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Abstract

Cellular stress can lead to the production of reactive oxygen species (ROS) while autophagy, as a catabolic pathway, protects
the cells against stress. Autophagy in its turn plays a pivotal role in the pathophysiology of multiple sclerosis (MS). In the
current review, we first summarized the contribution of ROS and autophagy to MS pathogenesis. Then probable crosstalk
between these two pathways through HIF-1a for the first time has been proposed with the hope of employing a better under-

standing of MS pathophysiology and probable therapeutic approaches.
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Introduction

Multiple Sclerosis (MS) is an autoimmune inflammatory
disease that affects the central nervous system (CNS) and
leads to demyelination, neurodegeneration, and axonal loss
in young adults (Andhavarapu et al. 2019). The underly-
ing factors that affect the etiology and pathogenesis of MS
remain largely unknown, however, the role of some factors
like oxidative stress (OS) and autophagy which are involved
in cell damage, degradation, and recycling of cellular com-
ponents have been highlighted extensively (Gilgun-Sherki
et al. 2004; Liang and Le 2015; Aleagha et al. 2015; Ahmadi
et al. 2016; Karami et al. 2017). OS mainly occurs with the
overproduction of reactive oxygen species (ROS) and dis-
turbs the normal function of the immune system and could
be arisk factor for the development and progression of auto-
immune diseases (Gilgun-Sherki et al. 2001, 2004).
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Autophagy, as a lysosome-dependent degradation proce-
dure, plays a critical role in maintaining the homeostasis of
neurons (Ravikumar et al. 2010). Defects in the autophagy
process can lead to neuroinflammation and neuronal cell
death which results in hypoxia and inducing numerous tran-
scription factors (TFs) such as hypoxia-inducible factor-1o
(HIF-1a), nuclear factor-kB (NF-kB), cAMP response-ele-
ment binding protein (CREB), kruppel-like factor 4 (Kl1f4),
interferon regulatory factor-8 (IRF8), nuclear receptor 4al
(Nrdal) (Zou and Crews 2006; Kaushik et al. 2010; Yoshida
et al. 2014; Shaked et al. 2015; Liang and Le 2015; Movaf-
agh et al. 2015). HIF-1a is a key factor that regulates the
transcription of the genes involved in several vital processes
including autophagy and mitochondrial production of ROS.
HIF-1a can affects autophagy by various pathways including
regulating the interaction of Bcl-2 and Beclinl which leads
to the formation of the Bcl-2/Beclinl complex, the effect on
LC3 levels via ATGS and maintaining the levels of Beclinl
protein (Bohensky et al. 2007; Williams et al. 2010). Based
on a review of the literature, HIF-1a has a paradoxical role
through gene activation. So this factor can protect or kill
the affected cells (Merelli et al. 2018). The present review
focuses on the roles of autophagy and ROS and their pos-
sible crosstalk in MS pathophysiology through HIF-1a.
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ROS and Pathogenesis of MS

Cells produce controlled amounts of ROS to regulate their
physiological activity. The regulated levels of ROS act as sec-
ondary messengers in various signaling pathways and help
in maintaining cell homeostasis (Sauer et al. 2001; He et al.
2017). However, high levels of ROS cause the oxidation of
some critical macromolecules such as nucleic acids, proteins,
and lipids, which in this way can disturb the normal function
of cells and be a risk factor in the development of various
diseases. In fact, ROS leads to cellular injury by overwhelm-
ing the capacity of antioxidants (Van Horssen et al. 2011).
In the nervous system, ROS are produced in different ways,
and inflammation, inflammation-induced hypoxia, and mito-
chondrial dysfunction raise the level of ROS in this system
(Beal 1996; Fiorini et al. 2013). Concomitantly, it has been
reported that patients with relapsing—remitting MS (RRMS)
show elevated levels of oxidized proteins in the CNS compared
to healthy individuals (Di Dalmazi et al. 2016). Increased lev-
els of ROS in the brain and spinal cord cause deterioration of
oligodendrocytes and axons which ultimately result in active
demyelination and neural cell death (Gilgun-Sherki et al. 2001;
Ohl et al. 2016). Moreover, the respiratory burst (rapid release
of ROS) in activated mononuclear cells (e.g., microglial cells)
generates a large amount of ROS in patients with MS which
especially makes remarkable damages in mitochondrial DNA
and up-regulates the expression of genes that contribute to the
OS (Fischer et al. 2012).

