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Abstract Reactive oxygen species (ROS) and antioxidant

ingredients are a series of crucial signaling molecules in

oxidative stress response. Under some pathological condi-

tions such as traumatic brain injury, ischemia/reperfusion,

and hypoxia in tumor, the relative excessive accumulation

of ROS could break cellular homeostasis, resulting in ox-

idative stress and mitochondrial dysfunction. Meanwhile,

autophagy is also induced. In this process, oxidative stress

could promote the formation of autophagy. Autophagy, in

turn, may contribute to reduce oxidative damages by en-

gulfing and degradating oxidized substance. This short re-

view summarizes these interactions between ROS and

autophagy in related pathological conditions referred to as

above with a focus on discussing internal regulatory

mechanisms. The tight interactions between ROS and au-

tophagy reflected in two aspects: the induction of au-

tophagy by oxidative stress and the reduction of ROS by

autophagy. The internal regulatory mechanisms of au-

tophagy by ROS can be summarized as transcriptional and

post-transcriptional regulation, which includes various

molecular signal pathways such as ROS–FOXO3–LC3/

BNIP3–autophagy, ROS–NRF2–P62–autophagy, ROS–

HIF1–BNIP3/NIX–autophagy, and ROS–TIGAR–autophagy.

Autophagy also may regulate ROS levels through several

pathways such as chaperone-mediated autophagy pathway,

mitophagy pathway, and P62 delivery pathway, which

might provide a further theoretical basis for the

pathogenesis of the related diseases and still need further

research.
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Introduction

Reactive oxygen species (ROS), which mainly encompass a

range of oxygen-containing highly reactive species such as

oxygen anions, free radicals, and hydrogen peroxide (H2O2),

are generally shortlived, small, and highly reactive mole-

cules (Rahal et al. 2014). There are two major sources for

ROS production in cells: mitochondria, which generate ROS

as a by-product of respiration, and the NADPH oxidase

(NOX), which actively produces superoxide across the

membranes of neutrophils and phagosomes (Scherz-Shouval

and Elazar 2011). In addition, ROS such as superoxide and

peroxynitrite are also linked to both the generation and

propagation of the inflammatory response (Chakrabarti et al.

2014). Mitochondria are essential organelles for eukaryotic

cells as an important site for the production of lipids, nucleic

acids, and of amino acid precursors. ROS can oxidize and

damage these products to induce mitochondrial dysfunction,

which could be considered as a condition called oxidative

stress (Scherz-Shouval and Elazar 2007). Cells have devel-

oped various enzymatic and non-enzymatic antioxidizing

agents such as glutathione, superoxide dismutase (SOD), and

catalase to prevent ROS and its adverse effects on mito-

chondria, however, when there is occurrence of environ-

mental stressors such as nutrient starvation, traumatic injury,

ischemia/hypoxia, and hypoxia in tumor, there exists an

imbalance in the homeostasis reflecting in the inadequate
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antioxidant capability of cells and the excessive production

of ROS. ROS accumulation results in oxidative damage,

which leads to mitochondrial dysfunction and cell injury

(Chakrabarti et al. 2014; Fandy et al. 2014). Meanwhile,

under these conditions autophagy, which is characterized by

the presence of autophagosome that engulfs cytosolic aged

organelles and of autolysosome that degradates these or-

ganelles such as damaged mitochondria, is also induced

(Zhang et al. 2009; Li et al. 2014). Recent studies have shown

that ROS could initiate autophagosome formation and au-

tophagic degradation acting as cellular signaling molecules

(Chen et al. 2009). And autophagy, in contrast, serves to

reduce oxidative damage andROS levels through removal of

protein aggregates and damaged organelles such as mito-

chondria (Ureshino et al. 2014).

The aim of this review is to summarize recent advances

of these interactions between ROS and autophagy under

different stress conditions, then further to interpret and

discuss the potential molecular regulatory mechanisms in it

under these conditions.

Interactions Between ROS and Autophagy in Related

Pathological Conditions

As mentioned above, ROS can involve in the process of

autophagy and, at the same time, are also regulated by

autophagy. The consequences of these interactions between

ROS and autophagy could manifest under various patho-

logical conditions such as traumatic brain injury (TBI),

ischemia/reperfusion (I/R), starvation, and tumor.

