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Abstract

Autophagy, a fundamental cellular process responsible for degrading and recycling damaged components, plays a
crucial role in modulating oxidative stress, which is a key factor in Sickle Cell Disease (SCD). In SCD, the sickling of
red blood cells (RBCs) leads to increased production of reactive oxygen species (ROS), contributing to cellular
damage and disease complications. This review explores the complex interplay between autophagy and oxidative
stress in SCD, highlighting how autophagy influences RBC function, hemolysis, and disease progression. The dual
role of autophagy in SCD is evident; while it can protect against oxidative stress by removing damaged cellular
components, dysregulated autophagy may exacerbate disease pathology. Enhanced autophagic activity may help
reduce oxidative damage and improve RBC health, whereas impaired autophagy can lead to increased oxidative stress
and hemolysis. This review examines how autophagy affects RBC function, contributes to hemolysis, and impacts
disease outcomes in SCD.
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Introduction

Sickle Cell Disease (SCD) is a genetic
hematological disorder caused by a single point
mutation in the B-globin gene, leading to the
production of abnormal hemoglobin S (HDbS).
This mutation results in the sickling of red blood
cells (RBCs) under low oxygen conditions,
causing a range of pathological complications.
One of the significant consequences of sickling is
the increased generation of reactive oxygen
species (ROS), which contributes to oxidative
stress and cellular damage. Autophagy, a crucial
cellular process responsible for degrading
damaged organelles and proteins, plays a
significant role in managing oxidative stress.'™
Autophagy is a dynamic process that involves the
formation of autophagosomes to engulf damaged
cellular components, which are then delivered to
lysosomes for degradation. This process is
essential for maintaining cellular homeostasis,
particularly in the context of oxidative stress. In
SCD, the abnormal sickling of RBCs leads to
chronic oxidative stress due to the continuous
production of ROS. Autophagy can mitigate
oxidative damage by removing oxidized proteins
and damaged organelles, thereby protecting cells
from further injury. However, the interplay
between autophagy and oxidative stress in SCD is
complex, with potential protective and
detrimental effects."°In SCD, the sickling of
RBCs results in a range of pathological events,
including increased hemolysis and inflammation.
The release of free hemoglobin and heme into the
bloodstream exacerbates oxidative stress, leading
to further cellular damage and inflammation.
Autophagy is implicated in modulating these
effects by managing the removal of damaged
components and regulating the oxidative
environment within cells. However, dysregulation
of autophagy can exacerbate oxidative stress and
contribute to disease complications.
Understanding the balance between protective and
detrimental roles of autophagy in SCD is crucial
for developing targeted therapies.””

The role of autophagy in RBC function is
particularly relevant in SCD. Autophagy
influences the lifespan and functionality of RBCs
by regulating the degradation of damaged cell
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components and maintaining cellular integrity. In
SCD, the dysregulation of autophagy can impair
RBC function and contribute to increased
hemolysis. Research has shown that enhanced
autophagic activity may reduce oxidative damage
and improve RBC health, while impaired
autophagy can exacerbate oxidative stress and
hemolysis. Exploring how autophagy affects RBC
function in the context of SCD provides insights
into  potential  therapeutic  approaches.'*"!
Hemolysis in SCD is a key feature of the disease
and is influenced by oxidative stress and
autophagy. The destruction of RBCs results in the

release of hemoglobin and heme, further
contributing to  oxidative damage and
inflammation. Autophagy plays a role in

managing hemolysis by regulating the removal of
damaged RBCs and maintaining cellular balance.
Dysregulated autophagy can lead to increased
hemolysis and exacerbate oxidative stress,
highlighting the need for a better understanding of
autophagy's role in SCD pathology."”"* The
clinical implications of autophagy in SCD are
significant, with potential impacts on disease
management and therapeutic interventions.
Targeting autophagy could provide new avenues
for mitigating oxidative stress and improving
patient outcomes. Therapeutic strategies, such as
pharmacological agents that modulate autophagy
pathways or gene therapies to correct autophagy-
related defects, hold promise for enhancing
disease management. Further research into the
precise mechanisms linking autophagy and
oxidative stress in SCD is essential for developing
effective treatments.'*"