ROS are involved in the dysregulation of the blood—brain
barrier (BBB) that leads to rapid disease progression because
of the enhanced infiltration of monocytes and inflammation
(Ortiz et al. 2013). Accordingly, these results show that ROS
is also implicated in the early stages of MS disease when the
myelin sheath is still undamaged and the microglial cells and
lymphocytes infiltration have occurred (Fischer et al. 2012;
Ortiz et al. 2013). Moreover, it has been found that high levels
of ROS can promote T-cell activity through the arachidonic
acid cascade, or injury to myelin or BBB (Haider et al. 2011).

Another example providing evidence for the contribution
of OS to MS pathogenesis is the involvement of mesenchymal
stem cells in attenuation of MS progression via decreasing the
OS and enhancement of antioxidant factors (Shiri et al. 2020).
Taken together, high levels of ROS might damage important
cells of the nervous and immune systems and ultimately result
in ROS-induced lesions and cell death in the CNS during vari-
ous stages of MS.
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Autophagy
Mechanisms of Autophagy

Autophagy is a highly conserved cellular recycling process
that is promoted under cellular stress to increase the sur-
vival of the cells (Dikic and Elazar 2018). There are three
main types of autophagy, which are mechanistically differ-
ent from each other: macro-autophagy, chaperone-mediated
autophagy (CMA), and micro-autophagy (Fig. 1) (Parzych
and Klionsky 2014). Macro-autophagy is a breakdown
system that associates with the formation of autophago-
somes, whilst micro-autophagy is the direct engulfment of
a part of the cytoplasm by the lysosomes. These two types
of autophagy degrade the organelles, proteins, and lipids
non-selectively. In contrast, CMA is a selective (specific)
pathway that leads to protein degradation with the help of
the KFERQ peptide motif and a cytosolic chaperone called
Hsc70. This type of autophagy fails to participate in the
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Fig.1 The main pathways of autophagy: Macroautophagy, micro-
autophagy, and chaperone-mediated autophagy (CMA), which are
mechanistically different from each other. Macroautophagy acts by
the formation of autophagosomes, while microautophagy is the direct
confinement of a part of the cytoplasm content by the lysosomes.
These two types of autophagy are non-selective pathways. The CMA
is a selective pathway that degrades the proteins by the KFERQ pep-
tide motif dependent on the cytosolic chaperone called Hsc70
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degradation of organelles and lipids (Parzych and Klion-
sky 2014). Macro-autophagy is the most prevalent pathway
of autophagy that often referred to as ‘‘autophagy’’ and is
distinguished from micro-autophagy and CMA. Autophagy
is initiated by various signals that originate from differ-
ent stress conditions, including hypoxia, starvation, pro-
tein aggregation, OS, and endoplasmic reticulum (ER)
stress (Dikic and Elazar 2018). When autophagy is started,
membrane budding and extension occur and results in the
creation of phagophores. Then, double-membrane vesicles,
namely autophagosomes, are formed that deliver their con-
tents to the lysosome for degradation and recycling (Par-
zych and Klionsky 2014). In this stage, the autophagosome
outer membrane fuses to the membrane of the lysosome and
makes the autolysosome (Yang and Klionsky 2009). In the
acidic lumen of the lysosome, the inner membrane of the
autophagosome and its contents are degraded by lysosomal
hydrolases. Finally, the resulting components of degradation
are transferred into the cytoplasm via permeases of the lyso-
somal membrane and used in different biosynthetic pathways
(Yorimitsu and Klionsky 2005).