Traumatic Brain Injury (TBI)

Lai et al. (2008) established TBI mice model and observed

that lipidated microtubule-associated protein light chain 3,

a biochemical footprint of autophagy referred to as LC3 II,

was increased at 2 and 24 h after TBI. However, after

treatment with the antioxidant cysteine-donor GCEE, ox-

idative stress was significantly reduced and LC3 II for-

mation was also partially inhibited, suggesting that

reducing oxidative stress could reduce autophagosomal

vacuole formation after acute brain injury. In addition,

treatment with GCEE also improved Morris water maze

performance and partially reduced histologic damage,

which suggested that antioxidant intervention may lead to

partial improvement in behavioral and histologic outcome.

Taken together, in the pathological condition of TBI,

oxidative stress can be induced and initiate autophagy,

which may contribute to the neuropathology after TBI.

While the treatment with antioxidant can improve histo-

logic damage, by inhibiting autophagosomal vacuole for-

mation more strongly suggesting this tight relationship

between ROS and autophagy.

Ischemia/Reperfusion (I/R)

The same as in TBI, the role of interactions between ROS

and autophagy also reflects in I/R tissue. Hariharan et al.

(2011) found that under starvation conditions autophagic

flux was increased after the treatment of H2O2 in mice

cardiac myocytes, which was attenuated in the presence of

N-2-mercaptopropionyl glycine (MPG), an antioxidant.

Hariharan et al. further established mice model of my-

ocardial I/R and found that treatment with MPG also at-

tenuated I/R-induced increases in oxidative stress and

autophagic flux, accompanied by a decrease in the size of

myocardial infarction (MI)/area at risk (AAR). This study

suggested that in cardiac myocytes, H2O2 acting as one of

ROS could induce autophagy under pathological conditions

of starvation or I/R. ROS also played a facilitating role in

myocardial injury after I/R through enhancing autophagy.

Furthermore, (Hamacher-Brady et al. 2006) found that

the main role of autophagy in cardiac myocytes subjected

to IR is the clearance of ROS-damaged mitochondria and

proteins as part of the cell’s effort to minimize cell damage

and promote survival. Chien CT’s study (2007) in the

kidney after IR also supported this view.

In short, it can clearly be seen that in cardiac myocytes

of I/R, ROS generate excessively and oxidative stress is

induced, which may increase autophagic flux. Activated

autophagy may conversely remove ROS-damaged mito-

chondria and proteins, which could contribute to cell

survival.

Others

In tumor cells, hypoxia-induced autophagy could also re-

duce oxidative damage, which may promote cell survival.

Hypoxia is a pathological condition of oxygen limitation or

deprivation, which has been confirmed as a feature of most

tumors (Wilson and Hay 2011). In response to hypoxia,

HIF-1 and its target genes (BNIP3 and NIX) are activated

to induce autophagy (Semenza 2010). Activation of au-

tophagy could clear cellular components damaged by ex-

cessive production of ROS, thus supporting tumor cell

survival and promoting cancer (Koritzinsky and Wouters

2013).

As in tumor, autophagy also could decrease cell injury

in neurodegenerative diseases acting as an effective an-

tioxidant pathway by clearing increased mitochondrial or

cytosolic ROS (Giordano et al. 2013; Mortiboys et al.

2008; Rodrı́guez-Navarro et al. 2010).

In summary, the interactions between ROS and au-

tophagy exist in a variety of pathological conditions. ROS

may contribute to the cell injury through oxidative damage.

At the same time, initiated autophagy by oxidative stress

could clear mitochondria and proteins damaged by ROS.
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However, as mentioned above, the consequences of these

interactions between ROS and autophagy could manifest in

two different aspects: cell damage or cell survival. The

current studies tend to support that the excessive produc-

tion of ROS could increase cell damage, while the role of

autophagy could exhibit duality. Increasing evidence sup-

ports the notion that autophagy is a double-edged sword

(Chen et al. 2014; Evangelisti et al. 2015; Chen et al.

