces
oxidative stress by oxidizing intracellular metabolites, leading to the generation of ROS
and apoptosis in malignant cells, including those from CLL, non-HL, and MM [439,440].
Interestingly, preclinical studies have reported that MGd is cytotoxic to various hemato-
logical malignancies. It has been shown to enhance the effects of rituximab in NHL and
has induced complete remissions when combined with radioimmunotherapy in relapsed
NHL patients [439]. Similarly, BSO synergistically enhances melphalan activity against
MM [441], whereas elesclomol in combination with paclitaxel showed improved efficacy
compared to paclitaxel alone, particularly in terms of progression-free survival in patients
with metastatic solid tumors [442,443]. These results point out that parallel strategies need
to be explored for hematological malignancies for all these pro-oxidant compounds.

7.3.3. Targeted Therapies

NOX inhibitors and GSH depletion are strategies that modulate oxidative stress to
target cancer cells. NOX inhibitors reduce ROS production by targeting NOX enzymes over-
expressed in certain cancers. For instance, NOX2 is critical for the self-renewal and differen-
tiation of leukemia-initiating stem cells (LSCs) and its inhibition impairs core metabolism
in LSCs, leading to reduced disease development in murine models of leukemia [444]. This
suggests that NOX2 plays a significant role in maintaining the malignant phenotype of LSCs,
making it a potential therapeutic target for hematological cancers. Likewise, several studies
have reported that GSH depletion improves the therapeutic effects of drugs by increas-
ing oxidative stress within cancer cells, making them more susceptible to treatment [445].
Together, these approaches highlight the therapeutic potential of manipulating oxidative
stress pathways in the treatment of hematological malignancies.

7.4. Approaches Combining Oxidative Stress and Autophagy

Combination therapies targeting autophagy and oxidative stress in cancer have shown
significant promise in preclinical studies, leveraging their intricate interplay to enhance
therapeutic efficacy. Autophagy, by clearing dysfunctional mitochondria, reduces ROS
accumulation and protects leukemia cells from oxidative stress [446]. Research by Sumit-
omo et al. revealed that leukemia-initiating cells lacking autophagy, due to the deletion
of ATG5 or ATG7 in AML mouse models, exhibited increased mitochondrial activity
and higher ROS levels [290]. This led to enhanced cell death, underscoring the essen-
tial role of autophagy in supporting leukemia-initiating cell survival [290]. Therefore,
combining pro-oxidants with chemotherapy, such as nutrient deprivation paired with
anticancer therapies, further increases ROS production and promotes apoptosis in cancer
cells [134]. A recent study showed that caloric and nutrient restriction during chemother-
apy for B-cell ALL reduced minimal residual disease (MRD) risk, suggesting improved
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treatment efficacy [447]. In addition, other studies have shown that combining pro-oxidants
with chemotherapy, such as nutrient deprivation paired with cisplatin or methioninase
(a methionine-depleting enzyme), further increases ROS production and promotes apop-
tosis in cancer cells [448-450]. Moreover, AML blasts—malignant cells with significant
deficiencies in the arginine-recycling pathway—have been found to be sensitive to BCT-
100, a pegylated human recombinant arginase. BCT-100 induces a rapid depletion of
both extracellular and intracellular arginine levels, leading to the inhibition of AML blast
proliferation and a reduction in AML engraftment [451]. Interestingly, BCT-100 acted syn-
ergistically in combination with cytarabine [451]. Additionally, targeting specific proteins
and pathways, such as HyO,-activated AMPK or p62 oxidation, offers novel avenues for
therapy [140]. Strategies that inhibit antioxidant enzymes like GPXs can help in predicting
disease outcome and overcome drug resistance by increasing oxidative stress and sensitiz-
ing tumors to treatment [452]. These approaches demonstrate the potential of combining
autophagy modulation with oxidative stress therapies, either by suppressing autophagy’s
pro-survival role or enhancing its tumor-suppressive effects, tailored to cancer type and
genetic context [134,349].

8. Future Directions, Current Limitations, and Emerging Technologies
and Approaches

8.1. Future Directions

Personalized approaches are crucial for advancing cancer therapies by tailoring au-
tophagy and oxidative stress modulation to the unique characteristics and genetic profiles
of individual tumors. Such customization could enhance therapeutic precision and improve
patient outcomes. Combination therapies represent another promising avenue, focusing
on the synergistic effects of pairing autophagy modulators with traditional chemothera-
pies or targeted therapies. These strategies may boost treatment efficacy by leveraging
complementary mechanisms of action. Biomarker identification is vital for the prediction
and monitoring of therapy responses. Discovering reliable biomarkers for autophagy and
oxidative stress-based treatments could help refine patient selection and track therapeutic
effectiveness more accurately. Novel drug discovery is also a key area of focus, aiming to
identify new compounds capable of selectively modulating autophagy or oxidative stress
pathways in cancer cells. These targeted interventions could minimize off-target effects and
improve treatment specificity. Improved mechanistic knowledge is essential to deepen our
understanding of the molecular interplay between autophagy, oxidative stress, and cancer
progression. Such insights can uncover new therapeutic targets and inform the design of
innovative treatments. Optimizing treatment timing is another critical consideration, as the
therapeutic benefit of autophagy modulation may depend on its timing relative to cancer
type and stage. Determining the ideal timing could enhance treatment efficacy and reduce
resistance. Finally, exploring the tumor microenvironment is necessary to understand how
autophagy and oxidative stress influence cancer progression and treatment response within
this complex ecosystem. Investigating these dynamics could reveal novel strategies to
disrupt tumor growth and improve therapeutic outcomes.

To realize the potential of autophagy modulation in cancer therapy while reducing
risks and improving patient outcomes, future research directions should focus on overcom-
ing these challenges.

8.2. Current Limitations in Research and Clinical Implications
8.2.1. Research Limitations

The regulation of autophagy constitutes a key obstacle to the development of targeted
cancer therapies. The intricate link between autophagy and oxidative stress in cancer
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cells remains poorly understood, complicating the development of effective therapeutic
strategies [129,453]. Additionally, autophagy can act as both a tumor suppressor and a
tumor promoter depending on cancer type, stage, and genetic factors, further complicating
the development of universal therapeutic guidelines [235,454]. The current lack of reliable
biomarkers to predict which patients will benefit from autophagy modulation also hampers
the ability to stratify patients and optimize treatment outcomes [235,453]. More advanced
animal models are also needed to study the role of specific autophagy-associated genes in
tumor progression and response to treatment, as current models often fail to replicate the
complexity of human cancer [235].

8.2.2. Clinical Implications

Clinically, the balance between the inhibition of autophagy to target cancer cells and
the minimization of toxicity to normal tissues remains a considerable challenge. In cancer
treatment, it is critical to identify the therapeutic window that maximizes efficacy while
minimizing side effects [453,454]. Increased autophagy during chemotherapy has been
shown to contribute to drug resistance in cancer, leading to disease recurrence. Under-
standing this phenomenon is essential to overcome treatment failure and improve patient
outcomes [129,235]. Tumor heterogeneity also complicates treatment, as the extent of au-
tophagy dependency differs between cancer types and stages, making a one-size-fits-all
approach difficult [235]. The complexity of combination therapies, particularly the inte-
gration of autophagy modulators with conventional or targeted therapies, also requires
extensive research to determine the most effective treatment programs [235,453]. The de-
velopment of selective inhibitors that specifically target autophagy in cancer cells without
affecting normal cells is still a major challenge due to the risk of off-target effects [453,454].

Despite promising preclinical findings, robust clinical evidence supporting the efficacy
of antioxidants in cancer therapy is limited. Many studies are underpowered or fail to
address the complex interactions between antioxidants, cancer cells, and chemotherapy,
highlighting the need for large-scale controlled trials to establish clear guidelines [455].
While antioxidants may improve the tolerability of chemotherapy by reducing side effects,
careful evaluation of their interactions with chemotherapeutic agents is needed to avoid
compromising treatment outcomes [456].

8.3. Emerging Technologies and Approaches

Emerging technologies and approaches in cancer therapies related to autophagy and
oxidative stress encompass several key areas. Targeted autophagy modulation focuses on
developing selective inhibitors that target autophagy in cancer cells while sparing normal
tissues, reducing systemic toxicity and enhancing the efficacy of conventional treatments
such as chemotherapy and radiotherapy [137]. Oxidative stress manipulation involves
strategies to selectively increase ROS production in tumor cells or inhibit antioxidant
pathways like those regulated by sirtuin 3 (Sirt3), thereby sensitizing cancer cells to ROS-
induced cytotoxicity while minimizing effects on normal tissues [235]. Additionally, iron
homeostasis targeting leverages the role of autophagy in regulating intracellular iron levels
to disrupt tumor survival and proliferation [457].

Autophagy-based immunotherapies explore the modulation of autophagy in im-
mune cells, such as dendritic cells and T lymphocytes, to improve anti-tumor immune
responses [453]. Identifying autophagic biomarkers is another critical focus, with efforts
aimed at discovering markers from human biopsy samples to stratify cancer subtypes and
guide autophagy-inhibiting therapies [453]. Similarly, metabolic therapies target the inter-
play between autophagy and tumor metabolism, such as glutaminolysis, to exploit cancer
cells” metabolic vulnerabilities, reduce resistance, and enhance treatment efficacy [453].
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The integration of experimental methodologies and biocomputational techniques
plays a pivotal role in advancing these therapeutic strategies. Experimental approaches
include genetic modulation, biomarker identification, metabolic profiling, immunomodula-
tion, and the use of nanoparticle delivery systems to enhance precision and reduce off-target
effects [458,459]. In contrast, biocomputational techniques utilize machine learning, net-
work analysis, and systems biology to predict drug responses, identify therapeutic targets,
and optimize treatment strategies. High-throughput screening, pathway analysis, and
pharmacogenomics further facilitate personalized medicine approaches, enabling the ratio-
nal design of drug combinations that integrate autophagy inhibitors with chemotherapy
or targeted therapies for maximum therapeutic benefit [460]. These multidisciplinary ad-
vancements are reshaping cancer treatment paradigms by exploiting the dynamic interplay
between autophagy and oxidative stress.

9. Conclusions

Autophagy and oxidative stress are essential mechanisms for maintaining cellular
homeostasis, and their intricate interplay plays a pivotal role in cancer biology by influenc-
ing tumor progression, metastasis, and therapy resistance. Over the last decade, numerous
studies have demonstrated that autophagy can act as both a tumor suppressor and a pro-
tumorigenic mechanism, depending on the cancer type, stage, and microenvironment. In
addition, autophagy promotes the survival of cancer cells under stress conditions such as
hypoxia and nutrient deprivation.

This review highlights the dual role of autophagy and reactive oxygen species (ROS)
in mediating cancer cell death and suppressing tumor progression in hematological ma-
lignancies. This interplay is tightly regulated by key signaling pathways, including
PIBK/AKT/mTOR, AMPK, and HIF-1«, which maintain a balance between autophagic
activity and ROS production. Notably, the dysregulation of autophagy can paradoxically
exacerbate oxidative stress, establishing a feedback loop that promotes tumor survival
and growth.

Understanding the crosstalk between autophagy and oxidative stress in tumorigenesis
offers promising opportunities for targeted cancer therapies. Strategies such as autophagy
inhibition, the amplification of ROS levels using pro-oxidant compounds, and the integra-
tion of these approaches with conventional treatments have shown potential to overcome
therapeutic resistance and improve clinical outcomes. However, effective clinical transla-
tion requires a nuanced understanding of tumor-specific contexts and the dynamic nature
of the autophagy—-oxidative stress axis. This review underscores the need for continued
research to refine therapeutic strategies and leverage this interplay for more effective and
personalized cancer treatments.
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Abstract: Excessive alcohol consumption significantly impacts human health, particularly
the brain, due to its susceptibility to oxidative stress, which contributes to neurodegenera-
tive conditions. Alcohol metabolism in the brain occurs primarily via catalase, followed
by CYP2E1 pathways. Excess alcohol metabolized by CYP2E1 generates reactive oxy-
gen/nitrogen species (ROS/RNS), leading to cell injury via altering many different path-
ways. Elevated oxidative stress impairs autophagic processes, increasing post-translational
modifications and further exacerbating mitochondrial dysfunction and ER stress, lead-
ing to cell death. The literature highlights that alcohol-induced oxidative stress disrupts
autophagy and mitophagy, contributing to neuronal damage. Key mechanisms include
mitochondrial dysfunction, ER stress, epigenetics, and the accumulation of oxidatively
modified proteins, which lead to neuroinflammation and impaired cellular quality control.
These processes are exacerbated by chronic alcohol exposure, resulting in the suppression
of protective pathways like NRF2-mediated antioxidant responses and increased suscepti-
bility to neurodegenerative changes in the brain. Alcohol-mediated neurotoxicity involves
complex interactions between alcohol metabolism, oxidative stress, and autophagy regula-
tion, which are influenced by various factors such as drinking patterns, nutritional status,
and genetic/environmental factors, highlighting the need for further molecular studies to
unravel these mechanisms and develop targeted interventions.

Keywords: autophagy; ethanol; alcohol metabolism; brain; oxidative stress; mitophagy;
neurotoxicity; neurodegeneration; antioxidants

1. Introduction

Excessive alcohol (ethanol) consumption causes severe consequences for human health,
usually negatively affecting multiple organ systems and contributing to a variety of diseases.
According to the National Institute on Alcohol Abuse and Alcoholism (NIAAA), excessive
alcohol intake causes more than 200 diseases and accounts for a significant global burden
of disease, with millions of individuals affected annually by alcohol-related morbidities
and mortalities. In the United States alone, approximately 28.9 million people aged 12 and
older reported alcohol use disorder (AUD) in 2023, with annual economic burdens of more
than USD 250 billion [1].

Because of its high water solubility, ethanol is distributed to virtually all organs,
including the digestive organs, liver, brain, etc., and negatively affects them after heavy
drinking. The brain is particularly vulnerable to the toxic effects of alcohol, partly due to
having very low levels of antioxidants and antioxidative enzymes and high levels of lipids
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compared to those in the peripheral tissues such as the liver. Chronic alcohol consumption
is associated with various neurodegenerative conditions, including alcohol-related nervous
system damage or neurodegeneration, including dementia, Wernicke-Korsakoff syndrome,
and fetal alcohol spectrum disorders (FASD) [2-5]. For example, FASD, a condition resulting
from fetal and/or prenatal alcohol exposure, leads to severe developmental and cognitive
impairments [6-8]. In fact, neuronal cells in gestational periods are much more vulnerable
to ethanol-mediated neurotoxicity than adult tissues, eventually leading to FASD [9].

Although the mechanisms underlying alcohol-induced neurodegeneration vary by
pattern of alcohol intake such as frequency and amount, nutritional states, gender, genetic
makeup, and age, they share several common pathways of toxicity. Key mechanisms
include the production of reactive oxygen species (ROS) and reactive nitrogen species
(RNS); accumulation of cytotoxic acetaldehyde and other reactive lipid aldehydes, such as
4-hydroxynonenal (4-HNE), malondialdehyde (MDA), and acrolein; induction of endoplas-
mic reticulum (ER) stress with accumulated misfolded proteins; and impaired lysosomal
autophagy or mitophagy upon alcohol exposure [10-12]. In addition, alcohol intake alters
various signaling pathways including activation of the cell death pathway, elevated inflam-
mation, and mitochondrial dysfunction with depletion of energy supply [13]. Among these,
oxidative stress seems to play a central role in initiating inflammation and exacerbating
cellular damage, since intake of antioxidants or nutritional support with a balanced diet
usually reduces the degree of alcohol-related organ damage in experimental models [14-17].

Oxidative stress arises from an imbalance between the production of ROS and the
cell’s ability to detoxify these reactive molecules [18]. In the context of alcohol metabolism,
elevated ROS levels can suppress the function of subcellular organelles, including mito-
chondria and ER, which results in oxidative modification and inactivation of components in
the mitochondrial electron transport chain (ETC), such as complex I (ubiquinone-dependent
NADH-oxidoreductase). This modification and inactivation of the ETC produces more
electron leakage and ROS, further causing mitochondrial dysfunction and an impaired
energy supply, ER stress with elevated levels of misfolded proteins, and eventual cell
death. In addition, in the presence of high alcohol concentrations, the ethanol-inducible cy-
tochrome P450-2E1 (CYP2E1) and its isozymes, present in the ER and mitochondria [19,20],
also participate in the production of ROS, which causes oxidative modifications to cellular
macromolecules, including the proteins, lipids, and DNA. These changes lead to protein
post-translational modifications (PTMs), lipid peroxidation products, and DNA-adducts, all
of which can potentially contribute to tissue damage, mutagenesis, or carcinogenesis if not
treated properly [21]. One notable consequence of oxidative stress is the bi-directional reg-
ulations of the lysosomal autophagic pathways [22,23]. Some reports showed that ethanol
can activate autophagy, a highly conserved process to remove the damaged proteins or
subcellular organelles, while others demonstrated that ethanol can also impair autophagic
process through elevated oxidative stress, depending on the patterns of alcohol intake (e.g.,
chronic versus acute alcohol exposure), cellular contexts, nutritional status, redox balance
states, etc. Since autophagy generally serves a protective function by mitigating oxidative
damage, its dysregulation can have opposing effects, leading to increased inflammation and
cell/tissue injury. In this review, we summarize the current evidence available regarding
the involvement of the autophagic pathways in alcohol-related neurotoxicity and their
relationship with oxidative stress.

2. Materials and Methods

A literature search was conducted on the impact of alcohol exposure on autophagy
and oxidative stress in the brain. Investigators LRL and BJS performed the literature search.
We searched PubMed until Nov 21, 2024, using the following search terms: “autophagy”
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and “oxidative stress” or “redox” or “reactive oxygen species” or “cellular stress” or
“antioxidants” and “Wernicke-Korsakoff*” or “behavioral*” or “cognitive*” or “neuro
degeneration” or “brain*” and “alcohol*” or “ethanol*.” All articles were in English. The
search strategy was supplemented with references found through the snowball technique
to obtain information from relevant papers available.

Articles discussing autophagy and oxidative stress in response to alcohol consumption
in the brain were selected. Papers with mouse models, cell lines, and human samples were
considered. However, studies that did not directly evaluate the effects of alcohol on the
brain in respect to the mechanisms of autophagy pathways were excluded. Methodolog-
ical details and molecular effects on autophagy and oxidative stress of each study were
extracted, and the information was summarized in different tables.

3. Literature Review
3.1. Regulation of Autophagy and Lysosomal Protein Degradation

Proteostasis is a normal process to maintain the proper balance of many cellular pro-
teins by regulating the rates of new protein synthesis, adequate protein folding/misfolding,
and degradation of cellular proteins [24]. Due to the critical nature of these functions,
abnormal proteostasis is frequently associated with many disease states such as alcohol-
associated liver disease, immune disorders, cancer, and neurodegeneration [25-27]. In
mammals, two main protein degradation systems exist to regulate protein homeostasis and
maintain their functions and levels. The first one is the ubiquitin-dependent proteasome-
dependent degradation system, which is involved in the degradation numerous proteins
that are abnormally misfolded in the ER. The other major protein degradation system
is autophagic lysosomal proteolysis, which is responsible for the degradation of dam-
aged subcellular organelles and/or aggregated proteins. Thus, disrupted proteostasis
often results in accumulation of abnormally misfolded or aggregated proteins, which are
potentially toxic to the cells, leading to cell death and various disease states, including
alcohol-mediated brain injury and neurodegeneration [27,28].

Autophagy is a highly conserved cellular procedure that removes damaged subcellular
organelles and proteins to be re-utilized for promoting cellular homeostasis and survival,
especially during insufficient energy supply like fasting [29] or disease states that lead to
autophagic flux and autophagic degradation, depending on the nature of disease [30-33].
Autophagy is usually very low in normal physiological states. However, it can be acti-
vated or induced under stressful conditions such as decreased energy supply, hypoxia,
ischemia/reperfusion, and viral infections to overcome unfavorable conditions [34], for an
excellent review of the autophagy processes, factors, and underlying mechanisms, while it
can be suppressed by high levels of oxidative stress and long-term alcohol intake. In fact,
autophagy can be regulated by many factors, including oxidative stress, which can cause
oxidative DNA damage, alter gene/epigenetic expression, and promote PTMs (Figure 1).
Changes in oxidative protein modifications and expression, or single nucleotide polymor-
phisms of the specific autophagy-related proteins (ATGs) and many associated genes [35],
respectively (a few of which are exemplified in Figure 1), can result in different rates of
mitophagy, ER stress, and autophagy.

It is also known that specific types of autophagy exist in different cell compartments
for the proper disposal of cellular debris, aggregated proteins, and damaged subcellular
organelles, such as mitochondria (mitophagy), ER (reticulophagy), peroxisomes (pex-
ophagy) [36], and ribosomes (ribophagy) [37], although we only briefly described the
functions of mitophagy and reticulophagy in this review. Thus, abnormal changes in the
ubiquitin-dependent proteasomal activities and the lysosomal autophagy are frequently
associated with many disease states, including alcohol- or nonalcohol-associated chronic
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liver diseases, cancer, and aging-related neurodegenerative disorders. Alcohol-associated
neuronal injury and behavioral and cognitive impairments [38—40] are also known to result
from elevated oxidative stress and abnormal regulations of autophagy. For instance, it is
known that small amounts of ROS activate autophagy or mitophagy to prevent greater
amounts from being produced in the mitochondria and thus providing protection from tis-
sue injury. In contrast, large amounts of ROS (e.g., after chronic excessive alcohol intake) are
known to impair autophagy process possibly through phosphorylation, Sirtl-dependent
deacetylation, and other PTMs of many proteins involved in the autophagy machinery [34].
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Figure 1. Schematic diagram of the multiple pathways to show how ethanol and acetaldehyde
regulate autophagy through elevated oxidative stress, leading to alcohol-mediated neuronal injury
and neurodegeneration. Lines with arrowheads indicate stimulation of the pathway while short
perpendicular lines represent inhibition.

Autophagy also repairs DNA damage, which is elevated by oxidative stress or acetalde-
hyde [41]. In addition, DNA damage causes autophagy where PARP-1 is involved [42,43].
Thus, if autophagy is inhibited, DNA damage cannot be repaired, and the cells undergo
apoptosis (instead of re-utilization of the cellular components via autophagy).

3.2. Increased Oxidative Stress in the Alcohol Metabolism in the Brain

The majority of consumed alcohol (ethanol) is known to be metabolized by oxida-
tive and non-oxidative pathways in the liver as well as the stomach [44,45]. During the
oxidative metabolism pathway, alcohol is oxidized by the cytosolic alcohol dehydrogenase
(ADH) to acetaldehyde, which is further oxidized to acetate by the mitochondrial aldehyde
dehydrogenase-2 (ALDH2) by using NAD* as a cofactor for both enzymes, resulting in a
redox change. In addition, in the presence of a high ethanol concentration through chronic
alcohol intake, CYP2E1 present in the endoplasmic reticulum and mitochondria [19,46—48]
is induced and becomes involved in ethanol oxidation by using NADPH as a cofactor and
produce a superoxide anion, which further leads to the production of other reactive oxygen
and nitrogen species (ROS/RNS). During the non-oxidative pathway, ethanol is conjugated
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with various small molecules, such as fatty acids, to produce fatty acid ethyl esters (FAEEs)
and phosphatidylethanol [49-51].

In general, the oxidative ethanol metabolism increasing the NAD*/NADH ratio and
inducing CYP2E1 activity [52] is known to cause oxidative stress and tissue injury through
activation of the cell death pathways and elevated production of the cytotoxic acetaldehyde
and highly reactive lipid aldehydes such as 4-HNE, MDA, and acrolein-adducts [53].
This organ damage occurs in many peripheral tissues and the central nervous system
(CNS). Recent studies also showed that non-oxidative ethanol metabolism is involved in
tissue injury through elevated ER stress and cell death pathways in the peripheral tissues,
including the adipocytes and liver [54].

Unlike the liver, the brain does not contain the classical oxidative ethanol metabolism
pathway starting with the ADH, since all five ADH isozymes, including the major ethanol-
metabolizing ADH-II, is absent or very low in the brain tissues [55]. In fact, other scientists
reported that the majority of alcohol in the brain is known to be metabolized by catalase
(~60%) and partially by CYP2E1 (~20%) and others, although the induction of CYP2E1
occurs after chronic alcohol intake [56-60]. However, it is important to consider the
potential impacts of the elevated CYP2E1 on the oxidative cell and brain injury, since
CYP2E1 was shown to be induced by 17.5 mM ethanol in primary neuronal cells [61],
primary astrocytes [62], and rodent brains after chronic alcohol exposures [63-66].

In addition to these enzymes, ethanol is also known to be metabolized via the non-
oxidative pathway to produce ethanol fatty acid esters, which are also known to cause
neuroprotection [67,68] or mitochondrial dysfunction and neurotoxicity [49,50,69], depend-
ing on the moiety of the fatty acids and suppression of the oxidative ethanol metabolism
enzymes [70]. For instance, FAEEs including docosahexaenoic acid (DHA) and eicos-
apentaenoic acid (EPA) were reported to prevent neurotoxicity or neurodegeneration in
animal models of Alzheimer’s disease [71], Parkinson’s disease [67], and Huntington’s
disease [72]. On the other hand, ethyl oleate or ethyl palmitate produced through the non-
oxidative ethanol metabolism could take place in various tissues, including the pancreas,
heart, and brain, where the oxidative ethanol metabolism is weak and causes injury in
those tissues [49]. In the latter cases, the amounts of FAEEs positively correlate with the
levels of blood alcohol and may promote tissue injury by releasing the free fatty acids,
which subsequently suppress the mitochondrial functions, leading to increased organ
damage [69].

Finally, most of the ROS produced in the brain could result from the suppressed
mitochondrial function and abnormal changes in mitochondrial fission and fusion, which
are associated with many chronic disease states, including aging-related neurodegener-
ative diseases [73-76]. Excessive amounts of alcohol intake are also known to promote
the mitochondrial dysfunction, leading to elevated electron leakage from the mitochon-
drial ETC to generate ROS and ultimately increased oxidative stress in the peripheral
tissues and brain, as reported by many laboratories [77-79]. For instance, mitochondrial
complexes I-III and IV subunit activities are suppressed by alcohol exposure in rodent
models [80]. In addition, alcohol intake is known to alter the intracellular Ca?* balance,
cause changes in the mitochondrial Ca?* levels, and alter the dynamics of mitochondrial fu-
sion and fission, leading to mitochondrial dysfunction and neuroinflammation [81-83]. All
these changes eventually result in elevated oxidative stress and subsequent neurotoxicity.

3.3. Effects of Increased Oxidative Stress on Autophagy and Neuronal Damage in Alcohol-Exposed
Experimental Models and Individuals with AUD

3.3.1. Effects of Increased Oxidative Stress on Autophagy and Neuronal Damage

In general, the brain usually consumes oxygen at higher rates, possesses high lipid
contents, and contains a much smaller amount of antioxidants, including reduced glu-
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tathione (GSH), and antioxidative enzymes such as superoxide dismutase (SOD) isozymes
and catalase, as well as proteases, compared to those in the liver [84-86]. Consequently,
various brain cells, including neurons and astroglial cells, are thought to be more sen-
sitive to oxidative injury or cytotoxic agents acetaldehyde and lipid aldehydes, leading
to mitochondrial dysfunction and ER stress with misfolded proteins, after exposure to
chronic excessive alcohol and other neurotoxic agents compared to the liver hepatocytes.
In addition, it is known that an injured liver can regenerate rapidly to fully recover its func-
tions within a short period of time relative to the brain cells [87,88]. The oxidative ethanol
metabolism via ethanol-induced CYP2E], albeit a small amount and with less involve-
ment in the cerebral oxidative ethanol metabolism than catalase, and can cause oxidative
stress, neuroinflammation, impairment autophagy, and apoptosis of neuronal cells, leading
to brain damage in specific regions, including the hippocampus, cerebellum, and brain-
stem [61,62,65]. Alcohol-mediated neuronal cell- and/or region-specific damage can result
from the unequal distributions of pro-oxidant CYP2E1 [89] and antioxidant ALDH2 [90] in
the brain. In addition, hydrogen peroxide (H,O;) can be generated during the turnover of
neurotransmitters such as dopamine and serotonin, contributing to oxidative stress, if not
properly managed [91]. Additionally, immune-cell-derived NADPH oxidase can contribute
to produce oxidative stress in the brain, leading to ER stress, neuroinflammation, and
neurodegeneration in the animal models [92,93] and people with AUD [94]. Furthermore,
acetaldehyde generated from oxidative ethanol metabolism, mitochondrial dysfunction,
and ER stress can produce additional levels of ROS, Ca?* imbalance, and mitochondrial
dynamic changes in the brain, contributing to inhibition of autophagy/mitophagy accom-
panied by increased neuroinflammation and neurodegeneration in ethanol-exposed cells in
rodents [41,95].