Autophagy and the Pathogenesis of MS

Autophagy is involved in the homeostasis of the nervous
system. Neurons are differentiated cells, which due to their
post-mitotic nature and great polarization may be espe-
cially sensitive to the accumulation of aggregated or defec-
tive compounds, and their survival depends on the process
of autophagy. Therefore, the important role of autophagy
in the nervous system is mainly related to maintaining the
natural balance between the formation and degradation of
cellular compounds (Ciechanover 2005; Rubinsztein 2006).
Under the physiologic conditions, autophagy is neuropro-
tective, however, physiopathological increased or decreased
activity of autophagy, in turn, can relate to neurodegen-
erative disorders. Thus, autophagy has a dual role in the
nervous system. In literature, autophagy is referred to as a
double-edged sword. For example, it has been revealed that
autophagy is involved in the homeostasis of amyloid-p (Af)
under the physiological conditions, and in Alzheimer’s dis-
ease (degradation vs. production, respectively) (Tung et al.
2012).

Previous investigations proposed that deficient autophagy
is related to neuronal damage in a mouse model of MS (Feng
et al. 2017). Another study has shown that the autophagy up-
regulation in mice model through inhibitors of mTOR, like
Rapamycin, protects the cells from neurodegeneration (Ravi-
kumar et al. 2004). In this regard, it has been shown that
Rapamycin, as an autophagy inducer, promotes myelination
and increased survival of the neurons (Meikle et al. 2008).
In addition, autophagy participates in immune system func-
tions through eliminating cellular pathogens, increasing the

antigen-presentation to CD4™ T-cells, and regulating inflam-
mation (Liang and Le 2015). Autophagy also contributes to
the proliferation, maturation, and differentiation of lympho-
cytes via participation in positive and negative selection in
the thymus (Yang et al. 2015). It has been reported that the
autophagy process is activated in the peripheral blood mono-
nuclear cells (PBMCs) during the acute phase of the disease
and alleviated after therapy (Zheng et al. 2014). Moreover,
microglial cells, as resident macrophages in the CNS, control
intrinsic and extrinsic pathogens and the phagocytosis of the
cell debris during demyelination through autophagy-related
genes (ATGs). Thus, defective autophagy in microglial cells
may inhibit the remyelination of neurons and potentiates
continuous neuroinflammation (Sanjuan et al. 2007).

Overexpression of the ATGs including ATG2B, ATG4C,
ATG5,ATGI11, Bcl2, ULKI, ULK2, ATG-9A, and ATGI6L2
in the T cells, demyelinated lesions and blood samples of MS
patients have been reported (Igci et al. 2016; Plaza-Zabala
et al. 2017; Andhavarapu et al. 2019). The ATGS plays an
important role in the survival of T-cells and involves the pro-
liferation and differentiation of CD4/8% T-cells and B-cells.
Moreover, the ATGS is significantly increased within the
T-cells of MS plaques. The serum levels of ATGS and Par-
kin, as biomarkers of autophagic and mitophagic pathways,
respectively, are significantly increased in the cerebrospinal
fluid (CSF) of patients with MS (Castellazzi et al. 2019).
Astrocytes could also be affected by defects in the autophagy
pathway (Lee et al. 2009; Wang and Xu 2020). Moreover,
in dendritic cells, Atg7 contributes to the activation of T
cells, as the Arg7 gene deficient in these cells is accompanied
by fewer T-cells presentation in the model of EAE (Plaza-
Zabala et al., 2017). Thus, these pieces of evidence indicate
that the excess autophagy process contributes to MS patho-
genesis. In this regard, demyelination of MS may be poten-
tiated through the extended survival of autoreactive T-cells
which these mechanisms can be promoted by autophagy.

On the other hand, mitophagy, as selective autophagy of
mitochondria, prevents the excessive generation of ROS and
exerts a protective role against MS-induced neurodegenera-
tion (Chen et al. 2008; Shefa et al. 2019). This results in
the lower release of toxic molecules including ROS from
mitochondria.