Autophagy: Mechanisms and Functions

Autophagy is a highly regulated cellular process
essential for maintaining cellular homeostasis by
degrading and recycling damaged organelles,
proteins, and other macromolecules. The process
is crucial for cellular health and function,
particularly under conditions of stress or damage.
The primary mechanisms and functions of
autophagy include initiation, formation of
autophagosomes, fusion with lysosomes, and
degradation  of  cellular  components.'®"
Autophagy begins with the initiation phase, where
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the process is triggered by various cellular signals
and stressors. The initiation is regulated by the
ULK1 (Unc-51 Like Autophagy Activating
Kinase 1) complex, which includes ULKI,
ATGI13, FIP200, and ATGI101. These proteins
respond to nutrient deprivation, oxidative stress,
and other stimuli by activating the autophagy
machinery. The activation of ULK1 leads to the
formation of a phagophore, a membrane structure
that will eventually develop into an
autophagosome.'®"” The phagophore expands and
engulfs cytoplasmic material, including damaged
organelles and proteins, to form an
autophagosome. This membrane-bound vesicle is
essential for the selective degradation of cellular
components. The expansion of the phagophore
involves several key proteins, including the ATG
(Autophagy-related) family members, such as
ATGS, ATG7, and LC3 (Microtubule-associated
Protein 1 Light Chain 3). LC3 is converted to
LC3-II during autophagosome formation and is
used as a marker to monitor autophagy activity.”""
! Once the autophagosome is fully formed, it
fuses with a lysosome to create an autolysosome.
This fusion process involves a set of proteins,
including SNARE (Soluble N-ethylmaleimide-
sensitive factor attachment protein receptor)
complexes, which mediate the merging of the
autophagosome and lysosome membranes. The
lysosome contains various hydrolytic enzymes
that degrade the contents of the autophagosome.
This step is crucial for the effective breakdown
and recycling of cellular materials.”* >

In the autolysosome, the enclosed materials are
subjected to acidic conditions and enzymatic
degradation. The breakdown products, including
amino acids, lipids, and sugars, are released back
into the cytoplasm and used for cellular processes
such as energy production and biosynthesis. This
recycling function is vital for maintaining cellular
homeostasis, particularly during periods of stress
or nutrient deprivation.***  Autophagy is
regulated by various signaling pathways that
respond to changes in cellular conditions. The
mTOR (mechanistic target of rapamycin) pathway
is a central regulator of autophagy, inhibiting the
process under nutrient-rich conditions and
promoting it during nutrient deprivation. Other
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regulatory pathways include the AMPK (AMP-
activated protein kinase) pathway, which
responds to energy stress, and the p53 pathway,
which is involved in cellular stress responses and
apoptosis.”®?’ Dysregulation of autophagy has
been implicated in various diseases, including
cancer, neurodegenerative  disorders, and
cardiovascular diseases. In the context of Sickle
Cell Disease (SCD), autophagy plays a dual role
by both protecting against and contributing to
disease pathology. Proper regulation of autophagy
is essential for managing oxidative stress, cellular
damage, and inflammation associated with
SCp 32

Oxidative Stress in Sickle Cell Disease

Oxidative stress is a central feature of Sickle Cell
Disease (SCD), a genetic disorder characterized
by the production of abnormal hemoglobin S
(HbS). The sickling of red blood cells (RBCs) and
the subsequent pathological events are closely
linked to the generation and accumulation of
reactive oxygen species (ROS). These ROS
contribute to a range of cellular and systemic
complications, exacerbating the disease's severity
and impacting patient outcomes.’”>' In SCD, the
sickling of RBCs under low oxygen conditions
leads to the release of free hemoglobin and heme
into the bloodstream. Both free hemoglobin and
heme are potent sources of oxidative stress. Free
hemoglobin can be broken down into
methemoglobin and other oxidizing agents, which
in turn generate ROS. Additionally, the heme
group, which contains iron, can catalyze the
production of hydroxyl radicals through Fenton
reactions, further increasing oxidative damage.
The continuous cycle of RBC sickling, hemolysis,
and ROS generation creates a chronic state of
oxidative stress.”>™> Oxidative stress in SCD
affects various cellular components, including
lipids, proteins, and nucleic acids. Lipid
peroxidation leads to the formation of
malondialdehyde (MDA) and other reactive
aldehydes, which can damage cell membranes and
contribute to RBC membrane instability. Protein
oxidation can impair enzyme function and disrupt
cellular signaling pathways, leading to further
cellular dysfunction. DNA damage caused by
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ROS can result in mutations and genomic
instability, potentially affecting cellular health
and function.’* The impact of oxidative stress
on RBCs is profound. Oxidative damage to the
RBC membrane can lead to increased cell
fragility and premature hemolysis. The loss of
functional RBCs contributes to anemia, which is a
hallmark of SCD. Additionally, oxidative stress
can exacerbate sickling by promoting the
oxidation of hemoglobin, further increasing the
tendency of RBCs to sickle under low oxygen
conditions. The combined effects of oxidative
stress and hemolysis create a vicious cycle that
exacerbates disease symptoms and
complications.*®>’