Alcohol-mediated oxidative stress is known to cause neurotoxicity and altered au-
tophagy responses possibly through multiple mechanisms as described below. Alcohol-
induced changes in autophagic responses seem to be dependent on the different embryonic
stages, frequency and patterns of ethanol exposure such as acute and chronic alcohol intake,
which causes oxidative stress, various experimental models, nutritional status of the host
cells/animals, etc. However, because of the often conflicting results, we have listed many
recent reports on the effects of acute and chronic alcohol intake on autophagy regulation
in rodent models in Tables 1 and 2, respectively. In continuation, we have also described
the recent reports on the effects of alcohol exposure on autophagy in various brain cell
culture models, including neurons, microglia, and astrocytes in Table 3. To provide clinical
relevance of these experimental results, we also describe a summary of the effects of ethanol
on autophagic flux in the brains of people with AUD (Table 4).
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3.3.2. Effects of Increased Oxidative Stress on ER Stress and Neuronal Damage

Under increased oxidative and nitrosative stress, we expect that many oxidative PTMs,
such as disulfide oxidation, mixed disulfide formation with glutathione, S-nitrosylation,
nitration, phosphorylation, acetylation, and protein-adducts, including acetaldehyde-
adducts [121-124], can take place. These oxidative PTMs can take place in virtually all
subcellular organelles of the cytoplasm, ER, mitochondria, and nuclei, contributing to accu-
mulation of oxidatively-modified and / or misfolded proteins, ER stress [125], mitochondrial
dysfunction, and epigenetic regulations [126], respectively. Increased oxidative/nitrosative
stress and subsequent PTMs also cause blood-brain barrier (BBB) destruction, neuroin-
flammation, and neurotoxicity [127-130]. For instance, daily ethanol exposures increased the
levels of AGE-albumin [131], histone modifications [132], nitration or acrolein-adducts [133],
phosphorylated Tau proteins [134], and amyloid beta accumulation with cognitive impair-
ments [134-136].

Reticulophagy is a specific autophagy process where damaged ER with misfolded pro-
teins is engulfed and then degraded by lysosomes. The damaged ER with many misfolded
proteins under oxidative stress can result from inactivation of many ER chaperone proteins
such as Hsp90, Grp78, and protein disulfide isomerase (PDI). Under normal conditions,
these chaperone proteins are responsible for various modifications like glycosylation and
disulfide formation for proper folding of their client proteins. However, these chaperone
proteins can also be oxidatively modified, and their functions or activities become inhibited
under oxidative stress conditions after exposure to alcohol or other neurotoxic agents. For
instance, nitration of Hsp90 caused its inactivation, leading to death of motor neurons [137].
Phosphorylation of Grp78 became inactivated in the transformed cells, contributing to sup-
pression of glycosylation with decreased binding with its client protein immunoglobulin
heavy chains [138], ER stress with protein misfolding, and cellular damage [139,140]. In
the case of alcohol exposure, PDI becomes oxidatively modified [141] and inactivated [142]
(Moon KH et al. [122], unpublished results), possibly resulting in decreased binding with
or misfolding of the substrate proteins, ultimately contributing to chronic liver disease or
neurodegeneration, as extensively reviewed [143].

3.3.3. Effects of Increased Oxidative Stress on Mitophagy and Neuronal Damage

Special autophagy in mitochondria (mitophagy) is known to protect against oxidative
stress, mitochondrial dysfunction, inflammation, and aging-related diseases since it not
only removes damaged mitochondria but also regulates the rates of neuroinflammation
and cognitive deficits [97,112,144-146]. Earlier reports showed that Parkin, an E3 ubiquitin
ligase, is involved in removing damaged mitochondria [147], while PINK1 (PTEN-induced
putative serine/threonine kinase 1) is stabilized on damaged mitochondria to stimulate
Parkin, which regulates the cell quality control system by breaking down unneeded or
damaged proteins [148]. Thus, PINK1-KO or Parkin-KO mice are thought to have impaired
mitophagy compared to the wild-type (WT) mice, and these KO mice become more sen-
sitive to mitochondrial dysfunction and tissue injury caused by alcohol [38,110,149] and
other potentially other neurotoxic agents [150]. Additionally, Lin et al. recently showed
that chronic alcohol exposure promoted impairment of both receptor-mediated and PINK1-
related mitophagy in the medial prefrontal cortex, leading to elevated NLRP3-related
neuroinflammation and cognitive decline in C57BL6/] mice through suppression of an an-
tioxidant transcription factor nuclear factor erythroid 2-related factor 2 (NRf2) [40]. In this
report, si-RNA mediated silencing of PINK1 or BNIP3 caused mitochondrial dysfunction
and alcohol-induced neuroinflammation in BV2 microglial cells. However, treatment with
RTA-408, an NRF2 activator, attenuated NLRP3-related neuroinflammation and mitophagy
suppression, leading to improvement of alcohol-mediated cognitive dysfunction. These re-
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sults indicate that alcohol-mediated oxidative stress plays an important role in suppressing
mitophagy, which leads to NLRP3 neuroinflammation and cognitive impairment in mice.

In contrast, acetaldehyde induces mitophagic responses with elevated levels of PINK1,
Parkin (a member of the E3 ubiquitin ligase, cell quality control system by breaking down
unneeded or damaged proteins), resulting in mitochondrial dysfunction and decreased
mitochondrial mass, and cytotoxicity in acetaldehyde-exposed SH-SY5Y cells. In this case,
the levels of LC3-I1, Beclin1, autophagy-related protein Atg5, and Atgl6L1 were elevated,
while p62 levels were decreased. However, treatment with an autophagy inhibitor such as
chloroquine and 3-methyladenine (3-MA), or an antioxidant NAC, prevented decreased mi-
tochondrial mass, suggesting a role of oxidative stress in acetaldehyde-mediated excessive
mitophagy [41].

3.3.4. Effects of Increased Oxidative Stress on Neuroinflammation, NETosis, and
Neuronal Damage

Excessive alcohol intake also causes neuroinflammation and NETosis in the brain
through alterations of the functions of neutrophils. Neutrophils are white blood cells that
play a pivotal role in innate and adaptive immunity, wound healing, the resolution of
inflammation, and fight against infection from various pathogens [151,152]. The polymor-
phonuclear neutrophils (PMNs) are involved in several types of non-inflammatory events,
e.g., senescence, apoptosis, and efferocytosis [153-155], as well as inflammatory processes,
e.g., necroptosis, ferroptosis, and necrosis [156-158], including NETosis [159], while they
defend the host against the inflammatory threat or infection. In many organs, especially in
the brain, these types of cell death can contribute to secondary brain damage by causing a
high-grade neuroinflammation.

Like other types of cell death, NETosis is also modulated by autophagy /mitophagy [154,155].
It also mediates a few molecular pathways through the oxidative stress, which activates
signaling molecules such as NF-kB, NADPH oxidase, Protein Kinase C (PKC), cytokines
(IL-1pB, IL-8, and HMGBI), anti-neutrophilic cytoplasmic autoantibody (ANCA), all-trans-
retinoic acid (ATRA), transient receptor potential channel M2 (TRPM2), etc. [160,161].

More importantly, autophagy regulates the formation of NETs/NETosis. During
NETosis, autophagy can manipulate neutrophil cell death to resolve the inflammation
in several organs by regulating neutrophil degranulation, differentiation, metabolism,
and the formation of neutrophil extracellular traps (NETs) against the pathogens and
dreadful stimuli. The active steps and sequence of events in the molecular pathways that
occur during the coordination between the autophagy and induction of NETs/NETosis
are very crucial in deciding the fate of the cells in which the mTOR/REDDI (regulation in
development and DNA damage response 1) pathway is the central regulator of autophagy
in these granulocytes [162]. It has been shown that internal stimuli within the neutrophils
activate the protein-arginine deiminase 4 (PAD4) enzyme, which is a common mediator
in multiple signaling pathways, controlling the execution of the formation of NETs and
occurrence of NETosis. In contrast, inhibition of the PAD4 enzyme significantly blocks the
process of NETosis [163]. Alcohol can induce and inhibit autophagy/mitophagy, which
modulates the formation of NETs and regulation of NETosis in various organs including
the brain, depending on the severity of acute or chronic conditions, amounts of alcohol
consumption, and host conditions. The autophagy process in neutrophils regulates not
only neutrophil metabolism during granulopoiesis but also the formation of NETs and
NETosis, which are closely associated with neuroinflammation and neuronal injury.

This section updates the advancement of the relationship between autophagy and
not only intrinsic changes in neutrophil per se but also extrinsic regulation of the events,
involving NETs formation/NETosis in response to acute and chronic alcohol consumption.
For example, alcohol-exposed neutrophils produce several inflammatory danger molecules
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in their intracellular space as well as around their microenvironment in the brain. These
pro-inflammatory environment prime neutrophils to form NETs/NETosis, which leads to
autophagy-mediated generation of ROS and superoxide from NADPH oxidase activity,
degranulation, and an increase in calcium levels to activate the PAD4 enzyme, influencing
myeloperoxidase/elastase and histone citrullination activities for epigenetic regulation.
Thus, understanding the molecular and cellular mechanisms involving the processes of
autophagy and the formation of NETs/NETosis will identify potential targets to develop
anti-alcohol drugs for clinical application and provide treatment options to patients with
alcohol misuse.

3.3.5. Effects of Increased Oxidative Stress on Autophagy and Neuronal Damage by
Regulating the Cell Signaling Pathways

As mentioned before, chronic or binge alcohol intake causes oxidative stress, leading
to neuroinflammation and organ damage mainly through suppressing antioxidants and
defensive enzymes with activation of pro-oxidant proteins and mitochondrial dysfunction
possibly by oxidative PTMs. Alcohol-mediated oxidative stress can alter the activities
of many protein kinases and phosphatases that are involved in the cell signaling path-
ways by the regulation of many proteins in ER stress, neuroinflammation, neurogenesis,
and neurotoxicity [164-169]. For instance, the activities of mTOR kinase, AMPK/mTOR,
PI3K/Akt/mTOR, mitogen activated protein kinases, PKC isoforms, and GSK-3f3, known
to be directly and indirectly involved in the regulation of autophagy-related proteins
and genes, including ATG12, LC3-1II, Beclin-1, p62, and Bcl-2 (Figure 1), are modulated
by alcohol-mediated oxidative stress [101,170-176]. Furthermore, ethanol exposure can
activate the TLR4-NF-«B-cytokines pathway, which can lead to impaired autophagy accom-
panied by elevated neuroinflammation and neuronal injury [101,111,118,135]. Although
the underlying mechanisms by which ethanol-mediated oxidative stress can alter the
rates of autophagy and neuronal injury are incompletely understood, the changes in au-
tophagy responses seem to be dependent on the patterns of ethanol exposure such as the
frequency, amount, and acute or chronic alcohol intake as well as nutritional status of the
host cells/tissues.

3.4. Potential Therapeutic Agents Against Autophagy in Alcohol-Exposed Brains

Alcohol is eliminated from the brain much more slowly than from other organs, and
alcohol accumulates in the largest amount in brain tissue compared to other organs [102].
Current medications for AUD are insufficiently effective, highlighting the need for novel
highly effective therapies [177,178]. Autophagy plays an important role in neurodegen-
erative diseases [179], and modulating autophagy by melatonin or its precursor as a
therapeutic strategy offers a promising potential against alcohol-related brain damage.

Since autophagy exhibits both a protective mechanism and a damage pathway related
to programmed cell death [180], we and others have reported that autophagy can be
a double-edged sword in the context of stroke-induced brain injury [180] and aging-
related neurodegenerative diseases [179], as well as alcohol-mediated brain damage [181].
On one side, autophagy provides a protective mechanism against alcohol-induced brain
damage, and ethanol treatment increased mTOR activity and decreased expression of
several ATG genes including Atgl2, Atgb, p62/SQSTM1, and LC3 [10]. In this case,
autophagy enhancers/inducers likely enhance autophagic flux in alcohol-exposed brains
by clearing damaged organelles or misfolded proteins. In contrast, we and others have
reported that autophagy acts as a double-edged sword, contributing to brain damage,
as seen in the context of stroke-induced brain injury [180,182] and alcohol-related brain
damage [181]. Ethanol exposure enhances autophagy markers like Map1lc3-1I (LC3-II)
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and Beclin-1 expression while decreasing SQSTM1 (p62) expression in the brain, liver, and

neuroblastoma cells [97,183].

This dual nature of autophagy presents opportunities for targeted therapies. Enhanc-
ing autophagy with enhancers/inducers can protect against alcohol-induced brain damage,
while inhibitors may mitigate harmful autophagy activation. In addition, targeting molecu-
lar pathways such as mTOR, AMPK, and PI3K/Akt/mTOR offers promising therapeutic
strategies [102,170-176]. This review discusses potential therapeutic agents for modulating
autophagy in alcohol-exposed brains, as exemplified in Tables 5-7.

Table 5. Autophagy enhancers/inducers/mitophagy activators.

Compound Classification

Summary of Effects

Rapamycin An mTOR Complex 1 (mTORC1) inhibitor

Rapamycin restores autophagic flux, preventing
ethanol-induced cell death and vascular plasticity [32].

Rapamycin inhibits ethanol neonatal effect and normalizes
NMDA receptor changes in the hippocampus, the prefrontal
cortex, and the striatum of the brain of adult rats [184].

Rapamycin mitigates FASD-related behavioral deficits,
improving spatial learning and reducing vulnerability to
alcohol addiction [184].

Rapamycin also enhances LC3 lipidation and protects
neurons from apoptosis.

Inhibition of mTOR by rapamycin restores the levels of p62
and partly re-establishes the LC3-II levels in the prefrontal

cortices of ethanol-treated mice [100].

Rapamycin restores mitophagy [97].

Upregulates the expression of autophagy
Spermidine promoting genes, (e.g., ATG5)
Modulates the NMDA receptor

Spermidine can reverse the suppression of
autophagy-promoting genes caused by oxidative damage
and mitochondrial dysfunction.

Spermidine facilitates the reinstatement of AUD-induced
conditioned place preference/conditioned place preference,
involving the polyamine binding site at the NMDA
receptor [185].

Metformin Autophagy enhancer

Metformin provides antioxidant, anti-inflammatory, and
neuroprotective effects.

Metformin promotes autophagy by increasing
autophagosome formation, as evidenced by elevated
LC3-II levels.

Metformin increases autophagy in the brain by activating
AMP-activated protein kinase (AMPK), which subsequently
inhibits the mTOR signaling pathway, thereby triggering the

process of autophagy [186].

Metformin decreases the expression of p62 in the brain,
which is a marker of impaired autophagy, suggesting that
metformin promotes autophagy by reducing p62
accumulation in brain tissues [187].

Metformin boosts mitophagy, protecting against
alcohol-induced tissue injury [188].
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Table 6. Autophagy inhibitors.

Compound Classification

Summary of Effects

Inhibitor of autophagosome and

lysosome fusion
Bafilomycin A1 (BafAl)

It is a macrolide antibiotic that inhibits the
later stages of autophagy

Bafilomycin A1 inhibits lysosomal acidification [189].

Ethanol exposure increases the p62 levels, while
BafA1 potentiates ethanol-increased LC3
lipidation [97].

As the inhibitor of autophagy, ethanol exposure
impeded the upregulation of LC3 II induced by
BafA1 [40].

Nootropic drug
Piracetam

Derived from neurotransmitter
y-aminobutyric acid

Piracetam prevents ethanol-induced memory loss by
increasing hippocampus long-term potentiation
(LPT) and inhibiting hippocampus
neuronal apoptosis.

Piracetam reduces ethanol-induced neuronal
damage by regulation of autophagic action. In more
detail, piracetam decreases ethanol-induced LC3-II
and Beclin-1 expression, increases the
phosphorylation of mTOR, and inhibits Akt
phosphorylation [190].

Table 7. Selective modulators.

Compound

Classification

Summary of Effects

Erythropoietin (EPO) Glycoprotein hormone

Intranasally administered EPO promotes remyelination
and synapse formation in chronic alcohol-affected
neocortex and hippocampus [191].

Exogenous recombinant human rhEPO, which enters
the cerebrum of the brain through the intranasal route,
activates the EPO receptor and the downstream ERKs
and PI3K/AKT signaling and significantly suppresses

autophagy-related degradation of NRf2 [191]. These

results, thus, highlight autophagy-related Nrf2 activity
as the key mechanism mediating the neuroprotective
effects of EPO [191].

Wortmannin Autophagy inhibitor

Wortmannin blocks the formation of autophagosomes
and inhibits the PI3K/Akt pathway [192].

Wortmannin attenuates ethanol-promoted LC3
lipidation and LC3 puncta [97].

Wortmannin reverses increased phosphorylation of the
PI3K-Akt-GSK3p3-CREB pathway during alcohol
withdrawal [193].

RTA-408 (omaveloxolone) NrF2 activator

RTA-408 ameliorates chronic alcohol exposure-induced
cognitive impairment by modulating mitophagy in the
medial prefrontal cortex of C57BL/6] mice in vivo [40].

RTA-408 improves cognitive impairment in neonatal

mice via reducing the apoptosis of hippocampal
neurons and activating Nrf2 [194].
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Table 7. Cont.

Compound Classification Summary of Effects

CBD stimulates autophagy in vitro and in vivo, leading
to alleviation of lipid accumulation [105].

CBD stimulates autophagy signaling transduction

Cannabidiol Natural component of cannabis though crosstalk between the ERK1/2 and AKT
(CBD) P kinases [195].

CBD’s neuroprotective, immunomodulatory, and
antioxidant properties could prevent or alleviate some
alcohol-related brain damage [105].

H,S protects against ethanol-mediated oxidative stress,
enhanced ER stress, neuronal damage, and
neurotoxicity [125].
Hydrogen disulfide (H,S) A gasotransmitter [196]
Hj,S improves spatial memory impairment via increases
in BDNF expression and hippocampal neurogenesis in
early postnatal alcohol-exposed rat pups [197].

In addition, many other naturally occurring polyphenol flavonoids and NRF2 acti-
vator sulforaphane can prevent oxidative stress, leading to activation of autophagy and
improvement of alcohol-associated liver injury, as extensively reviewed [198]. Since many
small-molecule plant-derived polyphenols or flavonoids, like quercetin, luteolin, rutin,
berberine, and curcumin, are known to have antioxidant effects and pass through the
BBB [199-208], they can also be used for protecting against alcohol-mediated oxidative
stress, impaired autophagy, and neurotoxicity.

4. Conclusions

In this review, we have briefly described various types of alcohol-mediated brain injury
and neurodegeneration, literature search methods, alcohol metabolism in the brain, sources
of oxidative stress, general properties and types of autophagy, and potential translational
approaches against alcohol-mediated brain damage by regulating the rates of autophagy.
However, as we emphasized, the rates of autophagy or mitophagy are differentially af-
fected, depending on the pattern (binge or chronic) of alcohol intake, nutritional status, and
other environmental and genetic factors, all of which affect various cell signaling pathways.
Similar factors and underlying mechanisms for impaired autophagy and mitophagy with
accumulation of damaged, aggregated proteins, and neuronal damage can be induced by
various neurotoxic agents and aging-related neurodegenerative disease states [202-207].
A key distinction between alcohol-mediated brain damage and other neurodegenerative
diseases could be the selective activation of CYP2E1 by alcohol, since CYP2E1 is not in-
duced by aging-related neurodegeneration. Regardless of distinguished pathophysiological
conditions, one common factor could be increased oxidative stress (Figure 1), which will
negatively affect the downstream autophagic processes, leading to impaired autophagy
and neurodegeneration. Due to the complexity of autophagy regulations, further molecular
studies are warranted. For instance, we expect to see additional studies on oxidative PTMs
of the individual proteins involved in the different steps of autophagy and their functional
alterations. Based on the molecular mechanistic studies on alcohol-mediated autophagy
regulations, additional therapeutic agents against alcohol-induced neurotoxicity as well as
other brain diseases can be identified and developed for clinical usage in the future.
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Abbreviations

The following abbreviations are used in this manuscript:

AUD Alcohol use disorder

FASD Fetal alcohol spectrum disorders
ROS Reactive oxygen species

4-HNE  4-hydroxynonenal

MDA Malondialdehyde

ER Endoplasmic reticulum

ETC Electron transport chain

CYP2E1  Cytochrome P450-2E1

PTMs Post-translational protein modifications

ATGs Autophagy-related proteins
ADH Alcohol dehydrogenase
ALDH2  Aldehyde dehydrogenase-2
FAEEs Fatty acid ethyl esters

CNS Central nervous system

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

GSH Glutathione, reduced

SOD Superoxide dismutase

H,0O, Hydrogen peroxide

PD# Postnatal day #

WT Wild-type

KO Knockout

PC12 Pheochromocytoma line 12 cells

AMPK  AMP-activated kinase

PKC Protein Kinase C

CBD Cannabidiol

BBB Blood-brain barrier

PDI Protein disulfide isomerase

PINK1 PTEN-induced putative serine/threonine kinase 1
NRf2 Nuclear factor erythroid 2-related factor 2

3-MA 3-methyladenine

PMNs Polymorphonuclear neutrophils

ANCA  Anti-neutrophilic cytoplasmic autoantibody

ATRA All-trans-retinoic acid

TRPM2  Transient receptor potential channel M2

REDD1  Regulated in development and DNA damage response 1
NETs Neutrophil extracellular traps

PAD4 Protein-arginine deiminase 4
BafAl Bafilomycin Al

EPO Erythropoietin

H,S Hydrogen disulfide
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Abstract: The crosstalk between autophagy and oxidative stress is a cornerstone of stem
cell biology. These processes are tightly interwoven, forming a regulatory network that
impacts stem cell survival, self-renewal, and differentiation. Autophagy, a cellular recycling
mechanism, ensures the removal of damaged organelles and proteins, thereby maintaining
cellular integrity and metabolic balance. Oxidative stress, driven by the accumulation of
reactive oxygen species (ROS), can act as both a signalling molecule and a source of cellular
damage, depending on its levels and context. The interplay between autophagy and ox-
idative stress shapes stem cell fate by either promoting survival under stress conditions or
triggering senescence and apoptosis when dysregulated. Recent evidence underscores the
bidirectional relationship between these processes, where autophagy mitigates oxidative
damage by degrading ROS-generating organelles, and oxidative stress can induce au-
tophagy as a protective response. This crosstalk is critical not only for preserving stem cell
function but also for addressing age-related decline and enhancing regenerative potential.
Understanding the molecular mechanisms that govern this interplay offers novel insights
into stem cell biology and therapeutic strategies. This review delves into the intricate
molecular dynamics of autophagy and oxidative stress in stem cells, emphasizing their
synergistic roles in health, disease, and regenerative medicine applications.

Keywords: ageing; antioxidant; autophagy; mitophagy; regenerative medicine; ROS;
stem cell

1. Introduction

Stem cells are essential for maintaining tissue turnover and regeneration due to their
ability to self-renew and differentiate in response to physiological stimuli or injury. A key
aspect of adult stem cell regulation is quiescence, a reversible non-proliferative state that
preserves genomic integrity and long-term replicative potential. This state is maintained
by both intrinsic and extrinsic signals from the surrounding niche, acting as a protective
mechanism against replicative and metabolic stress [1]. Regeneration refers to the ability of
stem cells to exit quiescence, proliferate, and differentiate to replace damaged or lost cells,
thereby sustaining tissue turnover and enabling effective responses to injury [2].

Ageing disrupts the regulatory circuits that maintain quiescence, leading to either
aberrant exit from the non-proliferative state or a deep, unresponsive quiescence. These
alterations result in reduced activation capacity, increased vulnerability to oxidative stress,
and a progressive decline in regenerative potential [3-6]. Ageing further impairs the stem
cell microenvironment and promotes molecular damage [6].

Antioxidants 2025, 14, 691 https://doi.org/10.3390/antiox14060691
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Within this delicate balance, two fundamental cellular processes, autophagy and ox-
idative stress, play a central role in determining stem cell vitality. Autophagy is a conserved
mechanism responsible for removing damaged mitochondria, aggregated proteins, and
dysfunctional organelles, thereby maintaining cellular homeostasis and preventing senes-
cence [7]. In contrast, the accumulation of reactive oxygen species (ROS) leads to cellular
damage, senescence, and programmed cell death [8,9]. These two processes are tightly
interconnected: autophagy mitigates oxidative stress through mitophagy, while excessive
ROS levels can, in turn, activate autophagy as an adaptive response [10,11].

Multiple studies underscore the significance of autophagy and oxidative stress in gov-
erning stem cell fate decisions, including self-renewal, differentiation, and senescence. For
instance, autophagy has been shown to sustain the metabolic requirements of hematopoietic
stem cells (HSCs) by eliminating damaged mitochondria and preventing the accumulation
of ROS [12-18]. Subsequently, in mesenchymal stem cells (MSCs), oxidative stress has
also been shown to induce autophagy, thereby supporting mitochondrial integrity as a
cellular survival strategy [19-21]. Moderate levels of ROS have been implicated as sig-
nalling molecules that drive stem cell differentiation, while excessive ROS levels can lead
to apoptosis or senescence [22,23].

Maintaining a functional balance between these mechanisms is crucial to preserving
regenerative capacity and preventing ageing-related dysfunctions, including neurodegen-
erative and cardiovascular disorders [24-26]. Therefore, targeting the interplay between
autophagy and oxidative stress represents a promising strategy to enhance regenera-
tive therapies.

This review explores the molecular mechanisms underlying the crosstalk between
autophagy and oxidative stress in stem cells, with a particular focus on their implications
for quiescence, ageing, and tissue regeneration in the context of regenerative medicine.

2. Autophagy in Stem Cells

Autophagy is essential for maintaining stem cells by regulating mitochondrial content
to meet the cell’s metabolic demands. It prevents the build-up of damaged mitochondria
and reduces ROS production. By protecting cells from metabolic stress, autophagy helps
maintain genome stability and prevents stem cell death and senescence. Additionally,
throughout its effect on epigenetic and metabolic programmes, autophagy exerts a role in
determining cell fate, as well as regulating self-renewal, stem cell quiescence, activation,
and differentiation. Dysregulated autophagy has been implicated in stem cell ageing,
reduced regenerative capacity, and various diseases [27].

If not otherwise specified, the term autophagy in this review refers to macroautophagy,
the most widespread and broadly characterized form of autophagy.

2.1. Molecular Pathways of Autophagy

The molecular pathways governing autophagy are complex and highly regulated.
The autophagy programme is negatively regulated by the mechanistic target of rapamycin
(mTOR) and positively regulated by AMP-activated protein kinase (AMPK). Autophagy
begins with the formation of the phagophore, a double-membrane structure that en-
gulfs cytoplasmic material for degradation. This process is regulated by a series of con-
served autophagy-related (ATG) proteins and pathways that respond to cellular stress and
metabolic cues [28].