Mutual Relationship Between ROS
and Autophagy

There are two main sources of ROS: mitochondria that pro-
duce ROS as a byproduct of cellular respiration, and the
NADPH oxidase complex that actively generates superox-
ide at the membrane of the neutrophils (Scherz-Shouval and
Elazar 2011). ROS and autophagy act in a negative regula-
tory feedback loop (Azad et al. 2009). It has been shown
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that mitochondria are involved in autophagy regulation
through ROS production (Scherz-Shouval and Elazar 2007;
Azad et al. 2009). ROS, as cell signaling molecules, can
potentiate the formation of autophagosomes and autophagic
degradation. In fact, mitochondria can be involved in the
formation of autophagosomes by providing the membrane
sources for the biogenesis of autophagosomes. In contrast,
autophagy also can decrease oxidative damage and levels of
ROS by the elimination of damaged organelles and protein
aggregates and the pathways including mitophagy, CMA,
and P62 delivery (Chen et al. 2009; Ureshino et al. 2014;
Lietal. 2015).

ROS and autophagy act in a negative regulatory feedback
loop. In this line, various molecular pathways regulate the
interactions between ROS and the process of autophagy.
These regulatory mechanisms often contain transcriptional
and post-transcriptional regulations, which occur in the
nucleus and cytoplasm. In response to excess production
of ROS, the HIF-1 transcription factor, p53, FOXO3, and
NRF2 are activated, and then induce the transcription of
BNIP3/NIX, TIGAR/DRAM, LC3/BNIP3, and p62, respec-
tively (Scherz-Shouval and Elazar 2011). Moreover, PKR-
like ER kinase (PERK), an ER stress sensor, is stimulated
by ROS which its downstream effectors promote the expres-
sion of genes involved in the autophagy pathway. Under
hypoxia conditions, the unfolded protein response (UPR)
as a HIF-independent pathway is involved in autophagy.
This pathway is activated via ER stress sensors of inositol-
requiring enzyme 1 (IRE1), activating transcription factor 6
(ATF6) and PERK, and responds to ER stress (Wouters and
Koritzinsky 2008). In fact, hypoxia leads to the activation of
PERK and then induces the transcription of LC3 and ATG5
by the activating transcription factor 4 (ATF4) and C/EBP
homologous protein (CHOP) transcription factors, which
the cell capacity for maintaining autophagy in prolonged
hypoxia is enhanced (Rouschop et al. 2010). Moreover, in
the cytoplasm, ROS can be involved in the organization of
autophagic membranes through the regulation of Atg4 activ-
ity (Li et al. 2015).

Hypoxia and HIF-1a in the Pathogenesis
of MS

Hypoxia is a state where cells and tissues of the body fail
to receive enough oxygen. Hypoxia may exert undesirable
effects on the different tissues including the brain. The
brain requires a continuous oxygen supply for the mainte-
nance of its normal function. Therefore, prompt detection
and response to hypoxic conditions can be very essential.
Moreover, the brain is known as an important energy con-
sumer which intense and protracted oxygen deprivation
can associate with brain injury through the induction of
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neurodegeneration and cell death (Merelli et al. 2018).
Under deep hypoxia, the cells from CNS, especially oli-
godendrocytes, are severely and even lethally at risk, and
resulting in demyelination. It has been found that hypoxia
is present in patients with MS which leads to the creation
of neurological deficits including oligodendrocyte loss and
demyelination (Lassmann 2003; Desai et al. 2016; Martinez
Sosa and Smith 2017). Moreover, the lesions in the brain of
patients with MS tend to form in regions that are sensitive
to hypoxia (Martinez Sosa and Smith 2017).

HIF is an important transcription factor, which enables
adaptive response to hypoxic state in physiological and
pathological conditions through activating a large number of
genes responsible for oxygen delivery, and other processes.
The HIF-1 is a heterodimer composed of two subunits: alpha
and beta. The alpha subunit is an inducible and oxygen-
sensitive subunit while the beta subunit shows a constitutive
expression (Movafagh et al. 2015). Therefore, reactions to
the hypoxic states are mainly dependent on HIF-1a. The
HIF-1a is a key factor in activating the transcription of genes
involved in various aspects of cellular processes such as
autophagy, inflammation, metabolism, proliferation, and cell
death. In addition, this factor regulates the mitochondrial
production of ROS, and it plays an important role in innate
and adaptive immunity (Movafagh et al. 2015). In myeloid
cells, HIF-1a is required for glycolytic capacity regulation.
Lack of the HIF-1a gene may also cause the defect in the
aggregation of the myeloid cells, invasiveness, and killing
of the bacterial pathogens (Cramer et al. 2003). Moreo-
ver, HIF-1a enhances neutrophil survival by triggering the
NF-kB-related neutrophilic inflammation and inhibition of
apoptosis (Walmsley et al. 2005).

