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ABSTRACT

Sickle Cell Anemia (SCA) is a genetic blood disorder characterized by the production of abnormal hemoglobin
S, leading to red blood cell sickling and a range of severe health complications. Recent research highlights the
significant role of oxidative stress in the pathophysiology of SCA, particularly its impact on hematopoietic stem
cells (HSCs). Oxidative stress in SCA originates from both intrinsic factors, such as the sickling process, and
extrinsic sources, including chronic inflammation and hypoxia. This review explores how reactive oxygen
species (ROS) generated by these factors contribute to HSC dysfunction, impairing hematopoiesis and
exacerbating disease progression. The review delves into the mechanisms by which oxidative stress affects
HSCs, focusing on the generation of ROS and their effects on HSC viability, differentiation, and self-renewal.
We examine how oxidative damage to DNA, lipids, and proteins disrupts HSC function and contributes to the
progression of SCA. Additionally, the review highlights the impact of phospholipid oxidation on HSCs,
discussing how oxidative damage leads to alterations in HSC function and contributes to disease severity.
Emerging therapeutic strategies aimed at reducing oxidative stress offer hope for improving SCA management.

Keywords: Sickle Cell Anemia, Oxidative Stress, Hematopoietic Stem Cells, Reactive Oxygen Species,
Therapeutic Interventions

Introduction

Sickle Cell Anemia (SCA) is a severe, inherited
blood disorder caused by a single nucleotide
mutation in the hemoglobin beta chain gene,
leading to the production of abnormal hemoglobin
S (HbS).1-2 This genetic defect results in the
deformation of red blood cells into a sickle shape
under low-oxygen conditions, causing a range of
clinical manifestations including pain crises,
hemolysis, and organ damage. Despite significant
advancements in the understanding and
management of SCA, there remains a critical need

for new therapeutic strategies to address the
disease's complex pathophysiology. Recent
research has increasingly focused on the role of
oxidative stress in SCA, particularly its impact on
hematopoietic stem cells (HSCs), which are
fundamental for maintaining hematopoiesis and
overall blood health.3-6 SCA research has
historically concentrated on the mechanisms of red
blood cell sickling and the resulting vaso-occlusive
crises.7 Early studies identified that HbS
polymerizes under deoxygenated conditions,



>
<,
<
&=
-
=

-

African Journal of Perinatology vol 1 issue 3 sept-Dec 2024 p 227-236

Obeagu. E

causing red blood cells to assume a rigid, sickle
shape that can obstruct blood flow in capillaries and
lead to painful episodes and chronic organ
damage.8-9 While these studies provided a
foundational understanding of the disease, they
primarily focused on the symptoms rather than the
cellular and molecular processes underpinning
them. Over the past few decades, researchers have
recognized that oxidative stress plays a pivotal role
in SCA. Oxidative stress refers to an imbalance
between the production of reactive oxygen species
(ROS) and the body’s ability to neutralize these
molecules. In SCA, oxidative stress is not merely a
consequence of sickling but also a driver of disease
pathogenesis. ROS contribute to the chronic
inflammation, endothelial  dysfunction, and
hemolysis observed in SCA. This expanded view of
oxidative stress has opened new avenues for
research into how ROS affect not only red blood
cells but also the broader hematopoietic system.10-
13

Hematopoietic stem cells (HSCs) are multipotent
cells responsible for the generation of all blood cell
lineages throughout an individual’s lifetime. Recent
studies have highlighted that oxidative stress
adversely affects HSCs, compromising their ability
to self-renew and differentiate into mature blood
cells. In the context of SCA, oxidative stress

Oxidative stress is a crucial factor in the
pathophysiology of Sickle Cell Anemia (SCA),
significantly  contributing to the disease's
progression and severity. In SCA, oxidative stress
arises from various sources and exerts detrimental
effects on red blood cells, endothelial cells, and
hematopoietic stem cells (HSCs).21 The sickling of
red blood cells is a hallmark of SCA, driven by the
polymerization of hemoglobin S (HbS) under low-
oxygen conditions. This polymerization is not only
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disrupts HSC function, which can exacerbate
anemia and influence disease progression.14-15 In
SCA, oxidative stress arises from multiple sources
including the sickling of red blood cells, chronic
inflammation, and hypoxic conditions. The sickling
process itself generates ROS through various
mechanisms, including the release of free
hemoglobin and the subsequent formation of
hydrogen peroxide and other reactive molecules.
Additionally, chronic inflammation and hypoxia in
SCA patients further exacerbate oxidative stress,
creating a vicious cycle that affects both red blood
cells and HSCs.16-17 Oxidative stress inflicts
damage on cellular components such as DNA,
lipids, and proteins. In HSCs, oxidative DNA
damage can lead to mutations and affect stem cell
function, while lipid peroxidation compromises cell
membrane integrity. The cumulative effects of
oxidative damage on HSCs can impair their ability
to generate healthy blood cells, contributing to the
anemia and other complications seen in SCA.17-20
The HSC microenvironment, or niche, plays a
critical role in regulating HSC function. Oxidative
stress alters the HSC niche, disrupting the balance
between HSC self-renewal and differentiation. The
oxidative environment can affect both the niche
cells and the HSCs themselves, leading to a decline
in hematopoietic function and contributing to
disease severity.