2.1.1. Initiation and Regulation

The initiation of autophagy involves the formation of the Unc-51-like kinase 1/2
(ULK1/2) complex and Phosphatidylinositol 3-kinase (PI3K) protein complexes (Figure 1).
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Under nutrient-rich conditions, mTOR directly inhibits autophagy by phosphorylating
ULK]1, thereby preventing AMPK activation. Conversely, during energy stress, AMPK
activates autophagy by phosphorylating ULK1 on a different serine residue. At the same
time, AMPK can directly phosphorylate a subunit of the mTOR complex, thus inhibiting
it [28-30]. In stem cells, mTOR signalling plays a pivotal role in balancing self-renewal
and differentiation, making its regulation critical for maintaining stem cell homeosta-
sis [14,28,31-33]. However, the effects of mTOR signalling vary depending on the type of
stem cells involved [34,35].
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Figure 1. The phases of autophagy in stem cells. AMPK initiates the autophagic process by activation
of the ULK1 complex and removing the inhibitory effect of mTOR. During nucleation, the activated
ULK1/2 complex orchestrates the recruitment of the class III PI3K complex, which includes VPS34,
VPS15, Beclin-1, and ATG14, with Tat-Beclin1 functioning as an mTORC1-independent autophagy
inducer. The phagophore expands into the isolation membrane, which elongates and closes to
form the autophagosome. This process is driven by two ubiquitin-like conjugation systems: one
involving the ATG12-ATG5-ATG16L1 complex, and the other mediating the lipidation of LC3-I with
phosphatidylethanolamine (PE) to generate LC3-II, a hallmark of autophagosome maturation. Both
conjugation pathways critically depend on the El-like enzyme ATG?7.

2.1.2. Nucleation and Phagophore Formation

Following activation, the ULK1 complex recruits the class III PI3K complex, including
VPS34, VPS15, Beclin-1 (Becn1), and ATG14 to initiate phagophore nucleation. The genera-
tion of phosphatidylinositol-3-phosphate (PIP3), mainly by VPS34 at the nucleation site,
serves as a platform for recruiting additional ATG proteins, facilitating the assembly of the
autophagosome membrane (Figure 1) [28,36]. The role of Becnl in stem cell autophagy is
particularly important, as its dysregulation has been linked to impaired self-renewal and
differentiation capacity in neural stem cells (NSCs) [37]. The role of the VPS34 complex
has also been pointed out in endothelial precursor cells (EPCs). Specifically, the role of
autophagy in cardiac protection under conditions of oxygen and glucose deprivation was
studied in EPCs, which were recruited from bone marrow in response to cardiac ischemic
events. The authors highlighted that the slight activation of autophagy through rapamycin-
mediated inhibition of mTOR did not increase the survival of bone marrow-derived EPCs
against injury. Conversely, the VPS34 complex activator Tat-Beclinl (mTORC1-independent
autophagy activator) restored the autophagy process with a consequent decrease in apop-
totic EPCs [38].
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2.1.3. Elongation and Closure

The elongation and closure of the phagophore rely on two ubiquitin-like conjugation
systems involving ATG12 and microtubule-associated protein 1A /1B-light chain 3 (LC3)
(Figure 1). The ATG12-ATG5-ATG16L1 complex facilitates membrane expansion, while
LC3 is conjugated to phosphatidylethanolamine (PE) to form LC3-II, which embeds into the
autophagosome membrane [39]. LC3-II functions as a tag of autophagosome genesis and is
crucial for cargo recognition and sequestration. In stem cells, LC3-mediated autophagy
supports mitochondrial turnover, preventing ROS accumulation and preserving cellular
function [40]. Recent findings underscored the importance of autophagy in the expansion
and maturation of hematopoietic precursors [41].

ATG?7 is an El-like ligase, an essential protein in autophagosome biogenesis involved
in Atg5-Atgl2 and LC3-PE conjugation [42,43]. Using an in vitro model of embryonic
stem cell (ESC) transition to epiblast-like cells (EpiLCs), it was recently demonstrated that
dynamic changes in ATG7-dependent autophagy are essential for the naive-to-primed
transition and germline specification [44].

Very recent experimental results confirmed that Atg?7 is crucial for neurogenesis,
though its influence can be exerted both on autophagy-dependent signalling pathways and
through non-autophagic functions [45].

Stem cell viability is particularly dependent on the selective autophagic degradation
of damaged mitochondria, known as mitophagy [46]. The PTEN-induced putative kinase
1 (PINK1)-Parkin pathway is a key regulator of mitophagy. Dysfunctional mitochondria
show accumulated PINK1 on the outer mitochondrial membrane. This, in turn, recruits
the E3 ubiquitin ligase Parkin to ubiquitinate mitochondrial proteins, marking the or-
ganelle for autophagic degradation [47]. Exploiting an innovative tool for investigating
mitophagy, recent research demonstrated that PINK1 contributes to maintaining mitochon-
drial homeostasis and pluripotency in ESCs [48]. Stem cell mitophagy can also be mediated
by two mitophagy receptor pathways, which involve BCL2-interacting protein 3 like/Nip3-
like protein X (BNIP3L/NIX) and/or FUN14 domain containing 1 (FUNDC1) [49,50]. In
mitophagy, damaged mitochondria, characterized by PINK1 accumulation, trigger their
recognition and subsequent degradation. The final step involves autophagosome fusion
with the lysosome, leading to the degradation and recycling of cellular components.

2.2. Transcriptional and Post-Transcriptional Regulation

Autophagy in stem cells is also regulated transcriptionally by factors such as Forkhead
box O3 (FOXO3) and transcription factor EB (TFEB). Expression activation of Atg genes
mediated by FOXO3 enhances the capability of stem cells to respond to stress and main-
tain homeostasis. Regulation of lysosomal biogenesis and autophagy mediated by TFEB
functions through the activation of the transcription of genes involved in autophagosome
formation and lysosomal function [51]. In neural stem and progenitor cells (NSPC), a
network of Atg genes regulated by the transcription factor FOXO3 was identified while ex-
ploring the transcriptional programmes essential for cell function [52]. Further, it was found
that FOXO3-mediated autophagy activation maintains redox balance during osteogenic
differentiation [53] and protects HSCs from metabolic stress [54].

In a recent paper, the authors proposed a novel mechanism by which TFEB regu-
lates the pluripotency of mouse embryonic stem cells (mESCs) through control of the
pluripotency transcriptional network [55]. In another interesting paper, while trying to
comprehend how quiescent long-term hematopoietic stem cells (LT-HSCs) perceive daily
and stress-induced cues to transition into metabolically active progeny, the authors demon-
strated that lysosomes, which function as advanced nutrient-sensing and signalling hubs,
are modulated in a dual manner by TFEB and MYC to stabilize catabolic and anabolic
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activities essential for LT-HSC activation and lineage determination [56]. These findings
establish TFEB-mediated lysosomal regulation as a key axis for orchestrating correct and
synchronized stem cell fate decisions.

Post-transcriptional mechanisms, including non-coding RNAs such as microRNAs
(miRNAs) and long non-coding RNAs (IncRNAs), further fine-tune autophagy.

For example, the expression of miR-145, miR-148a, and miR-185 was investigated
in Wharton jelly multipotent stem cells (WJ-MSCs) from male and female donors in rela-
tion to the autophagic process and adipogenic/osteogenic differentiation potential. These
miRNAs were chosen for their roles in regulating the stemness-related octamer-binding
transcription factor 4 (OCT4) and DNMT1 gene expression and stem cell differentiation.
Findings revealed a distinct regulatory mechanism involving the miR-148a/DNMT1/0CT4
autophagy pathway in male WJ-MSCs compared to female cells. However, no significant
differences were observed in the expression of miR-145 and miR-185, which regulate differ-
entiation [57]. Overall, these results highlight sex-based differences in WJ-MSC behaviour,
offering insights into autophagy and stemness that could inform future clinical applications.

Further, IncRNAs can enhance autophagy by stabilizing the expression of key
ATG proteins [58,59].

2.3. Autophagy and Stem Cell Ageing

Recent studies establish a strong connection between autophagy and stem cell ageing.
Among others, the role of chaperone-mediated autophagy in ageing biology and stem
cell rejuvenation has been reviewed in [60,61]. Ageing is associated with a decline in
autophagic activity, causing the accumulation of damaged organelles and macromolecules.
This contributes to stem cell exhaustion and a reduction in regenerative capacity. Enhancing
autophagy through genetic or pharmacological means was shown to rejuvenate aged stem
cells and improve their function.

The mechanisms underlying the decline of autophagy with age remain unclear and
are the focus of ongoing research. Recent studies on aged muscle stem cells (MuSCs)
and HSCs have shown that autophagy deteriorates with ageing, leading to impaired
stem cell activity [13,62]. Both MuSCs and HSCs lose their regenerative potential with
age, and old stem cells exhibit autophagy deficiencies, characterized by the autophagic
vesicle enhancement, elevated intracellular p62 levels, increased LC3II expression, and
the presence of ubiquitin-positive inclusions. However, treatment with rapamycin and
spermidine restores autophagic function, mitigating autophagy-related deficiencies in
both systems [13,62].

A previous study also highlighted that autophagy, particularly Atg?7, is essential for
meeting the bioenergetic demands required for the activation of quiescent MuSCs following
injury, a process mediated by SIRT1 [63]. These findings confirm that autophagy is critical
for preserving stemness in both MuSCs and HSCs, though the mechanisms appear to vary
depending on the cellular niche.

In MSCs, instead, a dual role of autophagy has emerged in the context of ageing [64].
Under normal conditions, p62-dependent autophagy selectively degrades GATA4, a key
regulator of the senescence-associated secretory phenotype (SASP), thereby suppressing
senescence. However, when senescence-inducing stimuli arise, the interaction between
GATA4 and p62 gradually declines, leading to the accumulation of GATA4, which subse-
quently activates the SASP transcriptionally [64].

2.4. Autophagy in Disease and Therapy

Dysregulated autophagy has been implicated in several stem cell-related diseases, like
neurodegenerative diseases and cancers [65]. For instance, the expression of Presenilin 1
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(PS1) progressively declines in the aged human brain, and PS1 mutations are the leading
cause of early-onset familial Alzheimer’s disease. While PS1-knockout and PS1 mutant
neurons exhibit dominant autophagy-related phenotypes, it remains unclear whether
autophagy in NSCs is significantly impaired by PS1 deficiency. Recently, authors utilized
CRISPR/Cas9-based gene editing to produce human induced pluripotent stem cells (iPSCs)
that were PS1-knockout in either heterozygosis or homozygosis, after which these cells
differentiated into NSCs. In PS1-deficient NSCs, autophagosome formation as well as
expression of mMRNAs and proteins related to the autophagy-lysosome pathway (ALP),
were reduced [66]. Mechanistically, inhibition of ERK/CREB signalling and activation of
GSK3p played critical roles in suppressing TFEB expression in PS1-knockout NSCs [66].
These results indicate that PS1 deficiency leads to autophagy repression in human NSCs by
downregulating ERK/CREB signalling, thus contributing to a major understanding of the
role of PS1 in autophagy regulation.

Targeting autophagy pathways offers a promising therapeutic strategy for enhanc-
ing stem cell survival and function. Pharmacological activators of autophagy, such as
rapamycin, have been explored for their ability to improve stem cell transplantation
outcomes and tissue regeneration [36,67]. Transplantation of satellite cells, along with
lineage-tracing approaches, revealed that hypercapnia disrupted satellite cell replication,
activation, and myogenic potential. Sequencing analyses, performed both in bulk and at the
single-cell level, revealed that hypercapnia altered autophagy, senescence, and other key
cellular pathways [67]. In hypercapnic mice, rapamycin restored satellite cell autophagy
flux, enhanced their activation and replication rates, and improved myogenic capability
post-transplantation. These findings demonstrate that in hypercapnic mice treated with
rapamycin, the functions of satellite cells were restored through AMPK activation and
mTOR inhibition [67].

In another paper, authors faced the problem of stem cell transplantation after infarc-
tion, which is often impaired by the poor survival and engraftment of cells within the harsh
microenvironment of the damaged heart. The study examined whether rapamycin-induced
autophagy activation could enhance the survival of transplanted MSCs [68]. Rat bone
marrow MSCs preconditioned with rapamycin exhibited reduced apoptosis and enhanced
secretion of key factors, including hepatocyte growth factor (HGF), insulin-like growth
factor-1 (IGF-1), stem cell factor (SCF), stromal cell-derived factor-1 (SDF-1), and vascular
endothelial growth factor (VEGF). Moreover, rapamycin treatment significantly increased
autophagic activity and lysosome production in MSCs. Following transplantation into a
rat ischemia/reperfusion model, a few transplanted MSCs were observed to differentiate
into cardiomyocytes (at least apparently) and endothelial cells in the damaged hearts [68].
These findings indicate that a low level of autophagy activation through rapamycin pre-
conditioning sustains the engraftment and differentiation of transplanted cells, ultimately
promoting myocardial repair and improving cardiac function.

Intriguingly, the regulation of autophagy can impact the regenerative potential of
MSCs, both affecting MSC properties and through MSCs’ capacity to modulate autophagy
of cells in damaged tissues/organs [69]. For example, MSCs can modulate autophagy in im-
mune cells related to injury-induced inflammation, diminishing their survival, proliferation,
and function. As a consequence, this favours the clearance of inflammation. Furthermore,
MSCs can modulate autophagy in endogenous progenitor cells, fostering their proliferation
and differentiation. This contributes to the repair of altered tissue [69]. A greater clarifi-
cation of the pathways through which MSCs regulate the autophagy of various types of
target cells and how autophagy can impact MSCs’ clinical potentialities will contribute to a
broader perspective for the therapeutic application of MSCs in multiple pathologies.
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In summary, dysregulated autophagy is a crucial element in the pathogenesis of vari-
ous stem cell-related diseases. Modulating autophagy pathways presents a promising path
for therapeutic treatments aimed at enhancing stem cell survival, improving transplantation
outcomes, and promoting tissue regeneration.

3. Oxidative Stress in Stem Cells

Oxidative stress, characterized by an imbalance between ROS production and an-
tioxidant defences, significantly impacts stem cell function. While moderate ROS levels
serve as signalling molecules promoting stem cell differentiation, excessive ROS can lead
to detrimental effects, including DNA damage, protein oxidation, and lipid peroxidation,
ultimately impairing stem cell function [70].

ROS are chemically reactive molecules derived from oxygen, including superox-
ide anions (O;°7), hydrogen peroxide (H;O,), and hydroxyl radicals (*OH). Electrons
escaping from the electron transport chain react with molecular oxygen to form O;°",
which are then converted to less reactive species via enzymatic and non-enzymatic
antioxidant defences [71].

3.1. Sources and Regulation of ROS

The primary source of ROS in all cells, including stem cells, is the mitochondria,
particularly during oxidative phosphorylation (OxPhos) [72,73]. About 0.1-0.2% of mito-
chondrial oxygen consumption produces ROS as byproducts of the respiratory chain [74].
The exact amount of ROS produced during mitochondrial respiration varies significantly
based on cell type, environmental conditions, and mitochondrial activity [75]. Consequently,
cells regulate ROS levels by modulating mitochondrial function and metabolic pathways.
Precisely, ROS production can be reduced by drawing substrates away from OxPhos, as
well as by boosting pathways that restore oxidized glutathione (GSH), like the pentose
phosphate pathway.

ROS generated by OxPhos, and especially H,O,, are key regulators of stem and pro-
genitor cell function in both physiological and pathological contexts. In quiescent HSCs,
low H,O; levels help maintain stemness, whereas increased H,O; levels within HSCs or
their niche promote survival, proliferative activity, differentiation, and cell migration [73].
Conversely, in pathological conditions such as ageing, atherosclerosis, heart failure, hyper-
tension, and diabetes, excessive ROS levels contribute to an inflammatory and oxidative
environment, triggering damage and apoptosis in stem and progenitor cells [73].

Another key ROS source in stem cells is the nicotinamide adenine dinucleotide phos-
phate oxidase (NOX) family, which contributes to redox balance together with the antiox-
idant systems [76,77]. Unlike mitochondrial ROS, NOXs intentionally produce ROS by
transferring electrons from the nicotinamide adenine dinucleotide phosphate (NADPH)
to O, thus generating superoxide (O,° ) which can be converted to hydrogen peroxide
(H,0O,) by superoxide dismutase (SOD). A distinct NOX subcellular localization results
in compartmentalized ROS production, enabling precise redox signalling regulation [78].
This redox equilibrium is closely linked to the regulation of stem cell fate, influencing
self-renewal, proliferation, and differentiation, which are critical processes in embryonic
development, adult tissue regeneration, and cell therapy applications [77]. Although cy-
tochrome P450, xanthine oxidase (XO), and nitric oxide synthases (NOS) are minor ROS
sources, they can influence redox balance [77].

3.2. Antioxidant Defence Mechanisms

Stem cells hold intrinsic antioxidant defence mechanisms which include both en-
zymatic systems such as SOD, catalase (CAT), and glutathione peroxidase (GPx), and
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non-enzymatic molecules like GSH, vitamins C and E, and flavonoids. These systems work
synergistically to neutralize ROS and maintain redox balance [26,79-81].

HSCs are highly sensitive to intracellular redox balance, requiring minimal ROS
levels and NOX expression to maintain quiescence [82]. Research indicates that quiescent,
proliferative, and differentiated stem cells exhibit varying ROS levels due to metabolic
differences. Maintaining low ROS levels, regulated by both internal and external factors, is
crucial for stem cell self-renewal, migration, development, and cell cycle regulation [83-85].
However, elevated ROS levels drive HSCs out of quiescence, promoting differentiation at
the expense of self-renewal. If left unchecked, this imbalance can deplete the HSC pool and
contribute to disease development [86].

Conversely, MSCs have been shown to exhibit resistance to oxidative and nitrosative
stress, at least in vitro, a capability linked to their constitutive expression of antioxidant
enzymes like SOD1, SOD2, CAT, and GPX, as well as abundant levels of the antioxidant
GSH [87]. Depleting GSH compromises their tolerance to oxidative stress. Additionally,
MSCs constitutively express heat shock protein 70 (HSP70) and sirtuins (SIRT), especially
SIRT1, 3, and 6 [88], which may further contribute to their resilience against oxidative
and nitrosative damage. SIRT1 promotes MSC survival under H,O,-induced oxidative
stress [89]. Similarly, SIRT6 has been implicated in reducing oxidative damage and basal
ROS levels in MSCs by promoting the production of antioxidants, such as heme oxygenase-
1 (HO-1) [90]. Overexpressing HO-1 has been shown to mitigate ROS accumulation and
cellular senescence in SIRT6-deficient MSCs, highlighting its critical role in MSC survival
under oxidative conditions [90].

Beyond their inherent antioxidant defences, MSCs can also adapt to redox stress.
When treated with lipopolysaccharides (LPSs), MSCs produce oxidative and nitrosative
free radicals, further demonstrating their dynamic response to environmental stressors [88].

3.3. Impacts of Oxidative Stress on Stem Cell Function

In stem cells, the equilibrium between self-renewal and differentiation is influenced
by the redox balance regulation in coordination with metabolism [22]. Studies indicate that
ROS amounts remain limited in niches where stem cells undergo self-renewal, while they
increase as stem cells differentiate (Figure 2) [91,92]. In various stem cell types, both exces-
sive and insufficient ROS levels can impair regenerative potential through the reduction in
proliferation activity, differentiation potential, and self-renewal maintenance [90,93-96]. In
particular, quiescent adult stem cells in their niches display ROS signalling suppression
caused by antioxidant expression induced by high transcription factor levels, like nuclear
factor erythroid 2-related factor 2 (Nrf2), while proliferating cells show activated growth
factor kinase signalling and altered redox states consisting of ROS signalling activation
caused by antioxidant reduction [97]. Therefore, maintaining ideal ROS levels is essential
for appropriate stem cell function. However, primary neural progenitors with proliferative,
self-renewing, and multipotency characteristics similar to NSCs unexpectedly maintained
high ROS levels and exhibited strong responsiveness to ROS stimulation [93]. A ROS-driven
increase in self-renewal and neurogenic capability was found to rely on the PI3K/AKT
axis. Indeed, reduced intracellular ROS amounts in response to pharmacological and
genetic interventions disrupted NSC and progenitor activity in vitro and in vivo [93]. AKT
double-deficient HSCs display reduced ROS and remain quiescent, and restoring ROS phar-
macologically rescues their differentiation capacity [94]. These results highlight AKT1 and
AKT?2 as essential regulators of HSC function and suggest that disrupted ROS homeostasis
may contribute to impaired hematopoiesis. Notably, a modest rise in basal ROS levels has
been shown to promote MSC proliferative and migratory activities through the triggering
of ERK 1/2- and JNK-1/2-mediated signalling pathways [98-100].
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Figure 2. Oxidative stress gradient regulates stem cell fate. Low levels of oxidative stress promote
stem cell self-renewal, while moderate levels drive differentiation. However, excessive oxidative stress
leads to cellular damage and senescence, impairing stem cell function and regenerative potential.
Maintaining an optimal oxidative balance is crucial for sustaining stem cell homeostasis and function.

3.3.1. ROS and Stem Cell Differentiation

Moderate levels of ROS act as secondary messengers in cellular signalling pathways,
promoting stem cell differentiation. For example, ROS-mediated activation of the p38
MAPK (p38) and NF-«kB pathways has driven MSC differentiation into osteoblasts [101].
The pluripotency markers of ESCs, including OCT4, NANOG, and sex-determining re-
gion Y-box 2 (SOX2), are downregulated in the presence of elevated ROS levels, pro-
moting ESC differentiation toward mesodermal and endodermal lineages. Remarkably,
this pluripotency can be restored through antioxidant treatment. These effects are regu-
lated by several members of the mitogen-activated protein kinase (MAPK) family, which
modulate numerous signalling pathways [102]. Moliner et al. demonstrated that the aug-
mented differentiation of ESCs into neurons within spheres correlates with enhanced
expression of genes linked to mitochondrial metabolism and ROS production [103]. In
cortical clones, ROS are promptly generated in the culture condition, driving differen-
tiation into both large pyramidal-like neurons and calretinin-expressing neurons [104].
Similarly, Le Belle et al. found that pharmacological inhibition of the NOS enzyme led
to increased oxidative stress, which, in turn, stimulated neuroepithelial stem (NES) cell
activity and self-renewal [93]. Moreover, ROS-driven neurogenesis relies on the activation
of INK signalling [105]. Spitkovsky et al. observed an increase in mitochondrial biogene-
sis during in vitro mESC cardiogenic differentiation. They also showed that complex III
activity drives essential Ca?* oscillations to initiate this differentiation, independent of
ATP production [106].

Conversely, Chung and colleagues evidenced how the shift from anaerobic glycolysis
to aerobic OxPhos was essential for proper mESC differentiation toward a functional
cardiac phenotype [107,108].

3.3.2. Excessive ROS and Stem Cell Damage

On the other hand, excessive ROS disrupts this balance, leading to DNA damage,
protein oxidation, and lipid peroxidation, ultimately impairing stem cell function and
leading to stem cell senescence [109]. Jang and Sharkis demonstrated that mouse bone
marrow-derived HSCs could be categorized into ROSM8" and ROS!™ cell groups based
on the intensity of dichlorodihydrofluorescein (DCF) staining [82]. ROS"8" HSCs showed
a diminished capacity to generate long-term cells in vitro, as well as a reduced ability
to sustain long-term engraftment upon transplantation compared to ROS'°%¥ HSCs. In
NSCs, excessive ROS leads to oxidative DNA damage, triggering the activation of the p53
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signalling pathway. This activation resulted in cell cycle arrest, senescence, or apoptosis,
thereby impairing the regenerative capacity of NSCs, highlighting the sensitivity of these
cells to oxidative stress [110]. However, minimal p53 signalling is key to these cells. In a
recent paper, Navarro et al. investigated the p53 role in human brain development, using
human iPSC-derived NSCs, along with brain organoids. They knocked down p53 in human
iPSC-derived NES cells derived from iPSCs and observed that the knocked down cells
suddenly developed centrosome amplification and genomic instability. Additionally, these
cells exhibited diminished proliferative activity, downregulation of OxPhos-related genes,
and increased glycolytic activity [111]. Furthermore, knocked-down NSCs differentiated
into neurons at an accelerated rate, displaying characteristics of more mature neurons
compared to controls. In brain organoid models of cortical neurogenesis, the loss of p53 led
to a disorganized stem cell layer, a reduction in cortical progenitor cells and neurons, and
a similar downregulation of OxPhos-related genes observed in NES cells [111]. Overall,
these findings highlight a key role for p53 in ensuring genomic stability in NSCs, regulating
neuronal differentiation, and maintaining proper structural organization and metabolic
gene expression in neural progenitors within organoids.

Despite the significance of oxidative stress, its epigenetic effects on stem cells remain
largely unexplored [112]. Epigenetic regulation appears to involve a complex interplay
of multiple factors and coordinated signalling pathways. While an optimal stem cell
model that accurately reflects epigenetic dynamics in the presence of ROS is still lacking,
high-throughput sequencing could provide, in the future, valuable insights into the global
epigenetic changes induced by ROS [112].

3.4. Therapeutic Implications

Understanding the dual role of ROS in stem cell biology is crucial for developing
therapeutic approaches. To lower oxidative stress in stem cells, several strategies have been
developed, including antioxidant therapies, metabolic reprogramming, activation of the
Nrf2 pathway, and optimization of culture conditions.

Such approaches aim to maintain the delicate balance of ROS required for normal
stem cell function and to prevent oxidative stress-induced impairments.

3.4.1. Antioxidant Therapies

Administration of exogenous antioxidants such as N-acetylcysteine (NAC), ascorbic
acid 2-phosphate (AAP), edaravone, and atorvastatin has shown promise in reducing
oxidative damage and enhancing stem cell viability [113-115]. NAC, a thiol-containing
antioxidant and GSH precursor, attenuates oxidative stress by scavenging free radicals.
Through a systematic analysis, the authors uncovered the synergistic protective mechanism
of NAC and AAP on human MSCs (hMSCs) exposed to HyOp-induced oxidative stress.
The combined NAC and AAP (NAC/AAP) treatment mitigates ROS production, preserves
mitochondrial membrane potential, and reduces oxidative stress-induced mitochondrial
fission and fragmentation [116]. However, it is interesting to note that the effects of NAC
are concentration-dependent. For example, a study explored the effects and mechanisms of
NAC on human dental follicle stem cells (hDFSC) which possess MSC characteristics [114].
These authors evaluated MSC properties and their role in alveolar bone regeneration when
exposed to different NAC doses. Treatment with 5 mM NAC enhanced hDFSC proliferation,
reduced senescence, and increased the expression of stem cell- and immune-related markers,
resulting in the strongest osteogenic differentiation. Different doses also helped maintain
stem cell features. The authors found that optimizing NAC concentration augments
hDFSC characteristics, particularly osteogenesis, through PI3K/AKT/ROS signalling [114].
In another paper, the authors demonstrated that only ROS"8" and not ROS!°%, HSCs

210



Antioxidants 2025, 14, 691

became exhausted after the third transplantation [82]. Such impairments were linked to
heightened activation of p38 and mTOR, which could be mitigated by treating the cells
with an antioxidant, a p38 inhibitor, or rapamycin. Moreover, exposing mouse bone
marrow-derived HSCs to high concentrations of buthionine sulfoximine, an inhibitor of
GSH metabolism, significantly decreased HSC clonogenicity [94,117].

The treatment time windows of the antioxidant edaravone were evaluated in human
umbilical cord mesenchymal stem cells (hUCMSCs) exposed to an LPS/H,0O, challenge.
The therapeutic effects and underlying mechanisms of edaravone-treated hUCMSCs were
then studied in vivo using a murine model of acute liver failure , where increased implanted
stem cell numbers and improved hepatic function were evidenced [118].