Generally, in the nervous system, the function of HIF-1a
can be detrimental via inducing the disruption of BBB or be
protective by enhancement of oligodendrocytes and neurons
survival (Argaw et al. 2006; Baranova et al. 2007; Vangeison
et al. 2008; Weidemann et al. 2009). Regarding the type of
the cell in which HIF-1a is expressed, negative or positive
impacts on inflammatory demyelination can be predictable.
So, the HIF-1a might either have protective impacts on the
survival of nerve cells and oligodendrocytes or may inten-
sify the neural damage through enhancement of BBB open-
ing and inflammatory infiltration (Guan et al. 2017).

Interestingly, it has been reported that HIF-1a is upreg-
ulated in pre-demyelinating lesions, without observable
changes in the white matter of patients with MS (Graumann
et al. 2003; Zeis et al. 2008). It has been shown that at the
peak of the disease, the expression of HIF-1« is induced in
microglia/macrophages, and astrocytes in the spinal cord
of experimental autoimmune encephalomyelitis (EAE)
mice (Le Moan et al. 2015). In the early lesions of MS, the
high level of HIF-1a at mRNA and protein levels makes
evidence for the role of this protein in the pathogenesis of
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the disease (Uurlink 2013). Early hypoxic alterations occur-
ring at pre-demyelinating plaques are linked to lymphocytes’
perivascular accumulation, activation of microglial, disrup-
tion of BBB, and mild axonal damage (Marik et al. 2007).
HIF-1a overexpression results in exacerbation of vascular
permeability and inflammatory responses, whilst the HIF-1a
ablation reduces the inflammation (Peyssonnaux et al. 2007;
Thiel et al. 2007; Weidemann et al. 2009). Inside the active
white matter lesions (WMLs), the expression of HIF-1a is
generally minimal or absent (Aboul-Enein et al. 2003; Marik
et al. 2007), whereas in oligodendrocytes, especially in the
lesions with distal dying-back oligodendrogliopathy, it has
a high level of expression (Lassmann 2003).

On the other hand, hypoxia is known to be one of the
causes of the inducting process of autophagy (Bellot et al.
2009; Schaaf et al. 2013). Based on the intensity and dura-
tion of oxygen deprivation, hypoxia promotes various
pathways of autophagy. For example, chronic and moder-
ate hypoxia promotes HIF-1a and PKC8-JNK1-dependent
pathways for autophagy induction (Semenza 2000; Mazure
and Pouyssegur 2010). In contrast, the intense and rapid
oscillation of oxygen triggers autophagy through HIF-1a
independent procedures such as the mTOR-mediated path-
way and UPR (Papandreou et al. 2008). Totally, accumulat-
ing data indicates that autophagy impairment also occurs in
MS and may contribute to neurodegeneration.

Crosstalk Between ROS and Autophagy
During MS Pathogenesis

We mentioned several pieces of evidence that support the
mutual crosstalk between ROS and autophagy. Here, we
proposed a probable link between autophagy and ROS by
HIF-1 in MS disease. ROS that is produced under OS con-
ditions can damage the vascular endothelium and decrease
the ability of vascular smooth muscles for relaxation and
vasodilation. This mechanism might be one of the factors
leading to decreased cerebral blood flow and hypoxia in MS
(Yang and Dunn 2019). On the other hand, cerebrovascu-
lar dysfunction leads to hypo-perfusion and promotes the
transient hypoxic condition in the vulnerable regions of the
CNS. This phenomenon causes the disruption of BBB and
leak of serum proteins such as fibronectin and fibrinogen
which eventually leads to the activation of the microglial
cells. Afterward, cytotoxic factors such as ROS and NO are
released by activated microglial cells that trigger the dam-
age to the oligodendrocytes which in turn, results in cellular
death and demyelination (Halder and Milner 2021).