responsible for the sickle shape of the red blood
cells but also generates oxidative stress. During
sickling, hemoglobin S aggregates to form long,
rigid fibers that deform the red blood cells, creating
a hypoxic environment that enhances oxidative
reactions. These reactions produce reactive oxygen
species (ROS) such as superoxide anions and
hydrogen peroxide, which contribute to oxidative
damage in red blood cells and other tissues.22-25
Hemolysis, the breakdown of red blood cells, is a
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common feature of SCA and a significant source of
oxidative stress.26 The lysis of sickled red blood
cells releases free hemoglobin into the bloodstream.
Free hemoglobin can degrade into methemoglobin,
which reacts with oxygen to produce hydrogen
peroxide and other ROS. This process exacerbates
oxidative stress and further damages -cellular
components, including lipids, proteins, and DNA.
SCA is characterized by chronic inflammation,
which  contributes to oxidative  stress.27
Inflammatory cells such as neutrophils and
macrophages release ROS as part of the
inflammatory response. This chronic inflammatory
state exacerbates oxidative damage to red blood
cells and other tissues. Pro-inflammatory cytokines,
including tumor necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6), promote the production of
ROS and further contribute to oxidative stress.

Oxidative stress in SCA leads to the damage of
cellular lipids, proteins, and DNA. Lipid
peroxidation, a process where ROS attack lipids in
cell membranes, results in the formation of lipid
peroxides and aldehydes, which disrupt membrane
integrity and function. Protein oxidation affects
enzymatic activity and structural integrity,
impairing cellular functions. DNA damage from
ROS can lead to mutations and genomic instability,
further complicating disease pathology.28-29 The

Phospholipid oxidation is a critical aspect of
oxidative stress in Sickle Cell Anemia (SCA),
affecting both red blood cells and hematopoietic
stem cells (HSCs).32 Phospholipid oxidation in
SCA is primarily driven by reactive oxygen species
(ROS) generated during sickling and hemolysis.
The oxidative stress environment leads to the
peroxidation of membrane lipids, a process where
ROS attack the polyunsaturated fatty acids in
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integrity of the red blood cell membrane is crucial
for maintaining cell shape and function. Oxidative
stress causes the oxidation of membrane lipids and
proteins, leading to increased membrane
permeability and the premature destruction of red
blood cells. This membrane damage contributes to
the hemolysis observed in SCA and exacerbates the
disease's symptoms. Nitric oxide (NO) is a
vasodilator that plays a protective role in the
vascular system. In SCA, oxidative stress leads to
the scavenging of NO by ROS, reducing its
availability and impairing vasodilation.30 This
disruption of NO homeostasis contributes to vaso-
occlusive crises and exacerbates the vascular
complications associated with SCA. Oxidative
stress significantly affects HSCs, leading to
impaired hematopoiesis and exacerbation of
SCA.31 ROS can damage HSCs directly, leading to
alterations in cell survival, proliferation, and
differentiation. This oxidative damage impacts the
ability of HSCs to maintain normal blood cell
production and contributes to the chronic anemia
observed in SCA. Oxidative stress induces DNA
damage in HSCs, which can lead to mutations and
genomic instability. This damage accelerates HSC
aging and reduces the regenerative capacity of the
hematopoietic system. The accumulation of DNA
damage in HSCs contributes to the decline in
hematopoietic function seen in SCA patients.

phospholipids, resulting in the formation of lipid
peroxides. These lipid peroxides are highly reactive
and can further damage cellular components,
including proteins and DNA. Phospholipid
peroxidation disrupts the structural integrity of cell
membranes. In red blood cells, this damage leads to
membrane rigidity, altered cell shape, and increased
susceptibility to hemolysis. Similarly, oxidative
damage to phospholipids affects HSCs, leading to
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membrane instability and impaired cellular
functions. The accumulation of oxidized
phospholipids can trigger inflammatory responses
and further exacerbate oxidative stress. Oxidative
stress-induced phospholipid peroxidation directly
affects HSC viability.33 Damaged phospholipids
disrupt the HSC membrane, leading to loss of
cellular integrity and apoptosis. The accumulation
of oxidized phospholipids can also interfere with
HSC proliferation and differentiation, essential
processes for maintaining normal hematopoiesis.
Phospholipid oxidation impairs HSC differentiation
by altering the signaling pathways involved in
hematopoiesis. Oxidative stress affects
transcription factors and cellular signaling cascades
that regulate HSC differentiation into various blood
cell lineages. Disruption of these pathways can lead
to an imbalance in hematopoiesis, contributing to
anemia and other hematological disorders observed
in SCA.