Atorvastatin-treated MSCs derived from the bone marrow showed improved survival
upon implant in a setting of renal ischemia-reperfusion injury, accompanied by injury
amelioration outcomes [119]. Similarly, through activation of NOS, atorvastatin enhanced
the efficacy of MSC treatment for swine myocardial infarction [120].

However, since different cell types showed different oxidative stress threshold suscepti-
bility, further investigation is required to evaluate the dose-depentent effects of antioxidants
and their cell type-specific actions before extensive clinical application.

3.4.2. Metabolic Reprogramming

Shifting stem cell metabolism from OxPhos to glycolysis can reduce mitochondrial
ROS production. As mouse PSCs transition from the naive to the primed pluripotent
state, they naturally decrease their reliance on OxPhos and shift to high glycolytic ac-
tivity. This occurs due to the elevated expression of glucose transporters, resulting in
increased glucose uptake and glycolysis [121]. Research using genetically modified mouse
models and progress in metabolomic analysis, particularly in HSCs, have enhanced our
understanding of how metabolic signals regulate stem cell self-renewal. Multiple stem
cell types primarily depend on anaerobic glycolysis, while their function is also influ-
enced by bioenergetic signalling, the AKT-mTOR pathway, glutamine metabolism, and
fatty acid metabolism [122]. Quiescent adult stem cells typically exhibit a preference for
glycolysis, even under aerobic conditions, to minimize oxidative stress. This metabolic
reprogramming is crucial for maintaining stem cell function and has been observed during
processes such as neuronal differentiation [123]. The mechanisms underlying metabolic re-
programming during neuronal differentiation have remained unclear for a long time, until
authors found that the passage from aerobic glycolysis in neural progenitor cells (NPCs)
to OxPhos in mature neurons is defined by the downregulation of hexokinase (HK2) and
lactate dehydrogenase (LDHA) proteins, along with a shift in pyruvate kinase splicing
from PKM2 to PKM1. This shift coincides with a sharp decline in the amount of c-MYC
and N-MYC, working as transcriptional activators of HK2 and LDHA [123]. Forcing the
continuous expression of HK2 and LDHA along cell maturation determines neuronal cell
death, highlighting the necessity of shutting down aerobic glycolysis for neuronal survival.
Additionally, the metabolic regulators PGC-1x and ERRy show a significant upregulation
during differentiation, supporting the sustained transcriptional activation of metabolic and
mitochondrial genes. Notably, these gene expression levels remain unmodified compared
to NPCs, suggesting specific transcriptional regulation in proliferative versus post-mitotic
differentiation states [123]. Furthermore, mitochondrial mass expands in proportion to
neuronal growth, pointing to an as-yet unidentified mechanism that links mitochondrial
biogenesis to cell size [123]. Recent research indicates that small non-coding RNAs, such as
piRNAs, are involved in regulating this metabolic shift, further highlighting the complexity
of metabolic control in stem cells [124].
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3.4.3. Activation of Nrf2 Pathways

The Nrf2 pathway is a crucial regulator of cellular antioxidant responses. Pharmaco-
logical activation of Nrf2 upregulates the expression of antioxidant genes, protecting stem
cells from oxidative stress and improving their regenerative capacity [125]. NAC has been
shown to exert its protective effects, partially, through the activation of the Nrf2 pathway,
leading to increased GSH synthesis and enhanced cellular defence mechanisms. How-
ever, to some extent, ROS production is necessary for various stem cell types to transition
from quiescence to activation and differentiation. Therefore, Nrf2-mediated regulation of
redox-related genes has to be precisely balanced to accommodate the functional needs of
stem cells, depending on their dormant or active state. One example of Nrf’s role in redox
balance involves peroxiredoxins 1 and 6 (PRDX1/6), which play a key role in reducing
intracellular HyO,. In human embryonic stem cells (hESCs), the maintenance of stemness
requires ROS suppression, as PRDX1 deletion leads to ROS accumulation and diminished
stem cell properties [126]. In contrast, dental pulp stem cells (DPSCs) require a reduction
in PRDX6 levels to undergo osteogenic differentiation, as PRDX6 overexpression inhibits
dental bone development [127]. These findings highlight how different stem cell niches
necessitate distinct ROS levels based on their functional context, with Nrf2 and its redox
targets playing a central role in mediating ROS-dependent shifts in stem cell status.

3.4.4. Improved Culture Conditions

Mimicking the hypoxic conditions of the stem cell niche by reducing oxygen levels
in culture has long been shown to decrease ROS levels and to help maintain the stem cell
undifferentiated state [128,129]. Further, culturing stem cells under low oxygen conditions
enhances their therapeutic potential [130]. In the case of adipose-derived stem cells (ASCs),
for instance, it was found that, compared to the hyperoxia group, cells in the physioxia
group demonstrated enhanced proliferation, migration, and angiogenesis, along with
reduced senescence and apoptosis [131]. The improved survival rate of ASCs cultured
under physioxia was observed in both in vitro and in vivo ischemia models. Metabolic
reprogramming analysis revealed a reduction in mitochondrial mass, an increase in in-
tracellular pH alkalization, an enhanced glucose uptake, and glycogen synthesis [131].
These findings suggest that physioxia provides a more favourable environment for cul-
turing ASCs for transplantation, as it preserves their native bioactivities while preventing
hyperoxia-induced damage.

Pyruvate, a crucial byproduct of glycolysis, plays a crucial role in stem cell metabolism.
Recently, hESC culture shows that higher exogenous pyruvate levels shift metabolism to-
ward OxPhos and promote mesoderm and endoderm differentiation [132]. However,
pyruvate production and its mitochondrial metabolism are crucial for mesoderm differ-
entiation. TCA-cycle metabolites cannot replace their role [132]. Additional investigation
revealed that pyruvate elevates the AMP/ATP ratio, activates AMPK, and regulates the
mTOR pathway to promote mesoderm differentiation [132,133]. These results highlight
that, besides its influence on hESC metabolism, exogenous pyruvate also modulates key
signalling pathways in stem cell differentiation.

Beyond glucose metabolism, fatty acid metabolism is also essential for the terminal
stages of hESC endodermal differentiation [134]. Increased fatty acid 3-oxidation and de-
creased adipogenesis occur due to the AMPK-mediated phosphorylation of the adipogenic
enzyme acetyl-CoA carboxylase [134]. As a result, inhibiting fatty acid synthesis through
AMPK agonists exerts a crucial role in facilitating and regulating human endodermal
differentiation. Recent research has identified the PI3K/AKT axis as a crucial metabolic
signalling target for enhancing stem cell survival, offering new insights into optimizing
long-term MSC culture [135]. Further, in bone marrow stem cells, the natural ginseng
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extract Rgl activates the PI3K/AKT pathway, preventing MSC ageing and enhancing
antioxidant capacity, thus making Rgl a promising regenerative therapy [136].

In summary, oxidative stress exerts a complex role in stem cell biology, influencing both
differentiation and survival. Maintaining ROS at optimal levels is essential for preserving
stem cell function and developing effective therapeutic interventions.

4. Crosstalk Between Autophagy and Oxidative Stress

The interplay between autophagy and oxidative stress is a dynamic and tightly regu-
lated process that significantly influences stem cell fate. Autophagy and oxidative stress
are interdependent, with each modulating the other to maintain cellular homeostasis.

As reported, ROS-generating organelles such as mitochondria, as well as peroxisomes,
organelles that undergo cellular pathways involved in lipid metabolism, can be degraded
through autophagy. The process relies on the binding of ubiquitinated proteins to specific
autophagy receptors (SQSTM1, NBR1, and NDP52). The autophagic process also withdraws
unfolded proteins through specialized pathways like chaperone-mediated autophagy.
Further, autophagy-dependent Nrf2 activation promotes expression of antioxidant genes
to remove excess intracellular ROS.

On the other hand, a dual role of ROS is recognized in autophagy induction and
inhibition. ROS trigger transcription factors like p53, HIF1A, and Nrf2 to induce the
expression of Atg genes. In addition, ROS-mediated oxidation of Atg4 inhibits its LC3-
PE deconjugation activity, resulting in the accumulation of autophagic LC3-II isoforms,
which facilitate autophagosome formation. ROS directly oxidize cysteine residues on
the « and 3 subunits of AMPK, triggering phosphorylation of the ULK1 complex and
inhibition of PI3K-AKT-mTORC1 signalling pathway, both of which promote autophagy.
In contrast, ROS can inactivate PTEN, which negatively affects the PI3K-AKT-mTORC1
pathway, ultimately suppressing autophagy. Moreover, the inhibition of autophagy is
also mediated by oxidation of catalytic thiols on Atg3 and Atg7 by ROS, inhibiting
LC3 lipidation [137,138].

In a feedback mechanism, autophagy helps reduce ROS levels and remove damaged
organelles, including mitochondria, through mitophagy. Damaged mitochondria are
selectively targeted for degradation by binding to LC3 and being enclosed within the
autophagosome. The autophagosome then fuses with a lysosome, forming an autolysosome
where the mitochondria are broken down and recycled [137].

In stem cells, this crosstalk is mediated through shared molecular pathways, including
mitochondrial quality control, transcriptional regulators, and signalling molecules.

4.1. Mitochondrial Quality Control

Mitochondria are a predominant source of ROS within cells, and their dysfunction
can exacerbate oxidative stress, leading to cellular damage and impaired stem cell function.
Autophagy, particularly mitophagy, is crucial for maintaining mitochondrial quality by
selectively removing damaged mitochondria that generate excessive ROS.

This quality control process is mediated by the PINK1-Parkin pathway, which tags de-
fective mitochondria for degradation via ubiquitination. Additionally, other mediators such
as BCL2 Interacting Protein 3 (BNIP3) and FUNDCI regulate hypoxia-induced mitophagy,
ensuring cellular adaptation to low oxygen environments [139]. Stem cells with impaired
mitophagy exhibit elevated oxidative damage, resulting in diminished functionality and
increased susceptibility to stress [49,140].

In HSCs and ESCs, a lower mitochondrial count is linked with decreased depen-
dence on aerobic metabolism, leading to lower ROS production [121,141]. Additionally,
mitophagy contributes to maintaining low ROS levels during somatic cell reprogram-
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ming into iPSCs via ATG proteins such as PINK1 and ATG3 [142-144]. Notably, the loss
of PINK1-dependent mitophagy significantly reduces the speed and efficiency of iPSC
reprogramming from mouse embryonic fibroblasts [143]. Consistent with this, iPSCs de-
rived from Pink1-knockout mice exhibit decreased glycolytic metabolism and an increased
tendency toward differentiation.

A recent study delved into the mechanisms of mitochondrial function maintenance
in MuSCs [145]. In this research, the authors investigated mitophagy dynamics in MuSCs
across different differentiation states of myogenesis and assessed the role of PINK1 in
preserving their regenerative potential. Their findings reveal that quiescent MuSCs actively
express mitophagy-related genes, show detectable mitophagy flux, and exhibit significant
mitochondrial localization within autophagolysosomes, processes that suddenly decline
upon activation [145]. In mice, genetic deletion of Pink1 disrupts Parkin recruitment to
mitochondria and impairs mitophagy in quiescent MuSCs. This loss is associated with
premature activation and commitment, leading to a decline in self-renewal and an ongoing
loss of muscle regeneration, despite normal proliferation and differentiation capabilities.
Additionally, authors found that the weakened fate decisions in Pink1-deficient MuSCs
can be rescued by scavenging redundant mitochondrial ROS [145]. These results exemplify
the critical contribution of mitophagy in MuSC regulation and establish PINK1 as a key
mediator of mitochondrial integrity and stem cell fate.

Another recent research revealed that O-linked N-acetylglucosamine (O-GlcNAc)
transferase (OGT) critically controls the stress response of HSCs by securing mitochondrial
quality through PINK1-dependent mitophagy [146]. OGT is a unique enzyme that adds
O-GlcNAc modifications to target proteins, playing a crucial role in regulating several
cellular processes across different cell lineages. Nevertheless, its function in hematopoietic
stem and progenitor cells (HSPCs) has remained unclear for a long time. The authors used
Ogt conditional knockout mice to demonstrate that OGT is crucial for HSPC maintenance.
They found that Ogt is particularly expressed in HSPCs, and its elimination causes a rapid
loss of these cells, accompanied by increased ROS levels and apoptosis [146]. Notably,
Ogt-deficient HSCs lose their quiescent state, fail to sustain themselves in vivo, and be-
come highly susceptible to regeneration stress. Moreover, Ogt-deficient HSCs collect high
amounts of faulty mitochondria because of impaired mitophagy, which is linked to reduced
expression of the essential mitophagy regulator PINK1 via dysregulated H3K4me3 [146].
Importantly, excessive production of PINKI re-establishes mitophagy and rescues the
population of Ogt-deficient HSCs [146]. These findings underline the crucial role of OGT
in maintaining HSC function and mitochondrial quality control.

Conversely, oxidative stress can also serve as a trigger for mitophagy, acting as a
protective mechanism against mitochondrial dysfunction. Oxidative stress activates Nrf2, a
transcription factor that upregulates the expression of Atg genes, including those required
in mitophagy. This creates a feedback loop where ROS-induced mitophagy mitigates
oxidative stress, thereby safeguarding stem cell viability and functionality. Moreover, the
interdependence of autophagy and oxidative stress plays a pivotal role in maintaining stem
cell homeostasis and preventing premature ageing [147].

Further research is needed, however, to uncover the molecular mechanisms underlying
mitophagy-driven metabolic reprogramming and to explore its potential as a strategy for
regulating stem cell quiescence and differentiation.

4.2. Transcriptional Regulation

Transcription factors such as FOXO3 and Nrf2 play pivotal roles in mediating the
crosstalk between autophagy and oxidative stress. FOXO3 is activated under oxidative
stress and induces the expression of genes implicated in both autophagy and antioxi-
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dant defence (Figure 3). This includes upregulation of LC3 and BNIP3, which are criti-
cal for autophagy initiation and selective mitochondrial clearance [148]. Recent studies
suggest that FOXO3 also regulates the transcription of enzymes like CAT and SOD, di-
rectly enhancing antioxidant capacity to mitigate ROS-induced damage. Gomez-Puerto
et al. demonstrate that FOXO3 activation drives the expression of genes involved in au-
tophagy, like MAP1LC3B, GABARAPL1, and PARK2, in hMSCs, and Zhang et al. reveal
that FOXO3 induces autophagy through a transcription-dependent mechanism, requiring
FOXO1 [53,149]. Overexpression of FOXO3 leads to increased transcription of FOXO1 and
promotes its nuclear-to-cytoplasmic translocation, resulting in enhanced autophagy. The
findings suggest a coordinated role of FOXO3 and FOXOL1 in regulating autophagy in
response to oxidative stress [149]. These studies collectively elucidate the mechanisms by
which FOXO3 activation under oxidative stress conditions promotes Atg gene expression,
ensuring cellular adaptation and stress resistance. Altogether, they highlight that FOXO3
reduces ROS levels by activating autophagy, underscoring its role in maintaining redox
balance under oxidative stress conditions.
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Figure 3. Redox balance triggered by FOXO3 and Nrf2 in stem cells. In response to oxidative stress,
the transcription factors FOXO3 and Nrf2 are activated and orchestrate distinct yet complementary
cryoprotective programmes. FOXO3 enhances the expression of different autophagy-related genes
(e.g., LC3, BNIP3, MAP1LC3B, GABA, RAPL1, and PARK2) and antioxidant enzymes (e.g., cata-
lase and SOD). Nrf2 upregulates antioxidant defences (e.g., HO-1, GPx, and SOD) and promotes
autophagy via p62/SQSTM1. Together, the autophagy and antioxidant defences promote stem
cell resistance to oxidative stress and limit cell death. This coordinated response preserves redox
homeostasis and counteracts premature stem cell ageing. FOXO3 and Nrf2 thus represent promising
therapeutic targets in age-related and oxidative stress-driven pathologies.

Similarly, Nrf2 coordinates the cellular response to oxidative stress by activating
antioxidant response elements (AREs) in the promoters of genes coding for antioxidant
enzymes, such as GPx and HO-1, as well as ATG proteins like p62/SQSTM1. Recent
studies have elucidated the mechanisms by which, during oxidative stress stimuli, Nrf2
detaches from its inhibitor Keap1 and translocates to the cell nucleus to initiate transcrip-
tional programmes that restore redox balance and promote autophagic degradation of
damaged organelles [150].

In stem cells, the activation of these transcriptional programmes ensures adaptation
to oxidative stress and maintenance of cellular homeostasis. FOXO3 activation has been
shown to preserve HSC quiescence, while Nrf2 activation enhances MSC survival under
oxidative conditions. For instance, FOXO3 plays a crucial role in preserving HSC quies-
cence under oxidative stress, acting as a prominent factor in the DNA damage response
pathways of primitive hematopoietic cells, specifically in base excision repair, thereby
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protecting hematopoietic stem and progenitor cells from oxidative DNA damage during
homeostasis [151]. Additionally, FOXO proteins, including FOXO3, exert critical roles
in responding to physiological oxidative stress, not only mediating quiescence but also
enhancing survival in the HSC niche. This function is crucial for maintaining the long-term
regenerative potential of HSCs [152]. Furthermore, FOXO3 modulates ATM and oxidative
stress, mediating distinct functions in regulating hematopoietic stem and progenitor cell
fate [153]. These findings collectively underscore FOXO3's pivotal role in maintaining HSC
quiescence and protecting against oxidative stress, thereby ensuring the longevity and
functionality of the hematopoietic system.

The differentiation of MSCs into osteoblasts necessitates a metabolic shift from glycoly-
sis to enhanced mitochondrial respiration to meet the energy demands of this process. This
metabolic transition leads to an increase in the production of endogenous ROS. Gomez-
Puerto et al. investigated the role of FOXO3 in regulating ROS levels during osteogenic
differentiation in hMSCs. Exposure to HyO, triggered FOXO3 phosphorylation at Ser294
and its translocation to the nucleus, a process dependent on MAPK8/JNK activity. FOXO3
downregulation impaired osteoblastic differentiation and compromised the ability of hM-
SCs to regulate elevated ROS levels [53]. Additionally, they found that FOXO3 responds
to increased ROS by inducing autophagy in hMSCs. Consistently, knockdown of ATG7
impaired autophagy, leading to disrupted ROS regulation and diminished osteoblast dif-
ferentiation [53]. Collectively, these results support a model in which FOXO3 is essential
for autophagy induction, thereby mitigating ROS accumulation resulting from heightened
mitochondprial activity during osteoblast differentiation.

A few studies have investigated the role of Nrf2 activation in enhancing MSC survival
under oxidative stress. One study demonstrated that transient overexpression of Nrf2
in MSCs safeguarded them from cell death activated by hypoxic and oxidative stress
situations [154]. The activation of Nrf2 also augmented the activity of antioxidant enzymes
like SOD and HO-1, contributing to increased cellular resilience [154]. Another recent
research found that human umbilical cord-derived MSCs reduced high glucose-induced
oxidative stress and prevented [3-cell impairment through the activation of the Nrf2/HO-1
signalling axis [155]. A recent review emphasizes the crucial role of Nrf2 in maintaining
MSC stemness, discussing how Nrf2 influences the self-renewal and differentiation of
MSCs and contributes to their resilience under oxidative conditions [156]. These studies
underscore the importance of Nrf2 activation in enhancing MSC survival under oxidative
stress by upregulating antioxidant defences and maintaining cellular functions.

Emerging evidence highlights that these transcription factors do not act in isolation
but form a tightly regulated network. Crosstalk between FOXO3 and Nrf2 allows for
fine-tuning of autophagy and oxidative stress responses, ensuring optimal protection of
stem cells from oxidative damage while maintaining their regenerative capacity [137]. This
intricate regulatory interplay suggests that targeting FOXO3 and Nrf2 could be a promising
therapeutic strategy to enhance stem cell resilience, particularly in the context of ageing
and oxidative stress-related disorders.

4.3. Drugs Regulating Oxidative Stress and Autophagy Balance in Stem Cells

Several clinically used drugs modulate autophagy and oxidative stress, thereby in-
terfering with key mechanisms that regulate stem cell viability and functions. Although
originally developed for unrelated therapeutic purposes, many of these compounds exhibit
pleiotropic effects on redox and mitochondrial homeostasis, ultimately impacting stem cell
self-renewal, differentiation, and stress responsiveness either directly or indirectly.

Metformin, for instance, activates AMPK and inhibits mTOR phosphorylation, pro-
moting autophagy and reducing mitochondrial ROS. In both in vitro and in vivo models,
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this has been associated with enhanced survival of NSCs and MSCs under oxidative stress
conditions [157,158]. Statins likewise modulate redox signalling and have been implicated
in the regulation of mitophagy and endoplasmic reticulum stress responses, particularly in
vascular progenitor cells [159-161].

Interestingly, immunosuppressive drugs such as dexamethasone, widely used in
clinical practice, in low dosage, have been shown to promote stem cell survival by inducing
autophagy and fostering redox homeostasis [162,163].

Growing attention has been directed toward antioxidant compounds and natural
polyphenols. Among natural compounds, resveratrol, a polyphenol well known in clin-
ical treatments for its anti-inflammatory and immunomodulating properties, has been
shown to modulate key cellular pathways involved in stem cell maintenance and func-
tion [164,165]. In mouse embryonic stem cells, resveratrol promotes pluripotency by acti-
vating AMPK/ULK1 and inhibiting mTORCI, thereby enhancing autophagy. This leads to
upregulation of key pluripotency markers, improved mitochondrial function, and stabiliza-
tion of the undifferentiated state under stress, supporting its potential as a tool to preserve
stem cell identity in regenerative applications [166].

Melatonin, an endogenous hormone primarily secreted by the pineal gland, has
emerged as a multifunctional modulator of autophagy and redox balance, playing a pivotal
role in stem cell protection. In particular, it can exert a dual function: on one hand, it
suppresses ROS production and activates antioxidant pathways such as Nrf2 and SOD2;
on the other, it regulates autophagy in a context-dependent manner, thus promoting or
suppressing autophagy by modulating the ERK/AKT/mTOR axis [167-172]. Indeed, in
NSCs, melatonin promotes proliferation and differentiation under hypoxic conditions
via ERK1/2 activation through the MT1 receptor [167], and counteracts toxin-induced
excessive autophagy, such as that triggered by tri-ortho-cresyl phosphate, by restoring
ERK1/2 signalling [173]. In pre-osteoblastic cells, it has been shown to suppress autophagy
via ERK/AKT/mTOR pathway inhibition [171].

Similarly, melatonin exhibits potent antioxidant activity by reducing ROS production
under both physiological and pathological conditions. In bone marrow-derived MSCs, it
mitigates oxidative stress-induced apoptosis and enhances stem cell survival [172]. In NSCs,
melatonin promotes proliferation and differentiation under hypoxia via ERK1/2 activation
through the MT1 receptor [167]. Under inflammatory conditions, it upregulates SOX2 and
HO-1 expression through PI3K/AKT-Nrf2 signalling, thereby supporting self-renewal
while reducing apoptosis and aberrant differentiation [168-170].

Natural compounds such as icariin and curcumin have demonstrated protective effects
in oxidative stress models by contextually modulating autophagy and redox responses.
Icariin acts as a multitarget agent: it inhibits ROS-induced dysfunctional autophagy, en-
hances mitochondrial function, and activates PI3K/AKT/mTOR and MAPK/ERK path-
ways in EPCs and bone marrow MSCs [174,175], thereby reducing apoptosis and support-
ing cell survival, including in ischemic conditions [176].

Curcumin also exhibits a biphasic effect on autophagy. In NSCs, it reduces H,O,-
induced ROS and malondialdehyde levels while inhibiting ERK1/2-mediated autophagy,
thereby preserving cell viability [177,178]. Conversely, in adipose-derived stem cells, its
protective effect is linked to autophagy induction and is abolished by 3-MA, indicating a
cell-type- and microenvironment-dependent mechanism [179]. These findings highlight
the importance of context-specific evaluation when considering curcumin for therapeu-
tic applications.
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4.4. Impact on Stem Cell Ageing and Regeneration

The balance between autophagy and oxidative stress is particularly critical in the
context of ageing. A decline in autophagic activity with age causes the build-up of dam-
aged mitochondria and increased ROS levels, contributing to stem cell exhaustion and
impaired regenerative capacity. Recent studies emphasized that the disruption of this
balance accelerates cellular senescence and reduces the therapeutic potential of stem cells.
Pharmacological interventions that restore autophagy or reduce oxidative stress have
emerged as promising strategies to combat stem cell ageing (Figure 4).
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Figure 4. Pharmacological interventions targeting oxidative stress and autophagy to enhance tissue
regenerative potential. Impaired autophagic activity and excessive oxidative stress in aged stem
cells negatively impact their ability to regenerate. Elevated levels of ROS lead to mitochondrial
dysfunction, as well as the oxidation of proteins and lipids, and DNA damage, ultimately resulting
in stem cell senescence. In contrast, lower ROS levels combined with sufficient autophagic activity
promote mitophagy and bolster antioxidant defences, which support stem cell renewal and differ-
entiation, thereby enhancing tissue regeneration. Therapeutic agents such as NAC, MitoQ, Trolox,
rapamycin, and 3-MA can help reduce oxidative stress and promote autophagy, ultimately restoring
the homeostasis and regenerative capacity of stem cells.

For instance, activation of autophagy through compounds like rapamycin or resvera-
trol has been shown to rejuvenate aged HSCs through the improvement of mitochondrial
functionality and reduction in ROS levels. These interventions not only restore self-renewal
and differentiation potential but also enhance the overall longevity of stem cells [180-182].
HSC function declines with age, likely contributing to the weakened adaptive immune
response seen in older individuals. Chen et al. discovered that mTOR activity is high in
HSCs from aged mice compared to those from younger counterparts [180]. Inducing mTOR
activation by conditionally deleting Tscl in young mice resulted in HSC characteristics
resembling those of aged mice. These changes included increased expression of messenger
RNA for the CDK inhibitors pl6Ink4a, p19Arf, and p21Cipl, a decline in lymphopoiesis,
and a reduced ability to regenerate the hematopoietic system [180]. In aged mice, treatment
with rapamycin extended lifespan, restored HSC self-renewal and hematopoiesis, and
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improved vaccine response against a lethal influenza virus challenge [180]. These findings
suggest that targeting mTOR signalling might be a promising therapeutic approach for
counteracting age-related declines in HSC function. Further, it has been demonstrated that
a three-week treatment with resveratrol increases both the frequency and total number of
normal bone marrow HSC without affecting their competitive repopulation ability [181].
Furthermore, findings revealed that resveratrol enhances the multipotent progenitor ca-
pacity of bone marrow in vivo [181]. These results hold therapeutic potential for treating
disorders related to HSCs and HSPCs, and may be valuable in bone marrow transplanta-
tion settings.

Similarly, mitochondrial-targeted antioxidants such as MitoQ and NAC have demon-
strated efficacy in reducing oxidative damage and improving the survival of stem cells
under stress conditions. These agents work by neutralizing ROS and supporting mitochon-
drial function, thereby maintaining the functional capacity of aged stem cells [183].

To investigate the role of ROS in vivo, Garcia-Prat et al. treated aged GFP-LC3
mice with intraperitoneal injections of the antioxidant factor Trolox, which enhanced
autophagy and reduced senescence markers, such as pl6Ink4a and senescence-associated
(3-galactosidase. Additionally, in vitro treatment with Trolox or pl6Ink4a knockdown in
MuSCs from aged and autophagy-deficient mice restored proliferation, delayed senes-
cence, and improved regenerative potential [62]. More recently, in another in vivo
study, the antioxidant icariin has been shown to promote the regeneration of pancre-
atic and germline stem cells, exert anti-inflammaging effects, and counteract age-related
oxidative damage [184,185].