Beyond RBCs, oxidative stress in SCD affects
various organ systems. The increased ROS levels
contribute to endothelial dysfunction, promoting
vascular inflammation and impairing blood flow.
This can lead to vaso-occlusive crises, which are
characterized by severe pain and organ damage.
Oxidative stress also impacts the kidneys, liver,
and other organs, contributing to multi-organ
damage and affecting overall health and quality of
life.®* Oxidative stress and inflammation are
closely interconnected in SCD. ROS generated
during oxidative stress can activate inflammatory
pathways, leading to the release of pro-
inflammatory cytokines and chemokines. This
exacerbates the inflammatory response, further
contributing to tissue damage and disease
complications. The interplay between oxidative
stress and inflammation highlights the need for
strategies that address both factors to manage
SCD effectively.”®* In response to oxidative
stress, cells have evolved various antioxidant
defense mechanisms to mitigate damage. These
include  enzymatic antioxidants such as
superoxide dismutase (SOD), catalase, and
glutathione peroxidase, as well as non-enzymatic
antioxidants like glutathione and vitamin E. In
SCD, these defense mechanisms can become
overwhelmed due to the excessive production of
ROS. Enhancing antioxidant defenses or
supplementing with antioxidants may offer
therapeutic benefits by reducing oxidative damage
and improving cellular health.*’
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Autophagy and Red Blood Cell Function

Autophagy is a vital cellular process that involves
the degradation and recycling of damaged
organelles, proteins, and other cellular
components. In the context of red blood cells
(RBCs), autophagy plays a crucial role in
maintaining cell function and integrity,
particularly under conditions of stress or
damage.During erythropoiesis, or the production
of RBCs, autophagy is essential for the proper
maturation of red blood cell precursors. Early in
erythropoiesis, developing erythroblasts rely on
autophagy to remove excess organelles, such as
mitochondria and the endoplasmic reticulum, to
form mature enucleated RBCs. This process is
critical for the transition from nucleated
erythroblasts to reticulocytes, which then mature
into functional RBCs. Proper autophagic activity
ensures that RBCs are adequately prepared to
perform  their  oxygen-carrying  functions
efficiently.** In mature RBCs, which lack
organelles such as mitochondria, autophagy still
plays a significant role in maintaining cell
integrity and function. Autophagy helps manage
oxidative stress by degrading damaged proteins
and lipids, thus preventing the accumulation of
harmful byproducts that could impair RBC
function. This is particularly important in Sickle
Cell Disease, where oxidative stress is elevated
due to the sickling of RBCs and the associated
hemolysis. Effective autophagy helps protect
RBCs from oxidative damage and supports their
longevity and functionality.”*® The lifespan of
RBC:s is tightly regulated, and autophagy is a key
factor in this regulation. In response to stress or
damage, autophagy helps remove damaged
components and reduces cellular stress,
contributing to the overall health and longevity of
RBCs. Disruptions in autophagy can lead to
increased oxidative stress, reduced RBC lifespan,
and enhanced hemolysis. In Sickle Cell Disease,
where RBCs are subjected to continuous stress
due to sickling and hemolysis, autophagic
mechanisms can influence disease progression
and severity.*”*® Dysregulation of autophagy can
have significant implications for RBC function
and overall health. In Sickle Cell Disease, altered
autophagy can exacerbate oxidative stress and
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contribute  to  increased  hemolysis  and
inflammation. For instance, impaired autophagy
may lead to the accumulation of damaged proteins
and lipids, further compromising RBC integrity
and function.* The interplay between autophagy
and oxidative stress is crucial for maintaining
RBC function. Autophagy can mitigate oxidative
damage by degrading oxidized proteins and
damaged cellular components, thereby reducing
the overall burden of oxidative stress. Conversely,
excessive oxidative stress can impair autophagic
activity, creating a vicious cycle that exacerbates
cellular damage. In Sickle Cell Disease, where
oxidative stress is a prominent feature, effective
regulation of autophagy is essential for managing
its impact on RBCs.”

Sickle

Role of Autophagy in Cell

Pathophysiology

Autophagy, a cellular process essential for
degrading and recycling damaged cellular
components, plays a significant role in the
pathophysiology of Sickle Cell Disease (SCD).
This genetic disorder, characterized by the
production of abnormal hemoglobin S (HbS),
leads to the sickling of red blood cells (RBCs) and
subsequent complications. The role of autophagy
in SCD encompasses various aspects, including
cellular stress responses, oxidative damage, and
the progression of disease manifestations.During
erythropoiesis, the formation of mature RBCs
from erythroblasts requires the removal of
organelles through autophagy. This process
ensures that RBCs are enucleated and functional.
In Sickle Cell Disease, the sickling of RBCs and
their premature destruction can disrupt this
delicate balance. If autophagy is impaired, the
removal of damaged organelles may be
compromised, potentially affecting RBC
maturation and function. This disruption can
exacerbate the already challenging environment
of SCD by contributing to further RBC
dysfunction and hemolysis.”' Sickle Cell Disease
is characterized by elevated oxidative stress due
to the sickling process and the release of free
hemoglobin and heme into the bloodstream.
Autophagy plays a crucial role in managing
oxidative stress by degrading oxidized proteins
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and damaged lipids. In SCD, the excessive
generation of reactive oxygen species (ROS) can
overwhelm the autophagic system, leading to
increased oxidative damage. Impaired autophagy
may exacerbate oxidative stress, further
contributing to RBC damage and the progression
of disease complications.>