2013). The activation levels of autophagy were critical for

the survival or death of cells: the physiological levels of

autophagy are extremely important in maintaining cellular

homeostasis through continual turnover of nonfunctional

proteins and organelles, whereas insufficient or excessive

levels of autophagy may promote cell death due to break-

ing cellular homeostasis. In addition, the induction time of

autophagy also determines its role in cells. However, the

specific molecular mechanisms of this double role remain

unclear, which need to be further researched.

Molecular Regulatory Mechanisms of Interactions

As previously described, ROS induce autophagy and that

autophagy, in turn, contributes to reduce levels of ROS

under various stress conditions. Studies have generally

accepted that there are multiple molecular pathways in-

volved in the regulation of these interactions between ROS

and autophagy. The molecular regulatory mechanisms of

autophagy by ROS in cells occur in the nucleus and cy-

toplasm, which can be correspondingly considered as

transcriptional and post-transcriptional regulation (Fig. 1).

Autophagy also regulated levels of ROS by other pathways

such as chaperone-mediated autophagy (CMA) pathway,

P62 delivery pathway, and mitophagy pathway.

Regulatory Mechanisms of Autophagy by ROS

Transcriptional regulatory mechanisms of autophagy by

ROS usually occur in the nucleus. Increased levels of ROS-

enhanced oxidative stress response, excessive generation of

ROS activates respectively HIF-1, p53, FOXO3, and

NRF2. These transcription factors then induce respectively

the transcription of BNIP3 and NIX, TIGAR, LC3 and

BNIP3 and p62. The corresponding protein products finally

induce autophagy in the cytoplasm, which can be consid-

ered as post-transcriptional regulation. In addition, the ER

stress sensor PERK, whose downstream effectors then in-

duce the expression of the autophagy genes, also increase

autophagic flux (Scherz-Shouval and Elazar 2011).

ROS–TIGAR–Autophagy p53 is a tumor suppressor pro-

tein that has a critical function in inhibiting cancer devel-

opment, both TIGAR (TP53-induced glycolysis and

apoptosis regulator) and DRAM (DNA damage-regulated

autophagy modulator) can be transcriptionally activated by

p53. TIGAR modulates the glycolytic pathway and inter-

acts with hexokinase 2, resulting in the regulation of mi-

tochondrial membrane potential, thus increasing NADPH

production and decreasing intracellular ROS levels (Che-

ung et al. 2012). In response to nutrient starvation or

metabolic stress, TIGAR could inhibit autophagy and it

might modulate autophagy as part of its constitutive ac-

tivity in the cellular antioxidant defense system with no

clear effects on the mTOR pathway, and is p53 indepen-

dent (Bensaad et al. 2009). DRAM also positively regulates

autophagy (Crighton et al. 2006), however, a connection

between ROS and DRAM has not been made.

Bensaad et al. (2009) found through Western blotting

and fluorescence microscopy that nutrient starvation or

metabolic stress strongly increases ROS and LC-3 II

(specific autophagic marker) levels in U2OS cells, how-

ever, over-expression of TIGAR effectively inhibited these

enhancements. Conversely, knockdown of TIGAR ex-

pression resulted in an increase in ROS levels, and this

increase was further elevated after inhibition of the en-

dogenous TIGAR protein by siRNA knockdown. These

studies showed that TIGAR and its protein products could

reduce ROS levels and inhibit autophagy in cells under

nutrient starvation or metabolic stress. Bensaad et al. also

found that the enhanced autophagy response to TIGAR

inhibition was still retained in cells depleted of p53, indi-

cating that TIGAR may modulate autophagy independent

of p53. Ye et al. (2013) also demonstrated that silencing

TIGAR by RNAi (RNA interference) in HepG2 cells

down-regulated TIGAR mRNA, which led to the induction

of LC-3 II and the intracellular ROS levels.

These studies all highlighted that TIGAR gene and its

protein could decrease levels of ROS and inhibit autophagy

under nutrient starvation or metabolic stress. However, this

regulatory function by TIGAR may be p53 independent

even though it is a p53 target gene.

ROS–HIF1–BNIP3/NIX–Autophagy Hypoxia-inducible fac-

tor (HIF) is a major factor in the cell survival response to

hypoxia, which could induce the transcription of BNIP3

and NIX genes (Mahalingaiah and Singh 2014). Their

protein products compete with beclin-1 for the binding of

BCL2, thereby releasing beclin-1 and allowing it to induce

autophagy. By triggering mitochondrial selective au-

tophagy, HIF-1 could reduce ROS production (Semenza

2011).