Under hypoxic conditions, HIF-1a also reduces the level
of ROS by various mechanisms. These include induction of
lactate dehydrogenase A and pyruvate dehydrogenase kinase
1, improvement of efficiency of complex IV via switching of

cytochrome c oxidase subunit COX4-1 to COX4-2, the direct
regulation of mitochondrial performance through its nuclear-
independent activities, shunting the pyruvate away from the
mitochondria and the conversion of pyruvate to lactate, induc-
tion of microRNA-210 that is able to block the Fe/S clusters
assembly needed for oxidative phosphorylation, induction of
the BNIP3 and triggering the autophagy (Tormos and Chandel
2010; Li et al. 2019).

In connection with autophagy, HIF-1 induces the BNIP3
gene expression which competes with Beclin-1 for bind-
ing to the BCL2, the inhibitory binding partner of Beclin-1.
Then autophagy is induced by releasing Beclin-1 from BCL2
(Semenza 2011). Thus, HIF-1a-mediated BNIP3 expression
has a key role in hypoxia-induced mitophagy (Zhang et al.
2008). The mitochondrial autophagy, as the metabolic adaptive
response, promotes cell survival in protracted hypoxic con-
ditions that is essential to prevent ROS production and cell
death (Zhang et al. 2008; Dhuria et al. 2010). In mitochondria,
HIF regulates mitochondrial oxidative stress and respiration
and vice versa. Of note, mitochondria are known as the major
oxygen consumers in the cell. So, mitochondria and HIF are
intimately linked in order to regulate each other and respond
properly to hypoxic conditions (Tormos and Chandel 2010).
In general, HIF-1a may play a dual role as "protective" or
"harmful” during the pathogenesis of neurodegenerative dis-
eases which is dependent on the severity of hypoxia and envi-
ronmental conditions (Merelli et al. 2018).

Although determining the exact relationship of ROS,
hypoxia, and autophagy in MS requires supportive clinical
evidence, based on available data, it seems that HIF-1a can
make crosstalk between these processes during the pathogen-
esis of MS. So that ROS probably exacerbates the situation of
hypoxia. Afterward, by activating the HIF-1o under hypoxic
conditions, various pathways including autophagy are induced.
The enhancement of autophagic degradation can damage
nerve cells and leads to demyelination or cell death in the CNS
and contributes to MS progression. Generally, hyperactivity
or hypoactivity of autophagy is undesirable for the normal
function of neurons and these cells need a regulated amount
of autophagy to maintain cell survival under different stress
conditions. Thereby, it is possible to infer a “ROS—hypoxia—
autophagy pathway” in MS pathogenesis (Fig. 2). According
to available data, the factors and signaling pathways, which
link autophagy and ROS, can be of great importance in MS
combinatorial treatment. However, more investigations are
required to find whether the crosstalk between autophagy and
ROS can be more efficient in MS therapy.
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Fig.2 The crosstalk between
ROS and autophagy by HIF-1a
in the pathogenesis of multiple
sclerosis. Cellular stresses lead
to increased ROS levels. ROS
can intensify the situation of
hypoxia. Then, under hypoxic
condition, HIF-1a is activated,
which induces the various path-
ways including autophagy. The
enhancement of autophagic deg-
radation can result in neuronal
cell damage and demyelination.
In the figure, green arrows show
the protective pathways, while
black arrows show the neurode-
generative pathways
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Conclusion

ROS production in the brain and autophagy dysregulation
can damage cells of the nervous system and are associated
with various stages of MS. In this review, for the first time,
we suggested crosstalk between ROS and autophagy in MS
pathogenesis by HIF-1a. Accordingly, targeting ROS—
hypoxia—autophagy cycle may lead to more efficient
results in combinatorial treatments of MS.
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