Hemolysis, or the destruction of RBCs, is a
hallmark of Sickle Cell Disease. Autophagy is
involved in the clearance of damaged or senescent
RBCs, which is critical for maintaining RBC
integrity and reducing hemolysis. In SCD, the
constant sickling and subsequent hemolysis place
additional stress on the autophagic system.
Disruptions in autophagy can lead to the
accumulation of damaged RBC components,
which may further contribute to hemolysis and
anemia. Understanding the role of autophagy in
managing hemolysis can provide insights into
potential therapeutic strategies for mitigating this
aspect of SCD.” Autophagy has a complex
relationship with inflammation. On one hand,
autophagy can help mitigate inflammation by
degrading inflammatory mediators and damaged
cellular components. On the other hand,
dysregulated autophagy can contribute to chronic
inflammation. In Sickle Cell Disease, the ongoing
oxidative stress and hemolysis lead to an
inflammatory response. Impaired autophagy may
exacerbate this inflammation, contributing to
vaso-occlusive crises and other inflammatory
complications. Exploring the interplay between
autophagy and inflammation in SCD can reveal
potential targets for therapeutic intervention.’
Endothelial dysfunction is a significant factor in
Sickle Cell Disease, contributing to vaso-
occlusive events and organ damage. Autophagy
plays a role in maintaining endothelial cell
function by regulating cellular stress responses
and repairing damaged components. In SCD,
oxidative stress and inflammation can impair
endothelial autophagy, leading to endothelial
dysfunction. Enhancing autophagic activity in
endothelial cells may help mitigate vascular
complications and improve overall vascular health
in SCD patients.”
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Autophagy and Hemolysis in Sickle Cell

Disease

Hemolysis, or the premature destruction of red
blood cells (RBCs), 1is a fundamental
characteristic of Sickle Cell Disease (SCD). This
genetic disorder, caused by the mutation of the
hemoglobin gene, leads to the production of
abnormal hemoglobin S (HbS). Under low
oxygen conditions, HbS promotes the sickling of
RBCs, which contributes to their fragility and
increased propensity for destruction. The process
of hemolysis in SCD results in chronic anemia,
elevated levels of free hemoglobin, and
significant oxidative stress.Autophagy is a
cellular process responsible for the degradation
and recycling of damaged organelles and proteins.
In the context of RBCs, autophagy is crucial for
maintaining cell integrity and function. During
erythropoiesis, autophagy helps in the maturation
of RBCs by removing excess organelles and
preparing the cells for their function in oxygen
transport. In SCD, the sickling and subsequent
hemolysis place additional stress on the
autophagic system, which is tasked with
managing the increased burden of damaged RBC
components.’® Disruption in autophagic processes
can significantly impact RBC function and
lifespan. In Sickle Cell Disease, impaired
autophagy may lead to the accumulation of
damaged proteins and lipids within RBCs. This
accumulation  exacerbates cell ~membrane
instability and contributes to the increased rate of
hemolysis. Additionally, defective autophagy can
lead to the persistence of damaged or senescent
RBCs, further aggravating the hemolytic process
and contributing to anemia.The relationship
between autophagy and oxidative stress is critical
in the context of Sickle Cell Disease. Hemolysis
releases free hemoglobin and heme into the
bloodstream, which are potent sources of
oxidative stress. Autophagy helps manage
oxidative damage by degrading oxidized proteins
and lipids. In SCD, excessive oxidative stress can
overwhelm the autophagic system, leading to
increased cellular damage and further hemolysis.
The interplay between autophagy and oxidative
stress is essential for understanding the
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pathophysiology of SCD and developing potential
therapeutic strategies.’’

Conclusion

Autophagy plays a pivotal role in the
pathophysiology of Sickle Cell Disease (SCD),
particularly in relation to hemolysis, oxidative
stress, and overall red blood cell (RBC) function.
The chronic hemolysis characteristic of SCD
results from the sickling of RBCs and their
subsequent premature destruction. This process
places significant stress on the cellular
mechanisms responsible for maintaining RBC
integrity, with autophagy being a key player in
managing this stress.

In healthy RBCs, autophagy facilitates the
removal of damaged organelles and proteins,
which is essential for maintaining cell function
and longevity. In the context of SCD, however,
the increased oxidative stress and hemolysis can
overwhelm the autophagic system, leading to
further cellular damage and exacerbation of
disease symptoms. Impaired autophagy can
contribute to the accumulation of damaged
cellular components, promoting a vicious cycle of
RBC damage and hemolysis.
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