Zhang et al. (2008) found that levels of BNIP3 and LC3-

II were markedly increased in Wild type (WT) mouse

embryo fibroblasts (MEFs) subjected to 1 % O2 as com-

pared with HIF-1a knockout (KO) MEFs. The exposure of

HIF-1a-KO MEFs to 1 % O2 for 48 h resulted in a marked

increase in ROS levels, on the contrary, ROS levels
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decreased in response to hypoxia in WT MEFs. The same

results were found in BNIP3-KO MEFs in contrast to WT

MEFs. This study showed that in MEFs exposed in pro-

longed hypoxia, autophagy could be induced through HIF-

1-dependent expression of BNIP3, which is necessary to

prevent increased levels of ROS.

Bellot et al. (2009) also found that siRNA-mediated

ablation of either BNIP3 or BNIP3L had little effect on

autophagy, however, the combined silencing of these two

HIF target genes could suppress hypoxia-mediated au-

tophagy. The ectopic expression of both BNIP3 and

BNIP3L in normoxia activates autophagy. They further

proposed that the atypical BH3 domains of hypoxia-in-

duced BNIP3/BNIP3L have been designed to induce au-

tophagy by disrupting the Bcl-2–Beclin1 complex without

inducing cell death.

These studies demonstrated that HIF-1 could induce the

transcription of BNIP3, BNIP3L, or NIX in response to

hypoxia; the protein products could induce autophagy by

releasing beclin-1 from the Bcl-2–Beclin1 complex. HIF-1

could also decrease levels of ROS to cell survival by au-

tophagy, which may selectively clear mitochondria in cells.

ROS–NRF2–P62–Autophagy Oxidative stress could also

activate NRF2, which belongs to the basic leucine zipper

(bZIP) family of transcription factors. In response to an

oxidative stress such as H2O2, NRF2 specifically binds to

the antioxidant-responsive element (ARE motif) located in

the p62 promoter to promote the expression of p62 mRNA.

P62, in turn, positively regulates the transcription of NRF2

(Puissant et al. 2012). p62 is also a substrate for lysosomal

proteases. Hence, stimuli such as hypoxia and amino acid

deprivation have been shown to induce autophagy, as well

as p62 degradation and, subsequently, decrease p62 intra-

cellular levels (Larsen et al. 2010).

Rubio et al. (2014) have investigated that the formation

of p62-associated Ub aggregates in normal and cancer cells

was stimulated after hypericin-mediated photodynamic

therapy (Hyp-PDT), a procedure known to incite levels of

ROS. Autophagy ultimately removed this formation

through a mechanism partially regulated by p38MAPK.

Genetic or pharmacological p38MAPK inhibition impaired

NRF2 activation and reduced p62 levels, thus increasing

oxidative stress. This study indicated that abundant ROS

generation could activate NRF2 and induce transcription of

p62; autophagy could inhibit p62-associated Ub aggregates

through p38MAPK passway, which mainly negatively

regulated NRF2 activation and reduced p62 levels.

Riley et al. (2010) also showed that the increase in Ub

conjugates in Atg7(-/-) liver and brain was completely

Fig. 1 Regulatory mechanisms of autophagy by ROS. The molecular

regulatory mechanisms of autophagy by ROS mainly include

transcriptional and post-transcriptional regulation. Under certain

conditions such as starvation, traumatic brain injury (TBI), is-

chemia/reperfusion (I/R), and hypoxia in tumor, ROS could accumu-

late excessively and induce oxidative damages in cells. Increased

ROS levels stimulate respectively the activity of P53, HIF-1, NRF2,

FOXO3 in the nucleus, enhancing transcription of the corresponding

genes: TIGAR/DRAM, BNIP3/NIX, p62, and LC3/BNIP3. In addi-

tion, ROS can also regulate PERK, whose downstream effectors could

regulate transcription of autophagy-related genes. These genes’

protein products in the cytoplasm finally induce autophagy. In the

cytoplasm, ROS also negatively regulates Atg4’s activity in the

process of autophagosome to autolysosome, which can prevent Atg8-

PE from deconjugating by the Atg4 protease
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suppressed by simultaneous knockout of either p62 or

NRF2, proposing that the accumulation of poly-Ub chains

in autophagy-deficient circumstances is an indirect conse-

quence of activation of NRF2.