Additionally, the interplay between autophagy and oxidative stress has been related to
the regulation of stem cell niche dynamics. Disrupted autophagy-oxidative stress balance
can lead to an unfavourable niche environment, further impairing stem cell regeneration.
Recent research underscores the role of Nrf2 and FOXO3 in modulating this balance to
maintain a supportive microenvironment for stem cells. For example, Nrf2 activation has
been shown to enhance the regenerative potential of mesenchymal stem cells in models of
ageing and tissue repair [125].

The therapeutic implications of these findings extend to regenerative medicine, where
targeting the autophagy-oxidative stress axis holds potential for improving the efficacy of
stem cell-based therapies. Stem cell therapies have shown great potential as a therapeutic
approach for several conditions associated with ischemic injury, such as ischemic stroke.
However, a major challenge remains ensuring cell survival after transplantation. Recently,
the effects of ischemia-induced oxidative stress were investigated by exposing human den-
tal pulp stem cells (hDPSCs) and hMSCs to oxygen-glucose deprivation (OGD) [24]. This
process led to excessive O,*~ and HyO, production, which upregulated Ambral and Becnl
expression, thereby enhancing autophagy in both hDPSCs and hMSCs. Pre-conditioning
with ROS scavengers significantly suppressed Ambral and Becnl expression, confirming
the role of O,*~ and HyO; as upstream, unidirectional regulators of autophagy [24]. The
involvement of ROS—p38-ERK1/2 signalling was further supported by the reversal of
OGD-induced effects upon inhibition with SB202190 and PD98059, and by the observed
activation of this pathway following SIRT3 depletion [24]. Global ROS inhibition with NAC,
polyethylene glycol-SOD (PEG-SOD), or polyethylene glycol-CAT (PEG-CAT) further val-
idated that elevated O,°~ and HyO, impair stem cell viability via excessive autophagy.
Notably, blocking autophagy with 3-MA markedly improved hDPSC survival [24]. These
findings deepen our understanding of post-transplantation cell loss in hDPSCs and hMSCs
and may inform new strategies to mitigate oxidative stress-induced therapeutic failure.

By modulating critical pathways such as PINK1-Parkin-mediated mitophagy and Nrf2-
driven antioxidant responses, it may be possible to extend the functional lifespan of stem
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cells and improve outcomes in ageing-related disorders and degenerative diseases [186].
These insights prepare for innovative therapeutic strategies aimed at restoring stem cell
homeostasis and enhancing tissue regeneration in ageing individuals.

5. Conclusions and Future Directions

The insights gained from studying the interplay between autophagy and oxidative
stress in stem cells have direct and promising implications for regenerative medicine.

Integrating targeted autophagy modulators with antioxidant-based strategies can
enhance the effectiveness of stem cell therapies across a broad range of pathological condi-
tions, including cardiovascular diseases, neurodegenerative disorders, and tissue injuries.

Despite substantial advances, critical aspects of the autophagy—oxidative stress
crosstalk in stem cells remain incompletely understood. To fully exploit the therapeutic po-
tential of redox-autophagy modulation in regenerative settings, several research directions
should be prioritized. Among the most pressing challenges, a key priority is the need for
in vivo studies employing conditional and lineage-specific deletion of autophagy-related
genes (e.g., Atg7 and Atgb) to clarify the intrinsic role of autophagy in the maintenance
of adult stem cell compartments. Equally important is a deeper understanding of the
tissue-specific dynamics of Nrf2 signalling and its interactions with other transcriptional
regulators, which remain insufficiently characterized and currently limit the development
of finely tuned redox-targeted therapies. Mitophagy also represents a critical yet under-
investigated target, with only a limited number of selective pharmacological modulators
currently available, in contrast to the broader toolkit developed for macroautophagy.

A deeper understanding of how these pathways integrate within distinct stem cell
niches and pathological contexts will be essential to minimize off-target effects and sup-
port the safe clinical translation of modulatory strategies. Given the tight interconnection
of the signalling pathways involved, therapeutic manipulation of this axis may carry
the risk of unintended disruptions to stem cell homeostasis. Advancing our mechanis-
tic understanding of this complex network will be key to developing effective and safe
regenerative interventions.

Upcoming research should focus on elucidating the context-specific mechanisms of
this interplay and identifying novel therapeutic targets to harness these pathways for
regenerative medicine in clinical settings.
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Abbreviations

The following abbreviations are used in this manuscript:

*OH hydroxyl radicals

3-MA 3-methyladenine

AAP ascorbic acid 2-phosphate

AKT protein kinase B

ALA a-lipoic acid

ALP autophagy-lysosome pathway

Ambral activating molecule in BECN1-regulated autophagy protein 1
AMP adenosine monophosphate
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AMPK
AREs
ASCs
Atg
ATG
ATM
ATP
Becnl
BMP4
BNIP3
BNIP3L
CAT
CDK
CDKIs
c-MYC
CO,
CREB
DCF
DNA
DNMT1
DPSCs
EPCs
EpiLCs
ERK
ERRy
ESC
FOXO3
FPN1
FUNDC1
GABARAPL1
GATA4
GFP
GPx
GSH
GSK3p
H,O,
H3K4me3
hDFSC
hDPSC
hESCs
HGF
HIF1A
HK2
hMSCs
HO-1
HSCs
HSP70
HSPCs
hUCMSCs
IGF-1
iPSCs
JNK-1/2
Keapl

AMP-activated protein kinase
antioxidant response elements
adipose-derived stem cells
autophagy-related gene
autophagy-related protein
ataxia-telangiectasia mutated
adenosine triphosphate

beclin-1

bone morphogenetic protein 4

BCL2 Interacting Protein 3

BCL2 Interacting Protein 3 like
catalase

cyclin-dependent Kinase
cyclin-dependent kinase inhibitors
cellular myelocytomatosis oncogene
carbon dioxide

cAMP response element-binding protein
dichlorodihydrofluorescein
deoxyribonucleic acid

DNA (cytosine-5)-methyltransferase
dental pulp stem cells

endothelial precursor cells
epiblast-like cells

extracellular signal-regulated kinase
estrogen-related receptor gamma
embryonic stem cell

forkhead box O3

ferroportin 1

FUN14 domain containing 1

GABA type A receptor-associated protein like 1
GATA Binding Protein 4

green fluorescent protein
glutathione peroxidase

glutathione

glycogen synthase kinase-3 beta
hydrogen peroxide

tri-methylation of lysine 4 of the H3 histone protein

human dental follicle stem cells

human dental pulp stem cells

human embryonic stem cells

hepatocyte growth factor

hypoxia inducible factor 1 subunit alpha
hexokinase

human mesenchimal stem cells

heme oxygenase-1

hematopoietic stem cells

heat shock protein 70

hematopoietic stem and progenitor cells
human umbilical cord mesenchymal stem cells
insulin-like growth factor-1

induced pluripotent stem cells

c-Jun N-terminal kinases-1/2

kelch-like ECH-associated protein 1
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LC3 microtubule-associated protein 1A /1B-light chain 3
LDHA lactate dehydrogenase

IncRNAs long non-coding RNAs

LPS lipopolysaccharide

LT-HSCs long-term hematopoietic stem cells
MAP1LC3B microtubule-associated proteins 1A /1B light chain 3B
MAPK mitogen-activated protein kinase

mESCs mouse embryonic stem cells

miRNAs microRNAs

MitoQ mitoquinone mesylate

MSCs mesenchymal stem cells

MT1 melatonin receptor type 1A

mTOR mechanistic target of rapamycin

mTORC1 mechanistic target of rapamycin complex 1
MuSCs muscle stem cells

NAC N-acetylcysteine

NADPH nicotinamide adenine dinucleotide phosphate
NANOG homeobox protein NANOG

NBR1 neighbour of BRCA1 gene 1

NDP52 pulp nuclear dot protein 52

NES neuroepithelial stem

NF-«B nuclear factor kappa B

NIX nip3-like protein X

N-MYC neuroblastoma-derived v-myc avian myelocytomatosis viral-related oncogene
NOS nitric oxide synthase

Notch notch receptor

NOXs NADPH oxidase enzymes

NPCs neural progenitor cells

Nrf2 nuclear factor erythroid 2-related factor 2
NSCs neural stem cells

NSPC neural stem and progenitor cells

O, oxygen

0~ superoxide anions

OCT4 octamer-binding transcription factor 4
OGD oxygen-glucose deprivation

O-GlcNAc O-linked N-acetylglucosamine

Ogt O-GlcNAc transferase gene

OGT O-GlcNAc transferase

OxPhos oxidative phosphorylation

PARK2 parkin-2 gene

PE phosphatidylethanolamine

PEG-CAT polyethylene glycol-CAT

PEG-SOD polyethylene glycol-SOD

PGC-1x peroxisome proliferator-activated receptor-gamma coactivator 1-alpha
piRNAs piwi-interacting RNAs

PI3K phosphatidylinositol 3-kinase

PIP3 phosphatidylinositol-3-phosphate

PINK1 PTEN-induced putative kinase 1

PKM1 pyruvate kinase M1

PKM2 pyruvate kinase M2

PRDX1/6 peroxiredoxins 1 and 6

PS1 presenilin 1

RNA ribonucleic acid

ROS reactive oxygen species
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SASP senescence-associated secretory phenotype
SCF stem cell factor

SDF-1 stromal cell-derived factor-1

SIRT sirtuin

SOD superoxide dismutase

SOX2 sex-determining region Y-box 2

SQSTM1 sequestosome 1

Tat-Beclinl mTORC1-independent autophagy activator
TCA-cycle tricarboxylic acid cycle

TFEB transcription factor EB

TOR target of rapamycin

Tscl tuberous sclerosis gene

ULK1/2 unc-51-like kinase %

VEGF vascular endothelial growth factor

VPS15 phosphoinositide-3-kinase regulatory subunit 4
VPS34 phosphatidylinositol-3-kinase class III
WJ-MSCs Wharton jelly multipotent stem cells

XO xanthine oxidase
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Abstract: Chickens are a major source of meat and eggs in human food and have significant economic
value. Cadmium (Cd) is a common environmental pollutant that can contaminate feed and drinking
water, leading to kidney injury in livestock and poultry, primarily by inducing the generation
of free radicals. It is necessary to develop potential medicines to prevent and treat Cd-induced
nephrotoxicity in poultry. Luteolin (Lut) is a natural flavonoid compound mainly extracted from
peanut shells and has a variety of biological functions to defend against oxidative damage. In this
study, we aimed to demonstrate whether Lut can alleviate kidney injury under Cd exposure and
elucidate the underlying molecular mechanisms. Renal histopathology and cell morphology were
observed. The indicators of renal function, oxidative stress, DNA damage and repair, NAD* content,
SIRT1 activity, and autophagy were analyzed. In vitro data showed that Cd exposure increased
ROS levels and induced oxidative DNA damage and repair, as indicated by increased 8-OHdG
content, increased y-H2AX protein expression, and the over-activation of the DNA repair enzyme
PARP-1. Cd exposure decreased NAD* content and SIRT1 activity and increased LC3 II, ATG5,
and particularly p62 protein expression. In addition, Cd-induced oxidative DNA damage resulted
in PARP-1 over-activation, reduced SIRT1 activity, and autophagic flux blockade, as evidenced by
reactive oxygen species scavenger NAC application. The inhibition of PARP-1 activation with the
pharmacological inhibitor PJ34 restored NAD* content and SIRT1 activity. The activation of SIRT1
with the pharmacological activator RSV reversed Cd-induced autophagic flux blockade and cell injury.
In vivo data demonstrated that Cd treatment caused the microstructural disruption of renal tissues,
reduced creatinine, and urea nitrogen clearance, raised MDA content, and decreased the activities
or contents of antioxidants (GSH, T-SOD, CAT, and T-AOC). Cd treatment caused oxidative DNA
damage and PARP-1 activation, decreased NAD™" content, decreased SIRT1 activity, and impaired
autophagic flux. Notably, the dietary Lut supplement observably alleviated these alterations in
chicken kidney tissues induced by Cd. In conclusion, the dietary Lut supplement alleviated Cd-
induced chicken kidney injury through its potent antioxidant properties by relieving the oxidative
DNA damage-activated PARP-1-mediated reduction in SIRT1 activity and repairing autophagic
flux blockade.
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1. Introduction

Cadmium (Cd) is a widely distributed environmental pollutant that seriously threatens
global health and has attracted widespread attention from society. Cd is mainly released
into the environment through human activities, such as mineral mining, metal smelting,
fertilizer production, and waste disposal [1]. More seriously, the accumulation of Cd in
water, soil, and sediments is still increasing [2,3]. The absorbed Cd accumulates in the body
due to its low excretion rate and long biological half-life, eventually causing damage to
various organs and tissues [4,5]. The kidney plays an important role in metabolic waste
excretion and is also the primary target organ of Cd toxicity [6]. Renal tubular epithelial
cells (RTECs) are very sensitive to Cd exposure. It has been reported that Cd-induced RTEC
damage is irreversible, and continuous exposure to Cd can increase the risk of developing
whole kidney damage [6]. Studies showed that Cd could cause kidney injury through
various mechanisms, such as oxidative stress, apoptosis, autophagy, and inflammatory
response [7-9]. However, the underlying mechanisms of Cd-induced kidney toxicity in
chickens are not fully understood.

Oxidative stress is the key mechanism of Cd toxicity, which can oxidize biomolecules
such as DNA to lose their biological function. As a DNA damage response protein, poly
(ADP-ribose) polymerase 1 (PARP-1) is reported in all kinds of eukaryotic cells. It is ac-
tivated during DNA damage reparation and maintains genome integrity [10]. Notably,
PARP-1 activity requires consuming a large amount of nicotinamide adenine dinucleotide
(NAD™). Studies have shown that PARP-1 plays a dual role in pro-survival or pro-death
based on varying degrees of DNA damage [11,12]. Silent mating-type information reg-
ulation 2 homolog-1 (SIRT1) is a vital deacetylase that regulates inflammation, aging,
mitochondrial biogenesis, and autophagy [13,14]. Like PARP-1, SIRT1 activity is strictly
dependent on NAD™* levels. It has been reported that the excessive activation of PARP-1
causes massive NAD" depletion, leading to decreased SIRT1 activity [15]. Conversely,
SIRT1 inhibits PARP-1 activity via deacetylation and protects mouse hearts from PARP-
1-mediated cell death [16]. However, the role of SIRT1 or PARP-1 and their crosstalk in
Cd-induced chicken kidney injury is still unclear.

Autophagy is an evolutionarily conserved metabolic process that degrades cellular
components for recycling through lysosomes. Autophagy is considered as a protective re-
sponse to changes in the microenvironment caused by various stimuli. However, defective
or excessive autophagy contributes to the occurrence and development of multiple dis-
eases [17-19]. SIRT1 plays an essential role in the transcription of autophagy-related genes
and maintains autophagic flux [20,21]. Other studies have reported that SIRT1-regulated
autophagy is associated with PARP-1 activation [22,23]. In addition, SIRT1 is degraded via
the autophagic pathway to maintain its homeostasis [24]. Whether SIRT1 protects kidney
injury induced by Cd in chickens by regulating autophagy deserves further study.

Luteolin (Lut) is a natural flavonoid compound, and peanut shell is one of the im-
portant extraction sources. It plays a key role in the antioxidation, anti-inflammation, and
regulation of autophagy and thus benefits both human and animal health [25,26]. Many
studies have found that Lut effectively ameliorates heavy metal-induced pathological
lesions in various organs by enhancing antioxidant enzyme activities and reversing mito-
chondrial dysfunction [27-29]. Moreover, Lut inhibits PARP-1 activation and apoptosis
induced by a mixture of heavy metals via reducing reactive oxide species (ROS) levels [30].
Recent studies have reported that the hepatorenal protective effects of Lut involve the
activation of SIRT1 and the repair of impaired autophagic flux [31-33]. However, whether
Lut can mitigate Cd-induced oxidative damage in chicken kidneys and its underlying
mechanisms remain unknown.
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In the present study, we aim to clarify the crosstalk between PARP-1 and SIRT1 and
their roles in the regulation of autophagy in kidney injury under Cd exposure in vitro.
We further demonstrate whether Lut can alleviate Cd exposure-induced kidney injury in
chickens and its underlying mechanism. This study identifies effective therapeutic targets
and provides potential medicine options for preventing kidney injury in poultry.

2. Materials and Methods
2.1. Reagents and Chemicals

Lut was obtained from Yuanye Bio-Technology Co., Ltd. (YuanYe, Shanghai, China).
Cadmium chloride (CdCl,, 202908), anti-p62 (P0067), anti-LC3 (L7543), and N-Acetyl-L-
cysteine (NAC, 30498) were purchased from Sigma-Aldrich (Sigma, St. Louis, MO, USA).
The PARP-1 inhibitor PJ34 (HY-13688A) and the SIRT1 activator resveratrol (RSV, HY-16561)
were purchased from MedChemexpress CO., Ltd. (MCE, Shanghai, China). Anti-Beclin-1
(3495S), anti-f3-actin (4970L), and anti-ATG5 (12994S) were purchased from (CST, Danvers,
MA, USA). Anti-PARP-1(13371-1-AP) and anti-SIRT1 (13161-1-AP) were obtained from
Wuhan Sanying Biotechnology Co., Ltd. (Proteintech, Wuhan, China). Anti-ac-H4K16
(ab109463) and anti-y-H2AX (ab81299) were purchased from Abcam Trading Co., Ltd.
(Abcom, Cambridge, UK). The ROS detection kit (S0033S), the NAD*/NADH assay kit
(50179), and the BCA protein assay kit (P0009, Beyotime, Shanghai, China) were purchased
from Beyotime Biotech Inc. (Beyotime, Shanghai, China). The malondialdehyde (MDA)
assay kit (A003-1-2), reduced glutathione (GSH) assay kit (A006-2-1), total antioxidant
capacity assay kit (T-AOC, A015-2-1), total superoxide dismutase (T-SOD) assay kit (A001-
1-2) and catalase (CAT) assay kit (A007-1-1) were purchased from Nanjing Jiancheng
Bio-Engineering Institute Co., Ltd. (Nanjing, China). AffiniPure™ Goat Anti-Rabbit
IgG (AB_2337913) and AffiniPure™ Goat Anti-Mouse IgG (AB_2338447) were obtained
from Jackson ImmunoResearch Laboratories Inc. (Jackson, CST, MA, USA). Chicken 8-
hydroxy-2-deoxyguanosine (8-OHdG) ELISA kit (ml059825) was obtained from Shanghai
Enzyme-linked Biotechnology Co., Ltd. (mlbio, Shanghai, China).

2.2. Animals and Experimental Design

One-day-old suvian green shell layer chickens (n = 60) were purchased from Yangzhou
Xianglong Livestock Development Co., Ltd. (Yangzhou, Jiangsu, China). The average
body weight was (83.62 £ 2.20 g). All chickens were reared at a constant temperature
and humidity in a well-ventilated animal house. Balanced commercial feed and tap water
were provided to the experimental chickens ad libitum. All animal care procedures and
protocols employed in this study were approved by the Animal Care and Ethics Committee
of Yangzhou University (Approved No. SYXK [Su] 2017-0044). The dosage of 50 mg/L
CdCl, was chosen based on the previous studies but with slight modifications [34,35].
Previous studies have shown that the oral administration of 100 to 200 mg/kg Lut can
alleviate heart and kidney injury in rats [36,37]. Our preliminary experiment found that
oral treatment with 100, 150, and 200 mg/kg doses for 7 days had no effect on the growth
and behavioral performance of chickens. Therefore, a moderate dose of 150 mg/kg was
chosen to explore the protective effect of Lut on Cd-induced kidney injury in chickens.
After 7 days of pre-feeding, the chickens were randomly and equally divided into 4 groups,
with 15 chickens in each group. The chickens were grouped and treated as follows: the
control/untreated group (were fed with basal diet continuously for the whole period), the
Cd group (were pre-fed with basal diet for the first 7 days, and continued to be fed with
basal diet supplemented with CdCl, for 1 month from the 8th day), the Cd + Lut group
(were pre-fed with basal diet supplemented with Lut for the first 7 days and continued to
be fed basal diet supplemented with CdCl, and Lut for 1 month from the 8th day), and the
Lut group (were fed with basal diet supplemented with Lut continuously for the whole
period). Both CdCl, and Lut were fed to the chickens by mixing material through the
addition of drinking water. The total time period of the experimental trial was 37 days.
After the completion of the experimental trial, all chickens were euthanized and dissected
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to collect the kidneys immediately, which were subsequently stored with neutral tissue and
an electron microscope fixative or in an —80 °C ultra-low temperature freezer.

2.3. Extraction, Culture and Treatment of Chicken RTECs

The chicken RTECs were isolated from suvian green shell layer chicken embryos
by gauze filtration and collagenase digestion combined with differential centrifugation.
The 9 to 12-day-old chicken embryos were sterilized and placed on a sterile operating
table. Kidney tissue was isolated and then digested using collagenase. The digestion
was terminated using a complete culture medium, followed by filtration using gauze and
subsequent differential centrifugation to harvest RTECs. Finally, the resuspended cells
were seeded in appropriate cell culture dishes according to experimental requirements.

The isolated chicken RTECs were cultured in a cell incubator (37 °C; 5% CO,) until
the confluence rate reached about 60% before subsequent treatment. Cell experiments
were grouped and treated as follows: (1) treatment with different concentrations of Cd
was divided into 3 or 4 groups at 0 or 1.25, 2.5, and 5 uM CdCl, for 12 h, respectively;
(2) NAC and Cd treatment were divided into the following 4 groups: control/untreated
group (ultrapure water), Cd group (ultrapure water + 5 uM CdCl), Cd + NAC group
(NAC pretreatment for 1 h, followed by NAC and CdCl; co-treatment for 12 h), and NAC
group (200 uM NAC); (3) PJ34 and Cd treatment were divided into the following 4 groups:
control/untreated group (DMSO), Cd group (MDSO + 5 uM CdCl,), Cd + PJ34 group
(pretreatment of PJ34 for 1 h, followed by PJ34 and CdCl, co-treatment for 12 h), and PJ34
group (10 uM PJ34); (4) RSV and Cd treatment were divided into the following 4 groups:
control/untreated group (DMSO), Cd group (DMSO + 5 uM CdCl,), Cd + RSV group
(RSV pretreatment for 1 h, followed by RSV and CdCl, co-treatment for 12 h), RSV group
(10 uM RSV).

2.4. Observation of Histopathology and Ultrastructure

The histopathological observation of renal tissues using hematoxylin and eosin (H&E)
staining was performed as previously described in our studies [38]. Fresh renal cortex was
isolated and immediately fixed in a neutral tissue fixative and subsequently dehydrated in
alcohol, clear in xylene, and embedded in paraffin wax. The embedded tissues were sliced
into sections of about 5-8 um in thickness, flattened on a slide, and dried in an incubator.
Tissue sections were deparaffinized in different concentrations of alcohol (75-100%) and
stained with H&E staining. The prepared sections were observed under the bright field of
a phase-contrast microscope (Leica, Wetzlar, Germany).

Ultrastructure observation was described in our previous studies [38]. Briefly, kidney
tissues were fixed in 2.5% glutaraldehyde, washed overnight with a buffer, fixed in osmium
tetroxide (2%), dehydrated in ethanol and propylene oxide, embedded, sectioned, and then
stained with lead citrate combined with uranyl acetate. Finally, the prepared sections were
visualized by transmission electron microscopy (TEM) (HT7700; Hitachi, Tokyo, Japan).

2.5. Detection of Biochemical Parameters

Blood was collected by exsanguinating the jugular vein of the chicken, which was
placed at 37 °C for 30 min, followed by centrifugation at 2500 rpm for 10 min to separate
the serum. The levels of creatinine (CREA), glucose (Glu), and uric acid (UA), which were
related to renal function, were detected using an AU5800 automatic biochemical analyzer
(Beckman Coulter, Brea, CA, USA).

2.6. Determination of Metal Concentrations

Renal tissue samples were placed in an oven for 48-72 h to ensure the dehydration of
the samples. The dried kidney tissue was weighed and subsequently completely digested
with nitric acid using a microwave digester (Intertek, London, UK). The digested solution
was adjusted to the same volume. The relevant metal element content was determined
using a flame atomic absorption spectrophotometer (FAAS) (PerkinElmer, Waltham, MA,
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USA). The final statistical results were expressed as the ratio of the weight of the element
(ng) to the weight of the dried kidney tissue (g).

2.7. Measurement of ROS and Oxidative Stress Indexes

The activities of CAT and T-SOD, the content of GSH and MDA, and T-AOC were
measured using commercially available kits. The specific procedure was referred to in the
previous study [38]. The protein concentration of the samples was determined using the
BCA protein assay kit to normalize the MDA content as well as the content or activity of
the above-mentioned antioxidants.

For cellular ROS detection, chicken RTECs were incubated using a DCFH-DA working
solution for 20 min in a 37 °C incubator and subsequently digested with trypsin and
centrifuged. After cells were resuspended and washed in a serum-free culture medium,
ROS levels were analyzed using flow cytometry (BD, Franklin Lakes, NJ, USA). DCF
fluorescence intensities were analyzed using Flow]Jo 7.6.1 software (BD, Franklin Lakes,
NJ, USA).

2.8. Detection of NAD* and NADH Contents

The tissue or cell homogenate was centrifuged at 12,000 g in a freezing centrifuge
to separate the supernatant, which was the sample to be tested. In total, 50 to 100 puL
of the sample was treated at 60 °C for 30 min to decompose NAD* (for the detection
of NADH), whereas the remaining sample was left untreated (for the detection of total
NAD* and NADH). In total, 20 uL of the above two groups of samples was transferred to a
96-well plate, and blank wells and standard wells (NAD* standard solution) were set up
simultaneously and then incubated with an alcohol dehydrogenase solution at 37 °C for
10 min in the dark. The chromogenic solution was added, and incubation continued for
30 min. The absorbance value was detected using a spectrophotometer at 450 nm, and the
NAD* and NADH contents were calculated according to the standard curve. In addition,
the protein concentration of each sample was determined using the BCA protein assay kit
to normalize the NAD* or NADH content.

2.9. Determination of 8-OHAG Content

Homogenates of cells and tissues were transferred to ELISA-specific slats. The
horseradish peroxidase-labeled assay antigen was added to each well and incubated at
37 °C for 60 min. After washing, a mixture of substrates A and B were supplemented and
incubated at 37 °C for 15 min. The termination solution was subsequently added, and the
absorbance value was detected using a spectrophotometer at 450 nm. 8-OHdG content
was calculated from standard curves, and protein concentrations were used to normalize
8-OHdG content.

2.10. Immunohistochemistry (IHC)

Paraffin-embedded tissue sections were deparaffinized in xylene and then hydrated
in a gradient of absolute ethanol and ultrapure water. Tissue sections were processed with
citrate buffer for antigen repair for 30 min, treated with 3% hydrogen peroxide for 15 min,
blocked with goat serum, incubated overnight with the LC3 antibody at 4 °C, applied a
secondary antibody at room temperature for 2 h, before subsequently staining with DAB.
Sections treated above continued to be counterstained with hematoxylin, differentiated in
1% hydrochloric ethanol, and dehydrated in ethanol and xylene. Finally, visualization was
performed using a phase-contrast microscope.

2.11. TdT-Mediated dUTP Nick-End Labeling (TUNEL) Staining

In brief, tissue sections were deparaffinized with xylene, hydrated with gradient
alcohol, washed with PBS, and then permeabilized with Proteinase K for 10-30 min at
room temperature. This section was reacted for 1 h at 37 °C in a wet box using the TUNEL
reaction mix, followed by three washes with PBS. Sections were incubated with Streptavidin
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labeled HRP for 30 min, followed by three washes with PBS. Sections were reacted with
the DAB mixture for 10 min, then counterstained with hematoxylin, dehydrated with
gradient alcohol, and cleared with xylene. Finally, the sections were observed using a
phase-contrast microscope.

2.12. Western Blotting Analysis

Cell and renal tissue protein samples were extracted using the RIPA lysates buffer
(20101ES60, NCM, Suzhou, China), and protein concentrations were normalized using the
BCA protein assay kit. Samples were added with the SDS buffer and boiled for 8-15 min
to denature the proteins. Protein samples were separated in 8-12% SDS-PAGE gel by
electrophoresis and subsequently transferred to the 0.22 or 0.45 pm PVDF membrane
(Merck Millipore, Darmstadt, HE, GER). Membranes were blocked with 5% nonfat milk,
incubated with primary antibody at 4 °C overnight, and incubated with secondary antibody
for 1-2 h at room temperature. Finally, Western blotting images were visualized using
an enhanced chemiluminescence reagent (NCM, Suzhou, China) via the Tanon imaging
system. Image J 1.42q software (NIH, Bethesda, MD, USA) was utilized to analyze protein
expression, and the 3-actin was used to normalize the protein expression.

2.13. Statistical Analysis

The results were analyzed using software IBM SPSS Statistics 19 statistical soft-
ware (IBM, Armonk, NY, USA). Dates with normal distribution were presented with
the mean = standard error of the mean (SEM). One-way analysis of variance was used for
comparison between the groups, and the least significant difference (LSD) was used for
post hoc analysis. p < 0.05 was considered statistically significant. Graphs were drafted
using GraphPad Prism 6 software (San Diego, CA, USA).

3. Results
3.1. Cd-Induced Oxidative DNA Damage, PARP-1 Over-Activation, Decreased SIRT1 Activity,
and Autophagic Flux Blockade in Chicken RTECs

Chicken RTECs were treated with different concentrations of Cd for 12 h to study
the underlying mechanisms of Cd on renal tubular epithelial cell injury. Bright-field
observation showed that the cells were standard ovoid-shaped with high cell confluency in
the control group, but low cell confluency and more shrinking cells were observed after Cd
exposure (Figure 1A). The flow cytometry results showed that the level of ROS increased
significantly (p < 0.01) in a concentration-dependent manner after Cd exposure (Figure 1B).
8-OHdG and y-H2AX are widely recognized biomarkers of oxidative DNA damage. As
shown in Figure 1C-E, compared with the control group, the 8-OHdG content and the
protein expression of y-H2AX and PARP-1 were observably increased after Cd treatment
(p <0.05 or p <0.01). In addition, Cd exposure significantly decreased the NAD* content
and the ratio of NAD*/NADH (p < 0.05 or p < 0.01) (Figure 1FG). Cd exposure dramatically
decreased the protein expression of SIRT1 (p < 0.01) and increased the protein expression
of ac-H4K16 (p < 0.05 or p < 0.01), respectively (Figure 1H,I). Furthermore, Cd exposure
remarkably increased LC3 II, ATG5, and p62 protein expression in particular (p < 0.05 or
p < 0.01) (Figure 1J). These results indicate that Cd caused oxidative DNA damage, PARP-1
over-activation, SIRT1 activity reduction, and autophagic flux blockade in chicken RTECs.

3.2. Alleviating Oxidative Stress Attenuated Cd-Induced PARP-1 Over-Activation, SIRT1
Inhibition, and Autophagic Flux Blocking in Chicken RTECs

NAC, arecognized potent ROS scavenger, is often used to determine whether oxidative
stress is involved in risk factor-induced biotoxicity. The effects of oxidative stress on Cd-
induced renal tubular epithelial cell injury were investigated by pretreatment with NAC
and subsequent co-treatment with Cd for 12 h. NAC treatment improved the morphological
abnormalities and low cell confluency induced by Cd (Figure 2A). Compared with the Cd-
treated group, NAC treatment significantly decreased (p < 0.01) the ROS level (Figure 2B).
We further investigated the effect of NAC on DNA damage and the autophagic flux
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blockade caused by Cd. NAC treatment observably reduced the 8-OHdG content (p < 0.01)
and the protein expression of y-H2AX and PARP-1 (p < 0.05 or p < 0.01) (Figure 2C-E). The
NAC treatment dramatically reversed the reduction in NAD* content (p < 0.01) and the
NAD*/NADH ratio (p < 0.01) induced by Cd exposure (Figure 2F,G). Western blotting
analysis showed that NAC treatment significantly increased SIRT1 protein expression
(p < 0.01) and decreased ac-H4K16 protein expression (p < 0.05) (Figure 2H,I). Furthermore,
NAC treatment observably reduced LC3 II and ATGS5 protein expression (p < 0.05 or
p <0.01) (Figure 2J K). Notably, NAC significantly decreased the Cd-induced increase of
p62 protein expression (p < 0.01) (Figure 2J,K). These results suggest that the mitigation
of oxidative stress using the antioxidant NAC effectively alleviated Cd-induced oxidative
DNA damage, PARP-1 over-activation, and autophagic flux blockade in chicken RTECs.
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Figure 1. Effect of Cd on oxidative DNA damage, SIRT1 activity, and autophagy in chicken RTECs.
(A) Cell morphology was observed by bright field under a phase-contrast microscope; scale bar:
200 pm. (B) The ROS content was detected by flow cytometry using DCFH-DA fluorescent probe
staining. (C) The content of 8-OHdG was detected by ELISA. (D,E) Western blotting images and
quantitative analysis of y-H2AX and PARP-1 proteins. (F,G) Determination of NAD" content and
NAD*/NADH ratio using commercial kits. (H,I) Western blotting images and quantitative analysis
of SIRT1 and ac-H4K16 proteins. (J) Western blotting images and quantitative analysis of autophagy-
related proteins p62, LC3 II, and ATG5. Each experiment was duplicated at least three times. (ns:
p > 0.05; *: p < 0.05, **: p < 0.01).
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Figure 2. Effect of NAC on Cd-induced oxidative DNA damage, SIRT1 inhibition, and autophagic flux
blockade in chicken RTECs. (A) Cell morphology was observed by bright field under a phase-contrast
microscope; scale bar: 200 um. (B) The ROS content was detected by flow cytometry using DCFH-
DA fluorescent probe staining. (C) The content of 8-OHdG was detected by ELISA. (D,E) Western
blotting images and quantitative analysis of y-H2AX and PARP-1 proteins. (F,G) NAD* content and
NAD*/NADH ratio in cells. (H,I) Western blotting images and quantitative analysis of SIRT1 and
ac-H4K16 proteins. (J,K) Western blotting images and quantitative analysis of autophagy-related
proteins p62, LC3 II, and ATGS5. Each experiment was duplicated at least three times. (ns: p > 0.05;
*:p <0.05,*: p<0.01).
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3.3. Inhibition of PARP-1 Restored SIRT1 Activity and Autophagic Flux in Chicken RTECs

Next, chicken RTECs were pretreated with the PARP-1 inhibitor PJ34 followed by co-
treatment with Cd for 12 h to study the effect of PARP-1 on SIRT1 activity and autophagic
flux. The result showed that PJ34 treatment noticeably alleviated the cell morphological
changes and reduced cell confluency compared with the Cd-treated group (Figure 3A).
PJ34 treatment significantly weakened ROS accumulation (p < 0.05), inhibited PARP-1
protein over-activation (p < 0.01), and reduced y-H2AX protein expression (p < 0.01)
(Figure 3B,E,F). The reduction in NAD" content and the NAD*/NADH ratio, decreased
SIRT1 protein, and increased ac-H4K16 protein induced by Cd was remarkably reversed
by PJ34 treatment (p < 0.05 or p < 0.01) (Figure 3C,D,G,H). Furthermore, PJ34 treatment
increased the expression of the LC3 II and ATGS5 proteins but decreased the expression of
the p62 protein (p < 0.05) (Figure 3L]).
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Figure 3. Effect of PARP-1 inhibition with PJ34 on Cd-induced SIRT1 activity reduction and au-
tophagic flux blockade in chicken RTECs. (A) Bright-field observation of cell morphology under a
phase-contrast microscope; scale bar: 200 um. (B) The ROS content was detected by flow cytometry
using DCFH-DA fluorescent probe staining. (C,D) NAD" content and NAD*/NADH ratio in cells.
(E,F) Western blotting images and quantitative analysis of y-H2AX and PARP-1 proteins. (G,H) West-
ern blotting images and quantitative analysis of SIRT1 and ac-H4K16 proteins. (I,J) Western blotting
images and quantitative analysis of autophagy-related proteins p62 and LC3 II. Each experiment was
duplicated at least three times. (ns: p > 0.05; *: p < 0.05, **: p < 0.01).
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In addition, chicken RTECs were pretreated with the SIRT1 activator RSV followed
by co-treatment with Cd for 12 h to explore the regulatory role of SIRT1 on autophagy.
Compared with the Cd-treated group, RSV significantly increased LC3 II protein expression
(p < 0.05) but significantly reduced p62 protein expression (p < 0.01) (Figure 4A,B). Unsur-
prisingly, RSV treatment significantly reduced the ROS and 8-OHdG content (p < 0.05), as
well as alleviating morphological changes (Figure 4C-E). These results indicated that the
inhibition of PARP-1 restored SIRT1 activity reduction and the autophagic flux blockade
caused by Cd in chicken RTECs.
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Figure 4. Effect of activating SIRT1 using RSV on Cd-induced autophagic flux blockade in chicken
RTECs. (A,B) Western blotting images and quantitative analysis of autophagy-related proteins p62
and LC3 II. (C) Cell morphology was observed by bright field under a phase-contrast microscope;
scale bar: 200 um. (D) The ROS content was detected by flow cytometry using DCFH-DA fluorescent
probe staining. (E) The content of 8-OHdG was detected by ELISA. Each experiment was duplicated
at least three times. (ns: p > 0.05; *: p < 0.05, **: p < 0.01).

3.4. Lut Alleviates Cd-Induced Kidney Injury

We explored the protective effect of Lut against Cd-induced renal injury. The results
showed that Cd content in renal tissues and serum significantly increased (p < 0.01) after Cd
exposure but did not change considerably (p > 0.05) in the Cd + Lut-treated group (Figure 5A
and Figure S1A). Cd exposure significantly reduced body weight (p < 0.05) compared to
the control group, while the Lut supplement significantly alleviated the body weight loss
caused by Cd (p < 0.05) (Figure 5B). However, Cd or Lut treatment had no significant
effect on kidney weight (p > 0.05) (Figure 5C). Cd exposure significantly increased the
kidney coefficient (p < 0.05), whereas the Lut supplement had a lower kidney coefficient
than the Cd-treated group (p < 0.05) (Figure 5D). The histopathological evaluation by H&E
staining showed that Cd exposure caused the irregular arrangement of renal tubular cells,
swelling, and vacuolization of epithelial cells (Black arrows). However, the Lut supplement
significantly alleviated Cd-induced tissue lesions (Figure 5E). Moreover, serum biochemical
results showed that CREA, UA, and Glu levels increased dramatically (p < 0.05) after Cd
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exposure and were clearly reversed (p < 0.05 or p < 0.01) in the Cd + Lut-treated group
(Figure 5F-H). These results suggest that the Lut supplement considerably ameliorated
Cd-induced kidney injury mainly by repairing the renal structure and maintaining normal
renal function.
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Figure 5. Effect of Lut and/or Cd on renal histopathology and renal function. (A) The Cd content
in renal tissue was detected by FAAS. Statistical analysis of (B) body weight, (C) kidney weight,
and (D) kidney coefficient. (E) Renal histopathological observation using H&E staining; scale bar
(The black arrow indicates the abnormal morphology of the renal tubular, which is characterized by
irregular arrangement of renal tubular cells, swelling and vacuolation of the epithelial cells). 50 um
or 20 um. The contents of (F) CREA, (G) UA, and (H) Glu in serum were detected by an automatic
biochemical analyzer. Each experiment was duplicated at least three times. (ns: p > 0.05; *: p <0.05,
**:p <0.01).

3.5. Lut Alleviates Cd-Induced Oxidative Stress

We explored whether the Lut supplement could alleviate Cd-induced oxidative stress
in renal tissue. The TEM result showed an irregular arrangement of mitochondrial cristae,
even fragmentation or loss, and outer membrane disruption in the Cd-treated group. The
Lut supplement significantly alleviated the disruption of the ultrastructure of mitochondria
(Figure 6A). The MDA content and antioxidant indicator were measured to assess oxida-
tive stress status in the kidneys. As shown in Figure 6B, compared with the Cd-treated
group, the Lut supplement noticeably decreased renal MDA accumulation (p < 0.01) and
GSH elevation (p < 0.05), and observably improved the activity of T-SOD, T-AOC, and
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CAT (p < 0.05) (Figure 6C-F). Trace element results showed that Cd exposure significantly
increased the contents of zinc (Zn) and copper (Cu) compared with the control group
(p < 0.01). The Lut supplement considerably reduced Cd-induced increases in the Zn con-
tent but did not affect the Cu content (p < 0.05 or p > 0.05) (Figure 6G,H). However, no
significant difference showed in iron (Fe) and selenium (Se) content among the groups
(p > 0.05) (Figure 61,]). These results suggest that the Lut supplement remarkably amelio-
rated renal oxidative stress under Cd exposure by reducing the accumulation of MDA and
enhancing the activity of antioxidant enzymes.
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Figure 6. Effects of Lut and/or Cd on oxidative stress in chicken kidneys. (A) TEM observed
mitochondrial ultrastructure; scale bar: 500 nm. (B) MDA content, (C) GSH content, (D) T-SOD
activity, (E) CAT activity, and (F) T-AOC in renal tissues. The contents of (G) Cu, (H) Zn, (I) Se, and
(J) Fe in renal tissues were measured by FAAS. Each experiment was duplicated at least three times.
(ns: p > 0.05; *: p <0.05, **: p <0.01).

3.6. Lut Attenuates Cd-Induced DNA Damage and PARP-1 Activation

We studied the effects of Lut supplement and/or Cd exposure on DNA damage and
PARP-1 activation. As shown in Figure 7A, the morphology of the nucleus was regularly
round, and the nuclear membrane was intact in the control group, while the nuclear
morphology was deformed in the Cd-treated group. The Lut supplement significantly
alleviated the abnormal nuclear morphology caused by Cd. The number of TUNEL-positive
cells was dramatically increased after Cd exposure and significantly decreased in the Cd +
Lut-treated group (Figure 7B). As shown in Figure 7C-E, the Lut supplement significantly
reduced the increases in 8-OHdG (p < 0.01), y-H2AX (p < 0.05), and PARP-1 (p < 0.05)
induced by Cd. These results demonstrate that Lut significantly alleviates Cd-induced
DNA oxidative damage and PARP-1 activation in chicken kidney tissue.

3.7. Lut Restores Cd-Induced SIRT1 Inactivity and Autophagic Flux Blockade

We explored the effects of the Lut supplement and /or Cd exposure on SIRT1 activity
and autophagy in the kidney. As shown in Figure 8A,B, Cd exposure significantly de-
creased the NAD* content (p < 0.05) and the ratio of NAD* /NADH (p < 0.05), which were
observably improved by the Lut supplement (p < 0.05). Cd exposure greatly reduced the
SIRT1 protein level (p < 0.05) but increased the ac-H4K16 protein expression (p < 0.01), and
these changes were reversed considerably (p < 0.05) by the Lut supplement (Figure 8C,D).
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and quantitative analysis of y-H2AX and PARP-1 proteins. Each experiment was duplicated at least
three times. (ns: p > 0.05; *: p < 0.05, **: p <0.01).

A B
ns
40, FH/——— r 8 |—|‘;S
2 o —
£ < ——
£ & 301 £ 6
£ Z
o A
£ E_ Qo
=9 35
8 E 204 £ £ 41
1=} ° e
S E 8~
H £ 101 T 24
< 2
= -
o- 0
Cont Cd Cd+LUT LUT Cont Cd Cd+LUT LUT
X
C NN &\9 N D O3 Cont @@ Cd+lut
00 I3, 19, \/\) c 25 3 Ccd @B Lut |—T—|
o B Y
73 —
) g o o £
. Qo ns
X 5 e |
W s 1.5 =
ac-HAK16[ we e e s o (54 0 —H
S 4.0
gge
2 € 6]
B-actin| M- —— 12 K]
& 0.0
SIRT1 ac-H4K16

Figure 8. Effect of Lut and/or Cd on SIRT1 activity in chicken kidneys. (A) NAD" content and
(B) NAD*/NADH ratio in kidney tissues. (C,D) Western blotting images and quantitative analysis of
SIRT1 and ac-H4K16. Each experiment was duplicated at least three times. (ns: p > 0.05; *: p < 0.05,
*%.

. p<0.01).

243



Antioxidants 2024, 13, 525

p62

LC31
LC3 1l

ATG5

Beclin-1

B-actin

Next, the TEM results show that the Lut supplement reduced the number of autophago-
somes or autophagic vesicles elevated by Cd (Figure 9A). The IHC results showed that Cd
exposure significantly increased LC3 protein expression, while this increase was weakened
by the Lut supplement (Figure 9B). In addition, Western blotting analysis confirmed that
the protein expression levels of p62, LC3 II, ATG5, and Beclin-1 were significantly increased
(p <0.01) after Cd exposure, while they were decreased considerably (p < 0.05 or p < 0.01) by
the Lut supplement (Figure 9C,D). These results illustrate that the Lut supplement repaired
the SIRT1 inactivity and autophagic flux blockade induced by Cd in chicken kidney tissue.
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Figure 9. Effect of Lut and/or Cd on autophagy. (A) Observation of the number of autophagosomes
or autolysosomes using TEM; scale bar: 500 nm. (B) LC3 protein expression was detected by the IHC;
scale bar: 20 um. (C,D) Western blotting and quantitative analysis of autophagy-related proteins
p62, LC3 II, ATG5 and Beclin-1. Each experiment was duplicated at least three times. (ns: p > 0.05;
*' p<0.05 *: p<0.01).

4. Discussion

Cd is a widely distributed environmental and occupational pollutant that has adverse
effects on human and animal health and has been a global public health problem. Cd expo-
sure is closely related to the development of various kidney diseases, including diabetes,
interstitial renal fibrosis, glomerulosclerosis, and even renal cell carcinoma [39]. The explo-
ration of effective therapeutic interventions is necessary to treat Cd-induced nephrotoxicity
in animals and humans. Recently, Lut, a natural flavonoid, attracted much attention due to
its various pharmacological activities. Studies have reported that Lut could protect organs
such as the kidneys and liver from damage caused by heavy metals or chemicals [32,33].
However, the therapeutic effects of Lut on Cd-induced kidney injury in chickens have
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not been fully studied. Therefore, our study aimed to explore the protective effect of Lut
against Cd-induced nephrotoxicity and elucidate the underlying molecular mechanisms.

Numerous studies have demonstrated that Cd causes renal pathological changes
in poultry [40—43]. Lut can effectively improve kidney injury induced by various stim-
uli [31,32,44]. In addition, Lut also plays a protective role in resisting heavy metal poi-
soning [45,46]. Similar to previous studies, our results demonstrated that Cd exposure
caused structural and functional abnormalities in the kidney, and Lut could significantly
alleviate these changes. Studies have found that Lut reduces the accumulation of heavy
metals in organs by chelating or increasing the excretion of heavy metals, including lead or
mercury in the urine thereby alleviating the damage to the kidney and testis in rats [27,31].
Our study found that Cd exposure noticeably increased Cd contents in serum and renal
tissues. However, Lut did not change its levels in the kidneys and serum, suggesting that
the renoprotective effect of Lut is independent of reducing renal Cd accumulation. In
addition to its chelating ability, the protective effect of Lut against organ damage is closely
related to its potent antioxidant properties [47-49]. More and more studies have confirmed
that oxidative stress is a crucial mechanism of Cd-induced nephrotoxicity [50,51]. In ad-
dition, studies have reported how Cd exposure causes an increase in lipid peroxidation
products, a reduction in antioxidant enzyme capacity, and severe oxidative kidney injury
in poultry [34,42,43]. Similar to previous reports, we found that Cd exposure caused the
disruption or loss of mitochondrial crista and disruption of the outer membrane, increas-
ing the MDA content and reducing antioxidant capacity or activity. In vitro studies also
found that Cd exposure could significantly destroy cell morphology and elevate ROS con-
tent. ROS scavenger NAC treatment significantly reduced the ROS content and alleviated
the morphological changes induced by Cd in RTECs. Expectedly, Lut also considerably
improved Cd-induced oxidative stress, as indicated by the repair of mitochondrial ultra-
structure damage, enhancing antioxidant enzyme activity, and reducing MDA content.
The dyshomeostasis of trace elements in the body can promote oxidative damage and
contribute to Cd toxicity [52]. Trace elements, including Zn, Cu, and Fe, are essential for
maintaining normal cell structure and function. Cd can displace Zn and Cu and reduce
antioxidant capacity [53,54]. The exploration of Cd could increase Cu and Zn levels but
decrease Fe levels in chicken kidneys [34]. We found that Cd exposure caused an increase
in Cu and Zn contents, and the Lut supplement reduced Zn content but did not affect Cu
content. However, the contents of Se and Fe in renal tissue in each treatment group did
not change significantly. The invariableness in Fe content may be related to the transfer of
stored Fe from the liver to the kidney after Cd exposure [55]. Cu/Zn is a metal prosthetic
group of the antioxidant enzyme SOD, and the activity of Cu/Zn-SOD was further detected
to better evaluate the protective effect of Lut on Cd-induced oxidative renal injury. Our
results demonstrate that Cd exposure induces oxidative kidney injury, while Lut enhances
the antioxidant capacity to alleviate Cd-induced nephrotoxicity.

Cd can induce oxidative DNA damage in rat kidneys and RTECs due to excess
ROS production [12,56]. Recently, studies reported that Cd exposure causes oxidative
stress in duck testes and broiler liver, which leads to DNA damage and the activation of
autophagy or apoptosis [57,58]. Our study found that Cd caused nuclear deformation
and an increase in the number of TUNEL-positive cells in renal tissues. In addition,
Cd exposure increased 8-OHdG content and the y-H2AX protein level, indicating that
Cd exposure caused oxidative DNA damage in chicken kidneys. Not surprisingly, Lut
reversed the oxidative DNA damage induced by Cd exposure in renal tissue due to its
enhanced antioxidant capacity. It is reported that Lut has a protective effect on ROS-
induced DNA damage, which is more pronounced than quercetin and kaempferol [59].
PARP-1 plays an important role in maintaining DNA repair and genome integrity. Notably,
PARP-1 activation requires the consumption of NAD* [60]. Cd causes oxidative stress
and DNA fragmentation accompanied by PARP-1 activation and apoptosis in mammals
and poultry [11,61]. Similar to previous studies, we also found that Cd caused a decrease
in PARP-1 protein expression, NAD" content, and the NAD*/NADH ratio. NAC could
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significantly alleviate the oxidative DNA damage induced by Cd, reduce PARP-1 activation,
and increase NAD* content and the NAD*/NADH ratio. Thus, DNA damage takes the
primary responsibility for PARP-1 activation induced by Cd. Like NAC, Lut alleviated
Cd-induced changes in PARP-1 protein expression and NAD* content. Studies have found
that the over-activation of PARP-1 induced by high concentrations of Cd promotes cell
death, and conversely, moderate PARP-1 activation ameliorates cell damage induced by
low concentrations of Cd [12,62]. Our study found that the inhibition of PARP-1 activation
using PJ34 alleviated Cd-induced cell damage, suggesting that Cd-induced PARP-1 over-
activation is detrimental to cell survival. In addition, P]34 also reduced the expression of
the y-H2AX protein, which may be related to the alleviation of the ROS level induced by
Cd. So, Lut protects the kidney from Cd toxicity by reversing oxidative DNA damage and
PARP-1 over-activation.

SIRT1 is a deacetylase essential in regulating oxidative stress, inflammation, and
autophagy by modifying downstream target proteins. In particular, SIRT1 activity also
depends on the NAD* content. The crosstalk between SIRT1 and PARP-1 and their roles
in ultimate cell fate determination has rarely been investigated. One study indicated that
the activation of PARP-1 reduces SIRT1 activity, which may involve a large amount of
NAD™" consumption [63]. The inhibition of PARP-1 increases NAD* content and SIRT1
activity [64,65]. However, SIRT1 can inhibit PAPR-1 activity by its deacetylation [16].
Studies have found that the SIRT1 protein was reduced in the Cd-induced rat poisoning
model [56,66,67]. Cd exposure also decreases chicken renal tissues” SIRT1 and SIRT3 gene
expressions [34]. As expected, Cd exposure reduced the expression of the SIRT1 protein
and increased the expression of its target protein ac-H4K16 both in vivo and in vitro. The
Lut supplement reversed the changes in SIRT1 and ac-H4K16 proteins induced by Cd.
Similarly, the results of NAC treatment were consistent with the Lut supplement. To further
elucidate the role of PARP-1 activation on SIRT1 in Cd-induced chicken kidney injury, the
inhibition of PARP-1 using PJ34 significantly upregulated the Cd-induced reduction in the
NAD" content and NAD"* /NADH ratio and increased the reduction in the SIRT1 protein.
Our results demonstrate that Lut restores SIRT1 activity by inhibiting the over-activation of
PARP-1 induced by Cd.

Autophagy is a metabolic process that relies on lysosomes to degrade and reuse cellu-
lar components. Autophagy is closely related to Cd-induced nephrotoxicity in poultry. Cd
upregulates the protein expression of LC3 II, ATG5, and Beclin-1 and reduces the expression
level of the autophagy adaptor protein p62 in duck kidneys [68,69]. Recent reports have
shown that Cd causes autophagic flux blockade and lipid droplet accumulation, leading
to liver injury in ducks [70]. In our study, Cd exposure increased the autophagosome
number in chicken kidney tissues. Meanwhile, Cd increased the protein expression of LC3
II, ATGS, or Beclin-1, as well as p62 in vitro and in vivo. ATG5 and Beclin-1 proteins are
responsible for forming an autophagic isolation membrane [71]. Studies have found that
Cd impairs autophagic flux by interfering with the degradation function of lysosomes and
blocking the fusion of autophagosomes and lysosomes, manifesting as autophagosome
accumulation and the increase in p62 protein expression [72]. Our results suggest that Cd
impaired autophagic flux without affecting autophagosome formation, which resulted in
the accumulation of a large number of autophagosomes. Consistent with our findings,
Cd leads to autophagosome accumulation-dependent apoptosis in neuronal cells by ac-
tivating AKT-mediated autophagic flux blockade [17,73]. A similar mechanism has been
reported in cisplatin-induced nephrotoxicity [74]. It is necessary to further elucidate the
role of autophagy in Cd-induced kidney injury in chickens by regulating autophagy using
autophagy modulators, such as the activator rapamycin or the inhibitor 3-MA. In addition,
further studies are also needed to clarify the underlying mechanisms of Cd-induced au-
tophagic flux blockade in chicken kidneys. Notably, Lut significantly reversed Cd-induced
autophagy-related protein expression and autophagosome accumulation. Similarly, NAC
treatment downregulated the expression of autophagy-related proteins induced by Cd.
Thus, the regulation of autophagy by Lut may be related to its antioxidant activity. In
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addition, it has been reported that competitive NAD* depletion due to PARP-1 activation
induced by DNA damage causes decreased autophagy, which is mediated by SIRT1 inacti-
vation [22,75]. Moreover, the inhibition of PARP-1 further increased the protein expression
of ATG5 and LC3 II and decreased p62 protein expression. It has been reported that
activation of SIRT1 enhances autophagic flux in vivo, thereby protecting osteoporosis or
alleviating hepatic steatosis [76,77]. We found that SIRT1 activation using RSV attenuated
cell damage inhibited ROS production, increased LC3 II protein expression, and decreased
p62 expression, indicating that Lut ameliorates autophagic flux blockade through PAPR-1
inhibition and SIRT1 activation to alleviate kidney injury in chickens.