These studies described that when ROS generate ex-

cessively, NRF2 could be activated and then regulate the

transcription and expression of p62 gene, and thus actively

participate in protein degradation in the process of

autophagy.

ROS–FOXO3–LC3/BNIP3–Autophagy Oxidative stress

not only activates NRF2 but the transcription factor fork-

head box O3 (FOXO3). NRF2 induces transcription of p62,

whereas FOXO3 stimulates the transcription of LC3 and

BNIP3, which involve in autophagy-lysosome systems

(Mahalingaiah and Singh 2014). Currently more researches

on this mechanism tend to focus on some diseases in

skeletal muscle, such as muscle atrophy (Sandri 2013).

Aucello et al. (2009) found that increased ROS in muscle

cells may trigger FOXO3 signaling pathways. In response

to accumulation of oxidative stress, FOXO3 may activate

both the ubiquitin-proteasome pathway and the transcrip-

tion of autophagy-related genes such as those encoding

LC3 and BNIP3, inducing the formation of autophagy.

ROS–Atg4–Autophagy The current studies have also been

focused on the redox regulation of Atg4 almost occurred in

the cytoplasm. In the cytoplasm, the elongation of the au-

tophagosomal membrane is mediated by two ubiquitin-like

conjugation systems: the conjugation of Atg12 to Atg5 and,

downstream of it, the Atg8 conjugation to phospho-

ethanolamine (PE). Atg4 is responsible for the priming of

Atg8 by its cleaving C terminus, which exposes a glycine

residue. Then Atg8-PE undergoes deconjugation by the

Atg4 protease, a step regulated by ROS that allows recy-

cling of this protein. ROS could inhibit ATG4 cysteine

protease activity, thereby supporting autophagosome for-

mation (Gurusamy and Das 2009).

Scherz-Shouval et al. (2007) found that Atg4 in CHO

cells is attenuated in response to starvation in a redox-

dependent manner and Cys81 is a target for the redox

regulation of HsAtg4A through cell culture, transfection,

and immunofluorescence techniques. This oxidative signal

leads to inactivation of Atg4 at the site of autophagosome

formation, thereby promoting lipidation of Atg8, an

essential step in the process of autophagy.

Li et al. (2012) found that the growth inhibitory effect of

N-Benzoyl-O-D-phenylalanyl-D-phenylalaninol (BBP) on

human breast carcinoma MCF-7 cells was associated with

the induction of autophagy, which was demonstrated by the

development of acidic vesicular organelles, cleavage of

LC3, and upregulation of Atg4 in BBP-treated MCF-7

cells. LC3 is an Atg8 homolog that is essential for

autophagosome formation. Since the application of Atg4

siRNA totally blocked the cleavage of LC3, they demon-

strated a central role of Atg4 in BBP-induced autophagy.

BBP also increased the levels of ROS. These results sug-

gest that BBP produces its growth inhibitory effect through

induction of the autophagy in MCF-7 cells, which is

modulated by Atg4 upregulation involving ROS produc-

tion. In short, ROS could promote Atg8 combining to PE

by adjusting Atg4 activity in the cytoplasm and finally

complete the regulation mechanisms of autophagy.

Apart from the above five pathways, researchers have

found that hypoxia also induces the ER stress sensor

PERK, whose downstream effectors could induce the ex-

pression of the autophagy genes LC3 and ATG5 (Ma-

halingaiah and Singh 2014).

The molecular regulatory signaling passways that par-

ticipate in the regulation of autophagy by ROS mainly

include transcriptional and post-transcriptional progresses.

In the nucleus, the HIF-1 transcription factor, p53, FOXO3,

and NRF2 are sequentially activated in response to gen-

eration of ROS, and they respectively stimulate the tran-

scription of BNIP3 and NIX, TIGAR, LC3 and BNIP3 and

p62. The ER stress sensor PERK is also induced, whose

downstream effectors induce the expression of the au-

tophagy genes. Then the protein products in the cytoplasm

finally induce autophagy. ROS may also affect the for-

mation of autophagic membrane by adjusting Atg4 activity.