5. Conclusions

Cd induces oxidative DNA damage and the over-activation of PARP-1, resulting in
reduced SIRT1 activity and the blockade of autophagic flux in chicken kidney tissues
and RTECs. The dietary supplementation of Lut protects the chicken kidney against Cd
nephrotoxicity by repairing autophagic flux blockade via ameliorating oxidative DNA
damage-dependent PARP-1 over-activation and SIRT1 activity reduction.
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Abstract: Streptococcus uberis mastitis in cattle infects mammary epithelial cells. Although oxidative
responses often remove intracellular microbes, S. uberis survives, but the mechanisms are not well
understood. Herein, we aimed to elucidate antioxidative mechanisms during pathogenesis of S.
uberis after isolation from clinical bovine mastitis milk samples. S. uberis’s in vitro pathomorphology,
oxidative stress biological activities, transcription of antioxidative factors, inflammatory response
cytokines, autophagosome and autophagy functions were evaluated, and in vivo S. uberis was
injected into the fourth mammary gland nipple of each mouse to assess the infectiousness of S.
uberis potential molecular mechanisms. The results showed that infection with S. uberis induced early
oxidative stress and increased reactive oxygen species (ROS). However, over time, ROS concentrations
decreased due to increased antioxidative activity, including total superoxide dismutase (T-SOD) and
malondialdehyde (MDA) enzymes, plus transcription of antioxidative factors (Sirt1, Keap1, Nrf2, HO-
1). Treatment with a ROS scavenger (N-acetyl cysteine, NAC) before infection with S. uberis reduced
antioxidative responses and the inflammatory response, including the cytokines IL-6 and TNF-«,
and the formation of the Atg5-LC3II/LC3I autophagosome. Synthesis of antioxidants determined
autophagy functions, with Sirtl /Nrf2 activating autophagy in the presence of S. uberis. This study
demonstrated the evasive mechanisms of S. uberis in mastitis, including suppressing inflammatory
and ROS defenses by stimulating antioxidative pathways.

Keywords: bovine mastitis; Streptococcus uberis; antioxidative pathway; inflammation; autophagy;
murine mammary glands; mMECs

1. Introduction

Mastitis is an inflammatory syndrome that can irreversibly damage the mammary
glands of dairy cattle [1], causing substantial financial losses due to reductions in milk
production and quality, plus premature culling [2,3]. Bovine mastitis is often caused by
various environmental and bacterial agents, including Streptococcus uberis [4], the most
frequently isolated pathogen causing subclinical mastitis in the United Kingdom, Ireland,
Australia and New Zealand [5]. The damaging consequences of S. uberis infection include
inflammatory and autophagy responses [6] regulated by antioxidative factors [7]. Au-
tophagy is a defensive catabolic mechanism to remove damaged organelles and control
bacterial infections [8]. “Autophagy flux” refers to the entirety of autophagosome produc-
tion, its maturation, fusion with lysosomes and subsequent breakdown, with release of
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macromolecules into the cytosol. Autolysosomes and degradation are key functions of
autophagy [9].

Production of reactive oxygen species (ROS) significantly increases during infection,
aids pathogen removal and contributes to inflammatory signaling cascades [10]. Production
of ROS is regulated by antioxidative factors, including silent information regulator 1
(Sirtl), which reduces oxidative stress by modulating superoxide dismutase (SOD) [11]
and decreases malondialdehyde (MDA), an oxidative stress marker [12]. Sirtl also affects
signaling pathways associated with inflammation and autophagy [13]. Other antioxidant
effectors are Kelch-like ECH-associated protein 1 (Keapl) and Nuclear factor erythroid
2-related factor 2 (Nrf2) [14]. Under physiological conditions, Keap1 regulates Nrf2 activity
in the cytoplasm and is a principal protective sensor for oxidative stress [15]. However,
under oxidative stress, Nrf2 separates from Keap1 protein, moves into the nucleus and joins
with antioxidant response elements to promote the production of heme oxygenase-1 (HO-1)
and SOD [16,17]. Expression of inflammatory markers (namely TNF-«/IL-6) and oxidative
damage are reduced by activation of the Nrf2/HO-1 signaling pathway [18,19]. Therefore,
Nrf2/HO-1 is an antioxidant signal that aims to reduce inflammation provoked by infection
and oxidative stress [20]. Dissociation of Nrf2 from Keap1 activates autophagy by coupling
the stress-inducible p62/SQSTM1 protein complex [21]. This multifunctional protein core
has multiple domains, including a Keapl-interacting region (KIR) and an LC3-interacting
region (LIR) [22]. The lipidation of microtubule-associated protein 1A /1B-light chain 3
to generate LC3Il is critical in promoting autophagy [23]. The protein P62 interacts with
LC3 in the autophagy-lysosome pathway and targets ubiquitinated substrate cargoes for
destruction [24]. Furthermore, Atg5 promotes autophagosome elongation and requires
conversion of LC3I to LC3II [25].

Microbial pathogens that infect host cells can be subjected to autophagy. In this process,
LC3, which is widely distributed in the cytoplasm, connects to targeted substrates [26].
Furthermore, Atg4 cuts the C-terminal portion of LC3 into LC3-I that is then activated by
Atg7 (an El-like enzyme), passed to Atg3 (an E2-like enzyme) and changed into membrane-
bound LC3II. Invading pathogens with polyubiquitination are typically identified by the
autophagy receptor P62 that delivers the targeted substrate to LC3II-bound membranes and
facilitates autophagosome formation. Attracting autophagy-related proteins to phagocytic
vesicle assembly sites, e.g., Atg), is important in phagophore synthesis, and requires a
signal for autophagy [27]. The usual outcome is containment of intracellular infections or
recycling of cytosolic substances [28].

We identified autophagy as a crucial component of epithelial cell defense against
mastitis pathogens, with the involvement of HIF-1o, AMPKo/ULK1 and the PTEN/PI3K-
Akt-mTOR pathway [29-31]. Furthermore, we also reported that S. uberis infection induced
autophagy by decreasing synthesis of pro-inflammatory cytokines [32]. However, the mech-
anisms that connect the antioxidative pathway and autophagy during S. uberis infection
remain unclear. Hence, we tested the hypothesis that silencing/activation of antioxidative
pathway factors will bring changes in autophagy mechanism.

Our objective was to characterize pathogenesis of S. uberis mastitis and the role of the
antioxidative pathway in the modulation of autophagy, using murine in vitro and in vivo
models of mammary epithelial cells (nNMECs) and mammary glands, respectively. Specif-
ically, we addressed antioxidative factors (Sirtl, Keapl and Nrf2), inflammatory factors
(IL-6 and TNF-«) and autophagy marker proteins (Atg5 and LC3II/LC3I). We concluded
that Sirtl and Keap1-Nrf2 were involved in the activation of autophagy by reducing T-SOD
and MDA activity along with significant reductions in inflammatory responses.

2. Materials and Methods
2.1. Statement of Ethics

This study was reviewed and approved by the Ethical Committee of the College
of Veterinary Medicine, China Agricultural University (CAU), Beijing, China (Protocol
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SYXK, 2016-0008). Furthermore, it was conducted according to standard ethical guidelines
implemented at CAU.

2.2. S. uberis Isolation

Milk samples from dairy cows with clinical mastitis were obtained from dairy farms
in northern Beijing, China, and S. uberis was isolated from those samples [32]. Isolates
were identified on Todd-Hewitt Agar (THA), a solid medium containing 5% sheep blood,
and cultured for 24 h at 37 °C prior to infecting mouse mammary glands and mMECs.
Selection of S. uberis was based on colony characteristics on THA medium, followed by
Gram staining, API 20 Strep system (bioMérieux, Lyon, France), Lancefield grouping, and
validation by PCR sequencing (Sangon Biotech, Shanghai, China). Isolates were multiplied
in Todd-Hewitt broth (THB) liquid medium for 14 h at 37 °C on an orbital shaker at
120 rpm, and stored in 25% glycerol stock solutions at —70 °C. For each challenge, a single
loop inoculum of stock solution was added to liquid THB medium containing 2% fetal
bovine serum (FBS; Hyclone, Logan, UT, USA) to generate an exponential growth phase
(OD600 = 0.5 to 0.7) at 37 °C for infections [32].

2.3. Cell Culture and S. uberis Infection

Murine mammary epithelial HC11 cell line (mMECs) (Shanghai Cell Bioscience Inc.,
Shanghai, China) was used as an in vitro model for infectious mastitis. Cells were cultured
in Dulbecco modified Eagle medium (DMEM) supplemented with 10% FBS plus penicillin
and streptomycin (100 U/mL each) in T-25/T-75 cell culture flasks. Cells were incubated
with 5% CO; at 37 °C and at 80% confluence were harvested by the addition of 2 mL
trypsin until 70% cell movement was achieved. Then, cells were collected, centrifuged
for 5 min at 1000 x ¢ and stock solutions prepared in 5% DMSO (dimethyl sulfoxide; Life
Tein, LLC, South Plainfield, NJ, USA) for cryopreservation (~1 x 108 cells per cryovial) in
liquid nitrogen [32]. Each batch of cells were used from 2-5 passages in a T-25 cell culture
flask. For transfection and infection experiments, cells were transferred into 6-well plates
(~1 x 103 cells per well) and incubated until the desired confluence. The mMECs were
challenged with S. uberis at multiplicity of infection (MOI) 5:1, followed by incubation in
5% CO; at 37 °C and subsequently collected for various analyses.

2.4. Murine S. uberis Mastitis Model

Mice were housed at the Experimental Animal Center of China Agricultural University
with ad libitum access to feed and drinking water and a 12 h light/dark photocycle. Studies
were conducted with 20 female albino mice (20 to 23 gm body weight) at 1 wk post
parturition and 1 h after separation from their pups. These mice were randomly allocated
into five groups (n = 4 mice per group): Sham (Control group); S. uberis (S. uberis group); S.
uberis + NAC (S. uberis + NAC group); S. uberis + Cambinol (S. uberis + siSirt1); and S. uberis
+ NK-252 (S. uberis + Nrf2 activator). In the S. uberis + NAC group, mice were pretreated
with an intramammary injection of 300 mg/kg NAC at 3 h prior to S. uberis challenge.
In S. uberis + siSirtl and Nrf2 activator groups, 50 mg/kg Cambinol and 10 mg/kg NK-
252, respectively, were injected 6 h prior to challenge. For S. uberis challenge, mice were
anesthetized (Zoletil® 50, 0.05 mg/kg IM) and S. uberis (1 x 10° CFU/mL diluted in sterile
saline, final volume of 100 puL) was injected intramammarily. All intramammary injections
were performed with a micro-syringe and 26-gauge needle (using a stereomicroscope to
visualize openings) into the 4th nipple (counting forward) of each mouse, after disinfection
with 75% alcohol. At 6 h post-inoculation, all mice were euthanized and mammary gland
tissues excised.

2.5. Determination of ROS Production

An assay kit for ROS (Beyotime Biotechnology, Shanghai, China) was used to measure
intracellular ROS concentrations in mMECs seeded in a 6-well plate and challenged with
S. uberis (MOI 5:1) at 80% confluence. Cells were washed thrice with PBS and incubated
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in 5% CO, at 37 °C for 30 min in the dark with 10 uM of DCFH-DA fluorescent probe in
serum-free DMEM. Then, cells were washed three times with serum-free culture medium,
followed by DAPI staining (5 min). Fluorescent signals of stimulated cells were observed
with a laser scanning confocal microscope at wavelengths of 405 and 488 nm.

2.6. Transmission Electron Microscopy

The mMECs were grown in 6-well plates up to 80% confluence and then challenged
by S. uberis (MOI 5:1). At 6, 9 and 12 h post infection, cells were digested (500 pL trypsin
per well), centrifuged at 1000x g for 5 min, washed thrice with PBS and fixed with 2.5%
glutaraldehyde for 2 h at room temperature. Cells were stained with 1% osmium tetroxide
for 2 h at 4 °C, dried in an ethanol gradient series, and embedded in epoxy resin—acetone
mixtures for 2 h. Samples were immersed in resin solution overnight at 37 °C and cut
in ultrathin sections (100 nm), and visualized with a light microscope to ensure only a
single slice was loaded on a copper grid. Samples were stained with 2% saturated uranyl
acetate and treated with 50% ethanol and 3% lead citrate. Copper grid with samples
were examined with a transmission electron microscope (TEM; H7650, Tokyo, Japan) at an
accelerating voltage of 80 kV.

2.7. Western Blot Analysis

The mMECs were cultured in 6-well plates until 80% cell confluence and challenged by
S. uberis (MOI 5:1). Various pretreatments were used. For example, nMECs were pretreated
(1-6 h prior to S. uberis infection) with NAC (30 uM) to scavenge intracellular production
of ROS, 40 uM Cambinol for Sirtl inhibition, 10 pM NK-252 for Nrf2 activation or 10 pM
ML385 for Nrf2 inhibition.

The mMECs were harvested using a cell scraper on an ice block, rinsed thrice with
cold PBS and lysed with RIPA lysis buffer (Beyotime Biotechnology). Supernatants were
obtained by centrifugation at 12,000 rpm for 15 min at 4 °C and total protein concentrations
determined with a Bicinchoninic acid (BCA) kit (Beyotime Biotechnology).

Protein was loaded into gels (equal amounts in each lane) and (-actin was used
as a loading control. After being separated by SDS-PAGE, proteins were transferred
to a polyvinylidene difluoride (PVDF) membrane that was washed thrice and blocked
with 5% skim milk in tris-buffered saline +0.1% Tween® 20 Detergent (TBST) for 2 h at
room temperature. Membranes were incubated overnight at 4 °C with the following
primary antibodies: Sirtl (Cell Signaling, #3931S; Danvers, MA, USA); Keapl (Abcam,
#ab227828; Cambridge, UK); Nrf2 (Proteintech, #16396-1-AP; Rosemont, IL, USA); HO-1
(Proteintech, #27282-1-AP; Rosemont, IL, USA); IL-6 (Invitrogen, #700480; Carlsbad, CA,
USA); TNF-« (Proteintech, #17590-1-AP; Rosemont, IL, USA); Atg5 (Proteintech, #10181-2-
AP; Rosemont, IL, USA); LC3 (Proteintech, #14600-1-AP; Rosemont, IL, USA); and (-actin
(Proteintech #66009-1-Ig; Rosemont, IL, USA). Samples were incubated with secondary
antibodies against rabbit or mouse IgG for 2 h at room temperature and signals developed
by chemiluminescence using ECL reagents. Image] 1.49v software (http://imagej.nih.
gov/ij, accessed on 18 December 2023, NIH, Bethesda, MD, USA) was used to assess
band density.

2.8. T-SOD and MDA Activity

The mMECs were cultured overnight in 6-well plates and treated with NAC 1 h prior
to S. uberis challenge (MOI 5:1). Total superoxide dismutase (T-SOD) and malondialdehyde
(MDA) activity were measured at 6, 12 and 24 h post challenge. The T-SOD activity
was measured using a T-SOD assay kit in a microplate reader (Beyotime Biotechnology),
whereas MDA activity was evaluated with an MDA ELISA kit (Abcam, Shanghai, China).
The same kits were used to determine the activities of T-5OD and MDA in murine mammary
glands. Herein, tissues were collected, washed with PBS and stored at —20 °C. Then, tissues
were transferred into a mortar with liquid nitrogen, ground to a powder, homogenized with
0.5% Triton X-100 and centrifuged at 14,000 g for 5 min at 4 °C to collect supernatants.
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2.9. Labeling and Tracking Lysosomes

Lysosomes or mature autophagosomes were detected with Lyso-Tracker Red fluores-
cent probe (Beyotime Biotechnology). Lyso-Tracker Red penetrates mMECs and detects
lysosomes or mature autophagosomes in an acidified environment [33]. In these experi-
ments, mMECs were seeded in 6-well plates with coverslips and challenged with S. uberis
at 80% confluence. Cells were washed thrice with ultra-sterilized PBS and incubated in 5%
CO, at 37 °C for 30 min with 50 nM Lyso-Tracker Red in cell culture medium for lysosome
red staining. The Lyso-Tracker Red was removed by three washes with PBS and nuclei
stained with DAPI for 5 min. Fluorescent signals were observed under a laser scanning
confocal microscope at wavelengths of 405, 488 and 561 nm.

2.10. Cell Transfection and Confocal Microscopy

Autophagy was monitored using Ad-GFP-LC3 and Ad-mCherry-GFP-LC3B (Bey-
otime Biotechnology), adenoviruses that express GFP-LC3 and mCherry-GFP-LC3B fusion
proteins, respectively [34]. For transfection, mMECs were cultured in 6-well plates with
coverslips and incubated for 12 h with 5% CO; at 37 °C. Then, Ad-GFP-LC3B and Ad-
mCherry-GFP-LC3B were transfected into cells at 40% confluence in DMEM with 10% FBS,
followed by a 24 h incubation. The mMECs were pretreated with Cambinol for Sirt] inhibi-
tion and challenged with S. uberis (MOI 5:1) for 12 h. Cells were washed thrice with PBS
and cell nuclei were stained with DAPI (10-20 puL per coverslip) for 5 min. After washes
with ultra-sterilized PBS, anti-fluorescence quenching sealing solution (8 pL) was added to
a clear glass slide. Then, coverslips were inverted on the glass slides and examined with
a laser scanning confocal microscope. In an autophagy state, mMECs transfected with
Ad-mCherry-GFP-LC3B overexpressed mRFP/mCherry-GFP tandem. Wavelengths of 405,
488 and 561 nm were used for imaging.

2.11. Immunofluorescence

The mMECs were cultured in 6-well plates with glass coverslips and incubated
overnight at 37 °C with 5% CO; and pretreated (6 h) with a Nrf2 activator or inhibitor
before being challenged with S. uberis (MOI 5:1) for 6 h. Cells were thrice washed with
PBS and fixed with 4% paraformaldehyde for 20 min, followed by permeabilization with
0.25% Triton X-100 in PBS for 15 min. Cells were treated with 3% bovine serum at room
temperature for 30 min and incubated with Nrf2 primary antibody overnight at 4 °C. After
three PBS washes, cells were incubated with goat anti-rabbit IgG (H + L) tagged with Alexa
Fluor 488 for 1 h at room temperature. Cell nuclei were stained with DAPI for 5 min and
washed 3 times with PBS. Glass coverslips were inverted on clean glass slides and observed
with a laser scanning confocal microscope (Olympus-FV3000, Olympus, Tokyo, Japan) at
wavelengths of 405 and 488 nm, with images captured and analyzed with Image]J software.

2.12. Hematoxylin and Eosin Staining of Murine Mammary Gland Tissues

Post S. uberis challenge and treatments, mammary gland tissues were excised, dehy-
drated and fixed in 4% paraformaldehyde for 20 min. Tissues were embedded in paraffin,
sectioned (5 pm), treated with xylene for 5 min, and then exposed to 70, 80, 90 and 100%
ethanol (10 s in each concentration). Slides were stained with hematoxylin (Beyotime
Biotechnology) for 5 min, cleared with tap water for 10 min, rinsed with distilled water
and stained with eosin (Beyotime Biotechnology) for 2 min. Slides were washed twice with
70% ethanol. Imaging was performed in a set of randomly chosen fields with an optical
microscope (Olympus, Tokyo, Japan) at 100 x magnification.

2.13. Statistical Analyses

The results of three independent experiments are presented as means + standard
deviation (SD). Data were analyzed by Student’s t-test or one-way ANOVA, with Bonferroni
correction for multiple comparisons using IBM SPSS statistics 29.0.10 software (https:
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/ /www.ibm.com; Armonk, NY, USA). p < 0.05 and p < 0.01 were considered significant
and highly significant, respectively.

3. Results
3.1. S. uberis Enhanced ROS Production and Autophagy Induction in mMECs

Oxidative stress in S. uberis-infected mMECs was gauged by intracellular ROS con-
centrations until 24 h post S. uberis challenge. Dichlorofluorescein diacetate (DCFH-DA)
relative fluorescence emissions (as a measure of ROS concentrations) were higher at 3
to 9 h, but decreased by 12 and 24 h post S. uberis (Figure 1A). Infection with S. uberis
induced autophagy and autolysosome formation in mMECs, as observed by transmission
electron microscopy (TEM) (Figure 1B). Moreover, infected mMECs had mitochondrial
vacuolization, autophagosome and lysosome formation and fusion at 12 h post challenge,
whereas S. uberis were located intracellularly at 6 and 9 h post challenge.
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Figure 1. Infecting mMECs with S. uberis enhanced intracellular accumulation of ROS and induced
autophagy. (A) The mMECs were challenged with S. uberis and ROS production was determined by
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measuring the intensity of green fluorescence generated by DCFH-DA and captured with a confocal
laser scanning microscope. (B) Autophagy induction was confirmed based on morphological and
subcellular (TEM) images. Note the nuclei (N), mitochondria (M), autophagosomes (A), lysosomes
(L), autolysosome (AL) and S. uberis (black arrowheads). Scale bar = 1.0 um. Magnified figure It

comes from the yellow box.

3.2. S. uberis Induced Antioxidative, Inflammatory and Autophagy Markers

Expressions of antioxidative Sirtl, Keapl and Nrf2 were upregulated (p < 0.01) in
mMECs at 3 to 9 h after S. uberis challenge (Figure 2A). Expressions of inflammatory cy-
tokines IL-6 and TNF-« were decreased (p < 0.01) at 3 to 9 h, whereas autophagy LC3II/LC3I
markers were increased (p < 0.01) at 6 to 12 h (Figure 2B). Expression levels of inflammatory
cytokines had declined at 3 to 9 hpi (autophagy progression; Supplementary Figure S1).
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Figure 2. Infecting mMECs with S. uberis induced antioxidant and autophagy marker proteins
and reduced inflammatory cytokines. (A) Western blot analyses of antioxidative Sirtl, Keapl and
Nrf2 isolated from S. uberis-challenged mMECs. Proteins were collected up to 24 h post challenge.
(B) Inflammatory IL-6 and TNF-«, and autophagy of LC3II/LC3I, were also analyzed following
S. uberis challenge. Mean and standard deviation (three independent experiments) of proteins
(quantified with Image]J 1.49v, http://imagej.nih.gov/ij, accessed on 18 December 2023). * p < 0.05,
**p < 0.01 (compared to the Sham).

3.3. NAC Pretreatment Mitigated Antioxidative Pathway Elements in S. uberis-Challenged
mMECs

Antioxidative factors Sirtl, Nrf2 and HO-1 increased at 3 and 12 h post S. uberis
challenge, but were reduced in NAC-pretreated cells (Figure 3A). Specifically, Sirtl and
Nrf2 expression increased (p < 0.01) at 3 h post challenge but it was comparatively lower at
12 h, whereas HO-1 was higher (p < 0.01) at 12 versus 3 h post challenge (Supplementary
Figure S2). Expressions of Sirt]l were upregulated (not significantly), whereas Keap1 and
Nrf2 were upregulated (p < 0.01) in S. uberis-challenged mMECs at 3 h post challenge;
however, these responses were abrogated by Sirtl inhibition in either transfected cells or
those pretreated with Cambinol (Figure 3B). Cambinol/siSirt] also decreased Keapl and
Nrf2 expression in either the presence or absence of S. uberis (Figure 9A).
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Figure 3. NAC pretreatment in S. uberis-challenged mMECs mitigated antioxidative responses.
(A) Levels of Sirtl, Nrf2 and HO-1 in mMECs pretreated with 30 uM NAC and 1 h later challenged
with S. uberis. (B) Levels of Sirtl, Keap1 and Nrf2 in mMECs pretreated with 40 uM Cambinol (siSirt1)
and 6 h later challenged with S. uberis. Data were derived from assessments of Western blots and are
mean + SD of three independent trials. * p < 0.05 and ** p < 0.01 (compared to the Sham); # p < 0.05
and ## p < 0.01 (compared to the S. uberis group).

3.4. NAC Treatment Attenuated Inflammation and Cellular Damage in S. uberis-Challenged
mMECs/Murine Mammary Glands via Reduced Oxidative Stress

S. uberis-challenged mMECs pretreated with NAC showed reduced oxidative stress.
Although Nrf2, HO-1, IL-6 and TNF-« expression increased (p < 0.01) at 12 and 24 h post
S. uberis challenge (Figure 4A), these levels were lesser in mMECs pretreated with NAC
(Supplementary Figure S3). Activity of T-SOD in the S. uberis-challenged group was lower
at 12 h (p <0.01) and 24 h (p < 0.05) than at 6 h post S. uberis challenge (Figure 4B). Total
SOD increased (p < 0.05) in the NAC + S. uberis group compared to the S. uberis group, but
MDA activity was higher (p < 0.05) at 6 h post S. uberis compared to 12 or 24 h (Figure 4).
In cells pretreated with NAC + S. uberis, MDA activity was progressively reduced at 6, 12
and 24 h.

3.5. NAC Treatment Attenuated Autophagy Mechanism in S. uberis-Challenged mMECs

Pretreatment with NAC in the presence of S. uberis impaired autophagy and antiox-
idative Keap1 at 12 and 24 h post challenge. Levels of Keap1, Atg5 and LC3II/LC3I were
upregulated (p < 0.01) in S. uberis-challenged groups (Figure 5A); these levels peaked at 12 h
compared to 24 h post S. uberis in cells pretreated with NAC (Supplementary Figure S4).
Increased Lyso-Tracker red fluorescence (p < 0.01), indicative of autophagy, was observed
in S. uberis-challenged mMECs (Figure 5B). Red fluorescence intensity increased from 0 to 6
and 12 h post challenge, but had subsequently decreased by 24 h.
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Figure 4. Pretreatment with NAC attenuated inflammatory and cellular damage in S. uberis-
challenged mMECs and mammary glands by reducing oxidative stress. (A) Antioxidative Nrf2
and HO-1 and inflammatory IL-6 and TNF-« were determined in mMECs pretreated with NAC
(30 uM) and 1 h later challenged with S. uberis. (B) Levels of total SOD and MDA activities at 6, 12
and 24 h post S. uberis challenge and pretreatment with NAC. Data represent mean & SD of three
independent experiments. * p < 0.05 and ** p < 0.01 (compared to the Sham); # p < 0.05 and ## p < 0.01

(compared to the S. uberis group).

3.6. Inhibition of Antioxidative Sirt1 Impaired Autophagy in mMECs by Inducing Inflammation

Concentrations of HO-1, IL-6, TNF-oc and Atgb were upregulated (p < 0.05) in mMECs
challenged by S. uberis, but concentrations were reduced in mMECs pretreated with Sirt1
inhibitor (Cambinol) before S. uberis challenge (Figure 6A). In response to siSirt1 treatment,
expressions of IL-6 increased numerically along with increases (p < 0.05) in TNF-oc markers
(Supplementary Figure S5). Autophagy dynamics changed in response to Cambinol.
Vector Ad-mCherry-GFP-LC3B co-localized in autophagosomes in S. uberis-challenged
cells (Figure 6B), but in Cambinol + S. uberis cells, the red fluorescence turned into yellow
puncta (p < 0.01) due to a green GFP-LC3B co-localization in a non-acidic environment,
indicative of autophagy inhibition.
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Figure 5. NAC treatment alleviated autophagy in S. uberis-challenged mMECs. (A) Protein concen-
trations of Keap1, Atg5 and LC3II/LC3I in mMECs pretreated with NAC (30 uM) 1 h prior to S.
uberis challenge. (B) Formation of acidified lysosomes was quantified by measuring red fluorescence
intensity. In total, 30 cells were selected for each group and 10 cells per sample with three repeats were
quantified for statistical analyses. Data are representative means of three independent experiments.
*p <0.05 and ** p < 0.01 (compared to the Sham); # p < 0.05 and ## p < 0.01 (compared to the S. uberis
group). Magnified figure It comes from the yellow box.

3.7. Antioxidative Nrf2 Activation Induced Autophagy by Alleviating Inflammatory Responses

At 12 and 24 hpi, concentrations of antioxidants Nrf2, HO-1, inflammatory IL-6, TNF-«
and autophagy LC3II/LC3I markers were evaluated in the presence of NK-252 (Nrf2 acti-
vator) to identify the effects of the antioxidative pathway on inflammation and autophagy
mechanisms. The mMECs infected with S. uberis expressed increased (p < 0.01) concen-
trations of Nrf2, HO-1, IL-6, and TNF-o and increased LC311/LC3I markers compared to
the Sham (Figure 7A). However, IL-6 and TNF-o had decreased (p < 0.01) at 12 hpi with
NK-252 + infection compared to infection of S. uberis (Supplementary Figure S56). Addition-
ally, green fluorescence in the S. uberis + NK-252 group had stronger intensity (p < 0.01)
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than mMECs infected with S. uberis or non-infected mMECs (Sham) (Figure 7B), indicating

Nrf2 activation at 6 hpi.
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3.8. Deactivation of Antioxidative Nrf2 Inhibited Autophagy by Increasing Inflammatory
Responses

Infection with S. uberis induced (p < 0.01) Nrf2, HO-1, IL-6, TNF-a and Atg5 (Figure 8A).
However, pretreatment with ML385 (Nrf2 inhibitor) followed by S. uberis challenge nu-
merically decreased Nrf2, whereas HO-1 and Atg5 were reduced (p < 0.01) (Supplemen-
tary Figure S57). Concentrations of IL-6 increased (p > 0.05) and TNF-« was upregulated
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(p < 0.01) after Nrf2 inhibition, whereas HO-1 and autophagy Atg5 marker were downreg-
ulated (p < 0.01). Deactivation of Nrf2 in the presence of S. uberis was evident based on
lower green fluorescence intensity (p < 0.01) in the ML385 + S. uberis group versus the S.
uberis group (Figure 8B).
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3.9. Antioxidant Factors Were Increased in S. uberis-Challenged mMECs and Mammary Glands

Expression of Sirtl, Keapl, Nrf2, HO-1 and Atg5 was upregulated (p < 0.01) in S.
uberis-challenged mMECs (Figure 9A). However, silencing of Sirtl with Cambinol down-
regulated (p < 0.05) Sirtl, Keap1, Nrf2, HO-1 and Atg5 at 3 h, whereas inhibition of Nrf2
downregulated (p < 0.05) Nrf2, HO-1 and Atg5 at 6 h (Supplementary Figure S8). Therefore,
Sirtl and Keapl preceded Nrf2 and HO-1 in the antioxidative pathway. In the murine
model of mastitis, Sham mammary glands did not have sloughed mammary epithelial cells
(Figure 9B). In contrast, mammary glands infected with S. uberis had damaged mammary
epithelial cells, irrespective of Cambinol treatment. Compared to the S. uberis and Cambinol
+ S. uberis group, histopathological inflammatory changes were lower in the NAC + S.

uberis and NK-252 + S. uberis groups.
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Figure 9. Mammary glands and mMECs activated antioxidative factors in response to oxidative
stress provoked by S. uberis. (A) Expression of antioxidants Sirt1l, Keap1, Nrf2, HO-1 and Atg5 in
mMECs silenced in Sirt]l and Nrf2 previous to S. uberis at 3 h and 6 h challenge. (B) Mammary gland
morphology after S. uberis challenge for 6 h in mice pretreated with NAC, Cambinol or NK-252.
*p <0.05 and ** p < 0.01 (compared to the Sham); # p < 0.05 and ## p < 0.01 (compared to the S.

uberis group).

4. Discussion

As an important mediator of inflammation, Streptococcus uberis has been widely used
to establish mastitis models in mice [35]. The mouse mastitis model established by in-
jection of S. uberis was consistent with the clinical symptoms of cow mastitis [36]. The
inflammatory factors TNF-«, IL-6 and IL-1f3 are closely associated with the response to
bacterial S. uberis infection. S. uberis can stimulate inflammation cytokines, including IL-1(3,
TNF-«, IL-6 and IL-8, in bovine neutrophils, mammary epithelial cell and somatic milk cells
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models [37,38]. S. uberis is an important promoter in the NF-kB and MAPK inflammatory
signaling pathways, which triggers inflammation in mammary epithelial cells [35]. Both
TLR2 and TLR4 are involved in sensing S. uberis invasion. TLR2 is a principal receptor. The
ability to stimulate TLR2 expression on the cell surface resulted in significant upregulation
of both NF-«B and MAPK signaling pathways downstream [39]. In this study, murine
mastitis models and mMECs were infected with S. uberis and the antioxidative, inflam-
matory and autophagy pathway elements were evaluated. We tested the hypothesis that
silencing/activation of antioxidative pathway factors will bring changes in the autophagy
mechanism. Whereas inflammatory changes and autophagy mechanisms were inversely
correlated in our recent study [32], highlighting the role of Nrf2 in alleviating inflam-
mation [40], this study examined the involvement of antioxidative pathways regulating
autophagy. Key antioxidative elements, including Sirtl, Keap1, Nrf2 and HO-1 positively
modulated the autophagy markers Atg5 and LC3II/LC3I and concurrently downregulated
inflammatory IL-6 and TNF-«. Antioxidant SOD concentrations decreased, along with a
reduction in MDA activity [41]. Thus, lower T-SOD and MDA activities reduced cellular
damage due to oxidative stress in S. uberis-infected mammary glands, particularly epithelial
cells. Furthermore, treatment with NAC attenuated morphological damage and reduced
expressions of inflammatory markers but not autophagy, implying that oxidative stress
and activation of the antioxidative pathway are key for inducing autophagy.

In response to oxidative stress at early stages of S. uberis infection, the antioxidative
pathway was activated with increased key antioxidative regulatory factors (Sirtl, Keapl,
Nrf2 and HO-1) [14,42]. Expression of inflammatory and autophagy markers also fluctuated
with S. uberis infection. Therefore, the antioxidative pathway seemed to induce autophagy
by modulating inflammatory responses. As inflammation and oxidative stress are directly
associated, and excessive ROS activates numerous inflammatory mechanisms [43], we eval-
uated pathways associated with oxidative stress and mastitis. Inhibition of ROS with NAC
prior to S. uberis infection reduced the need for antioxidative factors in mammary glands
and mMECs. Furthermore, lower T-SOD and MDA activities also reduced oxidative stress
damage. Thus, inflammatory IL-6 and TNF-« were downregulated, whereas autophagy
Atg5 and LC3II/LC3I and the antioxidative Sirtl, Keap1, Nrf2 and HO-1 were increased.

In the present study, the antioxidative pathway was induced by S. uberis and coun-
teracted oxidative stress in both mMECs and mastitis models. Sirtl is the key element, as
it reduced oxidative stress, whereas increases in Keap1, Nrf2 and HO-1 were dependent
on Sirtl marker proteins (indicating enhanced antioxidative activity) and suppressing
inflammation. Nrf2 is a crucial regulator of cellular redox reactions [44] and a sensitive
signal for scavenging ROS. Some pathogenic microbes enhance oxidative stress associated
with expressions of the Nrf2/HO-1 pathway [45]. Similar outcomes following treatment
with ML385 (Nrf2 inhibitor) and Cambinol (siSirtl) after S. uberis challenge implied that
both Sirtl and Nrf2 are antioxidative markers. Lack of suppression of Sirtl and Keapl
with ML385 (Nrf2 inhibitor) indicated that Nrf2 and HO-1 are later components and led
by Sirtl and Keapl antioxidative elements. Increases in the cytoprotective gene HO-1
after activation of Nrf2 would protect mMECs against oxidative damage [46], degrading
heme to generate anti-inflammatory carbon monoxide (a vasodilatory gas) [47]. Moreover,
downregulation of IL-6 and TNF-« with increased HO-1 due to activation of Nrf2 would
promote autophagy.

Activation of the antioxidative pathway would stimulate autophagy by decreasing
inflammation. IL-6 and TNF-« were downregulated during autophagy [32], along with
increased expressions of antioxidative Sirtl, Keap1, Nrf2 and HO-1. Thus, inhibition of
Nrf2 not only reduced antioxidant activity but also upregulated inflammatory IL-6 and
TNF-« markers. Additionally, the antioxidative pathway had a positive and direct impact
on autophagy. In fact, silencing Sirt1l impaired autophagy in the Ad-mCherry-GFP-LC3B
transfection assay, with both GFP green and mCherry red fluorescence becoming yellow
puncta [48].
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We illustrated that S. uberis challenge indirectly induces autophagy in mMECs by
targeting antioxidative Sirtl, Keap1, Nrf2 and Ho-1. Oxidative stress was increased, which
also increased Sirtl along with Keap1, Nrf2 and HO-1 as antioxidative mechanisms. Ox-
idative stress also dissociates Nrf2 from Keap1 protein, transfers Nrf2 to the nucleus, and
induced expressions of HO-1. The increased antioxidative factors increase autophagous
Atg5 and LC3II/LC3I by reducing inflammatory IL-6 and TNF-«. The inhibitory treatment
of Sirtl and Nrf2 have negative effects on autophagy induction, while Nrf2 activation
enhanced autophagy activity. HO-1 increased the levels of total SOD and MDA contents
against oxidative stress. Thus, autophagy inhibits oxidative stress and cellular damage in
mastitis.

5. Conclusions

In conclusion, S. uberis infection induced oxidative stress in mouse mammary epithelial
cells, which activated an antioxidative pathway that mitigated inflammatory responses
and reduced cellular damage (Figure 10). Inflammation could thus be attenuated by the
antioxidative pathway and autophagy mechanism.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/antiox13020171/s1. Figure S1: Original WB of S. uberis-
infected mMECs induced antioxidant and autophagy marker proteins and reduced inflammatory
cytokines; Figure S2: Original WB of NAC pretreatment in S. uberis-challenged mMECs mitigated
antioxidative responses; Figure S3: Original WB of pretreatment with NAC attenuated inflammatory
and cellular damage in S. uberis-challenged mMECs and mammary glands by reducing oxidative
stress; Figure S4: Original WB of NAC treatment alleviated autophagy in S. uberis-challenged mMECs;
Figure S5: Original WB of silencing of Sirtl in mMECs inhibited autophagy by inducing inflam-
mation; Figure S6: Original WB of activation of Nrf2 triggered autophagy by attenuating IL-6 and
TNE-; Figure S7: Original WB of suppression of antioxidative Nrf2 inhibited autophagy mechanism
by increasing inflammation; Figure S8: Original WB of mammary glands and mMECs activated
antioxidative factors in response to oxidative stress provoked by S. uberis.

Author Contributions: Conceptualization, B.H. and G.L.; methodology, S.K.; software, M.A K. and
M.X,; validation, TW., M.X. and B.L.; formal analysis, S.K,; investigation, T.W. and M.X_; resources,
J.G.; data curation, S.K., M.A K. and M.X.; writing—original draft preparation, S.K., TW., B.L.,, M.A K.,
M.X., W.Q. and ].G.; writing—review and editing, E.R.C., HW.B., ].PK,, G.L. and B.H.; visualization,
S.K., TW. and M.X,; supervision, B.H. and G.L.; project administration, B.H.; funding acquisition,
B.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
(No. 32172928 and No. 31772813 to B.H.), the High-end Foreign Experts Recruitment Program (No.
G2022108009L to B.H.).

Institutional Review Board Statement: This study was carried out according to the guidelines of the
Declaration of Helsinki and was approved by the Animal Care Advisory Committee of College of
Veterinary Medicine, China Agricultural University (CAU), Beijing, China (Protocol SYXK, 2016-0008).
Furthermore, it was conducted according to standard ethical guidelines implemented at CAU.

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Data Availability Statement: Data will be made available on request from the corresponding author.

Acknowledgments: The authors express their sincere appreciation to the Figdraw platform for
providing drawing materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Majumder, S.; Eckersall, P.D.; George, S. Bovine mastitis: Examining factors contributing to treatment failure and prospects of
nano-enabled antibacterial combination therapy. ACS Agric. Sci. Technol. 2023, 7, 562-582. [CrossRef]

2. Dalanezi, F; Joaquim, S.; Guimaraes, E; Guerra, S.; Lopes, B.; Schmidt, E.; Cerri, R.; Langoni, H. Influence of pathogens causing
clinical mastitis on reproductive variables of dairy cows. J. Dairy Sci. 2020, 103, 3648-3655. [CrossRef] [PubMed]

3. Heikkild, A.M.; Liski, E.; Pyorald, S.; Taponen, S. Pathogen-specific production losses in bovine mastitis. J. Dairy Sci. 2018, 101,
9493-9504. [CrossRef] [PubMed]

4. Wente, N.; Klocke, D.; Paduch, ].H.; Zhang, Y.; Tho Seeth, M.; Zoche-Golob, V.; Reinecke, F.; Mohr, E.; Kromker, V. Associations
between Streptococcus uberis strains from the animal environment and clinical bovine mastitis cases. J. Dairy Sci. 2019, 102,
9360-9369. [CrossRef] [PubMed]

5. de Jong, E.; McCubbin, K.D.; Speksnijder, D.; Dufour, S.; Middleton, J.R.; Ruegg, PL.; Lam, T.J.G.M; Kelton, D.E. Invited review:
Selective treatment of clinical mastitis in dairy cattle. J. Dairy Sci. 2023, 106, 3761-3778. [CrossRef] [PubMed]

6. Wang, Z.; Lan, R.; Xu, Y.;; Zuo, J.; Han, X.; Phouthapane, V.; Luo, Z.; Miao, ]J. Taurine alleviates Streptococcus uberis-induced
inflammation by activating autophagy in mammary epithelial cells. Front. Immunol. 2021, 12, 631113. [CrossRef] [PubMed]

7. Zhou, Y; Lan, R; Xu, Y,; Zhou, Y,; Lin, X.; Miao, J. Resveratrol alleviates oxidative stress caused by Streptococcus uberis infection
via activating the Nrf2 signaling pathway. Int. Immunopharmacol. 2020, 89, 107076. [CrossRef] [PubMed]

8.  Hu, W, Chan, H,; Lu, L.; Wong, K.T.; Wong, S.H.; Li, M.X,; Xiao, Z.G.; Cho, C.H.; Gin, T.; Chan, M.T.V,; et al. Autophagy in
intracellular bacterial infection. Semin. Cell Dev. Biol. 2020, 101, 41-50. [CrossRef]

9. Yu, L. Chen, Y, Tooze, S.A. Autophagy pathway: Cellular and molecular mechanisms. Autophagy 2018, 14, 207-215. [CrossRef]

10. Romeo, M.A.; Montani, M.S.G.; Benedetti, R.; Giambelli, L.; D"Aprile, R.; Gaeta, A.; Faggioni, A.; Cirone, M. The cross-talk

between STAT1/STAT3 and ROS up-regulates PD-L1 and promotes the release of pro-inflammatory/immune suppressive
cytokines in primary monocytes infected by HHV-6B. Virus Res. 2021, 292, 198231. [CrossRef]

268



Antioxidants 2024, 13,171

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ren, Z.; He, H.; Zuo, Z.; Xu, Z.; Wei, Z.; Deng, ]. The role of different SIRT1-mediated signaling pathways in toxic injury. Cell. Mol.
Biol. Lett. 2019, 24, 1-10. [CrossRef] [PubMed]

Alshehri, A.; El-Kott, A.E; Eleawa, S.; El-Gerbed, M.; Khalifa, H.; El-Kenawy, A.; Albadrani, G.M.; Abdel-Daim, M.M. Kaempferol
protects against streptozotocin-induced diabetic cardiomyopathy in rats by a hypoglycemic effect and upregulating SIRTT. J.
Physiol. Pharmacol. 2021, 72, 339-355.

Zhao, H.; Chen, S.; Gao, K.; Zhou, Z.; Wang, C.; Shen, Z.; Guo, Y.; Li, Z.; Wan, Z.; Liu, C,; et al. Resveratrol protects against spinal
cord injury by activating autophagy and inhibiting apoptosis mediated by the SIRT1/AMPK signaling pathway. Neuroscience
2017, 348, 241-251. [CrossRef]| [PubMed]

Huang, K.; Gao, X.; Wei, W. The crosstalk between Sirtl and Keap1/Nrf2/ARE anti-oxidative pathway forms a positive feedback
loop to inhibit FN and TGF-f31 expressions in rat glomerular mesangial cells. Exp. Cell Res. 2017, 361, 63-72. [CrossRef] [PubMed]
Baird, L.; Yamamoto, M. The molecular mechanisms regulating the KEAP1-NRF2 pathway. Mol. Cell Biol. 2020, 40, e00099-20.
[CrossRef] [PubMed]

Mizunoe, Y.; Kobayashi, M.; Sudo, Y.; Watanabe, S.; Yasukawa, H.; Natori, D.; Hoshino, A.; Negishi, A.; Okita, N.; Komatsu, M.;
et al. Trehalose protects against oxidative stress by regulating the Keap1-Nrf2 and autophagy pathways. Redox Biol. 2018, 15,
115-124. [CrossRef] [PubMed]

Shen, K,; Jia, Y.; Wang, X.; Zhang, J.; Liu, K.; Wang, J.; Cai, W.; Li, J.; Li, S.; Zhao, M.; et al. Exosomes from adipose-derived stem
cells alleviate the inflammation and oxidative stress via regulating Nrf2/HO-1 axis in macrophages. Free Radic. Biol. Med. 2021,
165, 54-66. [CrossRef]

Chen, H.; Xie, K,; Chen, Y.; Wang, Y.; Wang, Y.; Lian, N.; Zhang, K.; Yu, Y. Nrf2/HO-1 signaling pathway participated in the
protection of hydrogen sulfide on neuropathic pain in rats. Int. Immunopharmacol. 2019, 75, 105746. [CrossRef]

Jayasinghe, A M.K,; Kirindage, K.G.LS.; Fernando, LP.S.; Han, E.J.; Oh, GW,; Jung, WK_; Ahn, G. Fucoidan isolated from
sargassum confusum suppresses inflammatory responses and oxidative stress in TNF-a/IFN-y-stimulated HaCaT keratinocytes
by activating Nrf2 /HO-1 signaling pathway. Mar. Drugs 2022, 20, 117. [CrossRef]

Shen, C.; Luo, Z.; Ma, S.; Yu, C.; Gao, Q.; Zhang, M.; Zhang, H.; Zhang, J.; Xu, W.; Yao, J.; et al. Microbe-derived antioxidants
reduce lipopolysaccharide-induced inflammatory responses by activating the Nrf2 pathway to inhibit the ROS/NLRP3/IL-13
signaling pathway. Int. ]. Mol. Sci. 2022, 23, 12477. [CrossRef]

Ichimura, Y.; Komatsu, M. Activation of p62/SQSTM1-Keapl-nuclear factor erythroid 2-related factor 2 pathway in cancer. Front.
Oncol. 2018, 8, 210. [CrossRef] [PubMed]

Fan, X.; Huang, T.; Tong, Y.; Fan, Z.; Yang, Z.; Yang, D.; Mao, X.; Yang, M. p62 works as a hub modulation in the ageing process.
Ageing Res. Rev. 2022, 73, 101538. [CrossRef] [PubMed]

Debnath, J.; Gammoh, N.; Ryan, K.M. Autophagy and autophagy-related pathways in cancer. Nat. Rev. Mol. Cell Biol. 2023, 24,
560-575. [CrossRef] [PubMed]

Xu, W.; Ocak, U.; Gao, L,; Tu, S.; Lenahan, C.J.; Zhang, J.; Shao, A. Selective autophagy as a therapeutic target for neurological
diseases. Cell. Mol. Life Sci. 2021, 78, 1369-1392. [CrossRef] [PubMed]

Ding, X.; Zhu, C.; Wang, W.; Li, M.; Ma, C.; Gao, B. SIRT1 is a regulator of autophagy: Implications for the progression and
treatment of myocardial ischemia-reperfusion. Pharmacol. Res. 2023, 9, 106957. [CrossRef] [PubMed]

Sudhakar, P,; Jacomin, A.C.; Hautefort, I.; Samavedam, S.; Fatemian, K.; Ari, E.; Gul, L.; Demeter, A.; Jones, E.; Korcsmaros, T.;
et al. Targeted interplay between bacterial pathogens and host autophagy. Autophagy 2019, 15, 1620-1633. [CrossRef] [PubMed]
King, K.E.; Losier, T.T.; Russell, R.C. Regulation of autophagy enzymes by nutrient signaling. Trends Biochem. Sci. 2021, 46,
687-700. [CrossRef]

Galluzzi, L.; Bravo-San Pedro, ].M.; Levine, B.; Green, D.R.; Kroemer, G. Pharmacological modulation of autophagy: Therapeutic
potential and persisting obstacles. Nat. Rev. Drug Discov. 2017, 16, 487-511. [CrossRef]

Zhao, W.; Xu, M,; Barkema, H.W.; Xie, X,; Lin, Y.; Khan, S.; Kastelic, ].P.; Wang, D.; Deng, Z.; Han, B. Prototheca bovis induces
autophagy in bovine mammary epithelial cells via the HIF-1x and AMPKo/ULK1 pathway. Front. Immunol. 2022, 13, 934819.
[CrossRef]

Xu, M,; Liu, Y;; Mayinuer, T.; Lin, Y.; Wang, Y.; Gao, J.; Wang, D.; Kastelic, J.P.; Han, B. Mycoplasma bovis inhibits autophagy in
bovine mammary epithelial cells via a PTEN/PI3K-Akt-mTOR-dependent pathway. Front. Microbiol. 2022, 13, 2808. [CrossRef]
Liu, Y;; Deng, Z.; Xu, S.; Liu, G,; Lin, Y.; Khan, S.; Gao, J.; Qu, W,; Kastelic, J.P.; Han, B. Mycoplasma bovis subverts autophagy
to promote intracellular replication in bovine mammary epithelial cells cultured in vitro. Vet. Res. 2021, 52, 130. [CrossRef]
[PubMed]

Khan, S.; Yang, J.; Cobo, E.R.; Wang, Y.; Xu, M.; Wang, T.; Shi, Y.; Liu, G.; Han, B. Streptococcus uberis induced expressions
of pro-inflammatory IL-6, TNF-«, and IFN-y in bovine mammary epithelial cells associated with inhibited autophagy and
autophagy flux formation. Microb. Pathog. 2023, 183, 106270. [CrossRef] [PubMed]

Ruan, L.; Bai, J.; Ji, X.; Zhao, W.; Dong, X. A series of meso amide BODIPY based lysosome-targeting fluorescent probe with high
photostability and sensitivity. Anal. Chim. Acta 2022, 1205, 339771. [CrossRef] [PubMed]

Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.;
Abudu, Y.P; et al. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy 2021, 17, 1-382.
[CrossRef] [PubMed]

269



Antioxidants 2024, 13,171

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Zhou, G.; Zhang, W.; Wen, H.; Su, Q.; Hao, Z,; Liu, J.; Gao, Y.; Zhang, H.; Ge, B.; Tong, C.; et al. Esculetin improves murine
mastitis induced by Streptococcus isolated from bovine mammary glands by inhibiting NF-kB and MAPK signaling pathways.
Microb. Pathog. 2023, 185, 106393. [CrossRef] [PubMed]

Vander Elst, N.; Bellemans, J.; Lavigne, R.; Briers, Y.; Meyer, E. Endolysin NC5 improves early cloxacillin treatment in a mouse
model of Streptococcus uberis mastitis. Appl. Microbiol. Biotechnol. 2024, 108, 118. [CrossRef] [PubMed]

Goto, S.; Mikami, O.; Nagasawa, Y.; Watanabe, A. Bovine neutrophils stimulated with Streptococcus uberis induce neutrophil
extracellular traps and cause cytotoxicity, and transcriptional upregulation of inflammatory cytokine genes in bovine mammary
epithelial cells. J. Vet. Med. Sci. 2023, ahead of print. [CrossRef]

Wellnitz, O.; Berger, U.; Schaeren, W.; Bruckmaier, R. Mastitis severity induced by two Streptococcus uberis strains is reflected by
the mammary immune response in vitro. Schweiz Arch. Tierheilkd. 2012, 154, 317-323. [CrossRef] [PubMed]

Li, B; Xi, P; Wang, Z.; Han, X,; Xu, Y.; Zhang, Y.; Miao, J. PI3K/Akt/mTOR signaling pathway participates in Streptococcus
uberis-induced inflammation in mammary epithelial cells in concert with the classical TLRs/NF-«B pathway. Vet. Microbiol. 2018,
227,103-111. [CrossRef]

Zhao, W.; Deng, Z.; Barkema, H.W.; Xu, M.; Gao, J.; Liu, G.; Lin, Y.; Kastelic, ].P; Han, B. Nrf2 and NF-kB/NLRP3 inflammasome
pathways are involved in Prototheca bovis infections of mouse mammary gland tissue and mammary epithelial cells. Free Radic.
Biol. Med. 2022, 184, 148-157. [CrossRef]

Zalewska-Ziob, M.; Adamek, B.; Kasperczyk, J.; Romuk, E.; Hudziec, E.; Chwaliniska, E.; Dobija-Kubica, K.; Rogozinski, P.;
Bruliriski, K. Activity of antioxidant enzymes in the tumor and adjacent noncancerous tissues of non-small-cell lung cancer. Oxid.
Med. Cell Longev. 2019, 31, 2901840.

Pu, Q.; Guo, X.X; Huy, J.J.; Li, AL, Li, G.G.; Li, X.Y. Nicotinamide mononucleotide increases cell viability and restores tight
junctions in high-glucose-treated human corneal epithelial cells via the SIRT1/Nrf2/HO-1 pathway. Biomed. Pharmacother. 2022,
147,112659. [CrossRef]

Zhao, M.; Wang, Y.; Li, L.; Liu, S.; Wang, C.; Yuan, Y.; Yang, G.; Chen, Y.; Cheng, J.; Lu, Y.; et al. Mitochondrial ROS promote
mitochondrial dysfunction and inflammation in ischemic acute kidney injury by disrupting TFAM-mediated mtDNA maintenance.
Theranostics 2021, 11, 1845-1863. [CrossRef] [PubMed]

Wei, W.; Ma, N.; Fan, X.; Yu, Q.; Ci, X. The role of Nrf2 in acute kidney injury: Novel molecular mechanisms and therapeutic
approaches. Free Radic. Biol. Med. 2020, 158, 1-12. [CrossRef] [PubMed]

Molagoda, LM.N.; Lee, K.T.; Choi, Y.H.; Kim, G.Y. Anthocyanins from Hibiscus syriacus L. inhibit oxidative stress-mediated
apoptosis by activating the Nrf2/HO-1 signaling pathway. Antioxidants 2020, 9, 42. [CrossRef] [PubMed]

Xu, D.; Liu, J.; Ma, H.; Guo, W,; Wang, ]J.; Kan, X,; Li, Y;; Gong, Q.; Cao, Y.; Cheng, J.; et al. Schisandrin A protects against
lipopolysaccharide-induced mastitis through activating Nrf2 signaling pathway and inducing autophagy. Int. Immunopharmacol.
2020, 78, 105983. [CrossRef] [PubMed]

Petsouki, E.; Cabrera, S.N.S.; Heiss, E.H. AMPK and NRF2: Interactive players in the same team for cellular homeostasis? Free
Radic. Biol. Med. 2022, 190, 75-93. [CrossRef] [PubMed]

Ma, J.; Han, Z,; Jiao, R,; Yuan, G.; Ma, C.; Yan, X.; Meng, A. Irisin ameliorates PM2. 5-induced acute lung injury by regulation of
autophagy through AMPK/mTOR pathway. J. Inflamm. Res. 2023, 16, 1045-1057. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

270



MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

Antioxidants Editorial Office
E-mail: antioxidants@mdpi.com

www.mdpi.com/journal/antioxidants

/

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the Guest
Editors. The publisher is not responsible for their content or any associated concerns. The statements,
opinions and data contained in all individual articles are solely those of the individual Editors and
contributors and not of MDPL MDPI disclaims responsibility for any injury to people or property

resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
‘¢ Access Publishing

t mdpi.com ISBN 978-3-7258-5824-8