Regulation Mechanisms of ROS by Autophagy

It is now widely accepted that autophagy is crucial for the

removal of damaged mitochondria. Removal of oxidized

proteins by the ubiquitin/proteasome system has been

considered as the main responsible mechanism.

Chaperone-Mediated Autophagy (CMA) Pathway Selec-

tive targeting of proteins to lysosomes for their degradation

is possible via CMA. The CMA pathway, the main major

intracellular proteolytic system, was suggested to selec-

tively degradate proteins (Kaushik and Cuervo 2006).

CMA is the type of autophagy wherein a particular pool

of soluble cytosolic proteins is selectively targeted to

lysosomes for degradation. The substrate proteins are rec-

ognized by a chaperone–co-chaperone complex, then this

complex delivers them to the lysosomal membrane. On the

lysosomal membrane these substrate proteins bind to a

receptor protein, the lysosomal-associated membrane pro-

tein type 2A (LAMP-2A). Along with unfolding, these

substrate proteins are translocated across the lysosomal

membrane through a lysosomal-resident chaperone, then

they are degraded in the lysosome (Massey et al. 2004).

The process of unfolding that typically associates with

oxidative damage may expose hidden CMA-targeting
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motifs, which may facilitate their recognition by the cy-

tosolic chaperone complex (Kiffin and Christian 2004).

Mitophagy Pathway Selective forms of autophagy are

now well appreciated that exist for degradation of specific

organelles such as mitophagy. ROS generated by damaged

mitochondria might induce mitophagy, which in turn

eliminates the damaged organelles to decrease the levels of

ROS. It was originally proposed that loss of mitochondrial

membrane potential (DC) serves as a cue for mitophagy

(Kim et al. 2007).

The ROS scavenger catalase also undergoes selective

protein degradation through autophagy. Although the

mechanism in this selectivity is still unclear, it occurs in

response to caspase inhibition (Yu et al. 2006), as well as

TrkA activation (Oh et al. 2008).

P62 Delivery Pathway Recent studies have also showed

that in response to oxidative stress, NRF2 transcription

factor could induce p62 expression, which has been im-

plicated in the delivery of oxidized proteins to au-

tophagosomes for degradation so that it can decrease the

oxidative injury (Jain et al. 2010; Komatsu et al. 2010).

In short, intracellular oxidative stress can increase

ROS production significantly, while the number of ROS

may play an important role in regulating the formation

of autophagy via various signaling pathways including

ROS–FOXO3–LC3/BNIP3–autophagy, ROS–NRF2–P62–

autophagy, ROS–HIF1–BNIP3/NIX–autophagy, ROS–

TIGAR–autophagy, and the ER stress sensor PERK, as

well as the regulation mainly by inhibiting Atg4 activity.

Meanwhile, autophagy also could reduce levels of ROS in

cells under certain conditions by other pathways such as

CMA pathway, P62 delivery pathway, and mitophagy

pathway.

Concluding Remarks

In this review, we discuss and summarize the interactions

between ROS and autophagy in related pathological con-

ditions such as TBI, I/R, starvation, and tumor. ROS may

aggravate cell injury through oxidative stress, however,

autophagy could conversely clear mitochondria and pro-

teins damaged by ROS to decrease cell injury and promote

cell survival. These interactions need various molecular

regulatory signaling passways to participate in. The process

mainly includes transcriptional and post-transcriptional

regulation of autophagy by ROS. In the nucleus, the HIF-1

transcription factor, p53, FOXO3, and NRF2 are sequen-

tially activated in response to the generation of ROS, and

they respectively stimulate the transcription of BNIP3 and

NIX, TIGAR, LC3 and BNIP3 and p62. The ER stress

sensor PERK is also induced, whose downstream effectors

induce the expression of the autophagy genes. Then the

protein products finally induce autophagy. In the cyto-

plasm, ROS may also affect the formation of autophagic

membrane by adjusting Atg4 activity. Autophagy, in turn,

also could reduce ROS levels by other pathways such as

CMA, mitophagy, and P62 delivery pathway. In short, the

interactions between ROS and autophagy could manifest in

different conditions and diseases. And the internal mole-

cular regulatory mechanisms are also various and still need

further research.
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