The HSC microenvironment, or niche, plays a vital
role in regulating HSC function.34 Oxidative stress
and phospholipid peroxidation affect the HSC niche
by altering the interactions between HSCs and niche
cells. This disruption can lead to changes in the
HSC microenvironment that adversely impact HSC
self-renewal and  differentiation = processes.
Phospholipid oxidation plays a role in the
pathogenesis of vaso-occlusive crises in SCA.35
Oxidative stress leads to the modification of cell
membranes and the release of pro-inflammatory
mediators. These changes contribute to endothelial
dysfunction, increased blood viscosity, and the

Oxidative stress plays a pivotal role in the
pathogenesis of Sickle Cell Anemia (SCA),
significantly impacting hematopoietic stem cells
(HSCs).38 Oxidative stress in SCA generates
reactive oxygen species (ROS) that cause direct
damage to HSC components. ROS, including

SRMAL OF
>

’\o(
=
)
=

230
formation of blood clots, which are central to the
development of vaso-occlusive crises. Phospholipid
oxidation interacts with other pathophysiological
factors in SCA, such as nitric oxide (NO)
scavenging and hemolysis.36 The oxidative
modification of phospholipids exacerbates these
factors, creating a feedback loop that worsens vaso-
occlusive crises and contributes to the overall
severity of SCA. Given the significant role of
phospholipid oxidation in SCA, antioxidant
therapies represent a promising approach for
mitigating oxidative damage.37 Antioxidants such
as vitamin E and SOD mimetics are being
investigated for their potential to reduce
phospholipid peroxidation and alleviate SCA
symptoms. These therapies aim to restore the
balance between ROS production and antioxidant
defenses, thereby protecting HSCs and improving
disease outcomes. Research is ongoing to develop
novel pharmacological agents that specifically
target oxidative stress and phospholipid oxidation
in SCA. These agents include inhibitors of lipid
peroxidation and modulators of oxidative stress
pathways. By targeting the mechanisms of
phospholipid oxidation, these drugs aim to protect
HSCs and improve hematopoietic function.
Combination therapies that integrate antioxidants
with other treatment modalities offer a strategic
approach for managing oxidative stress in SCA. By
combining antioxidants with traditional SCA
treatments such as hydroxyurea or blood
transfusions, these therapies aim to provide a
multifaceted approach to disease management.

superoxide anions, hydrogen peroxide, and
hydroxyl radicals, are byproducts of metabolic
processes and pathological events in SCA. These
ROS species induce oxidative damage to critical
cellular macromolecules such as lipids, proteins,
and DNA, leading to compromised HSC function.
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Lipid peroxidation is a key outcome of oxidative
stress, where ROS attack polyunsaturated fatty
acids in cell membranes. This process generates
lipid peroxides, which disrupt membrane integrity
and fluidity. In HSCs, lipid peroxidation can impair
cell membrane stability, affect cell signaling, and
lead to apoptosis. Oxidative stress leads to the
oxidation of cellular proteins, affecting their
structure and function. Oxidized proteins may lose
enzymatic activity, alter cellular signaling
pathways, and contribute to cellular dysfunction. In
HSCs, protein oxidation impairs essential functions
such as DNA repair and cell cycle regulation. ROS-
induced DNA damage in HSCs includes the
formation of 8-oxoguanine, single-strand breaks,
and cross-linking. This genetic damage can lead to
mutations, genomic instability, and compromised
stem cell function. Persistent DNA damage
contributes to the aging of HSCs and affects their
regenerative capacity.

Oxidative stress affects HSC wviability and
proliferation  through  various mechanisms,
including apoptosis and cell cycle arrest. Elevated
ROS levels in SCA lead to oxidative damage that
triggers cell death pathways and impairs the
proliferation of HSCs.39 Increased ROS levels can
induce apoptosis in HSCs through the activation of
pro-apoptotic signaling pathways. ROS-mediated
activation of caspases and mitochondrial
dysfunction are key mechanisms by which
oxidative stress leads to HSC apoptosis. Oxidative
stress-induced DNA damage can lead to cell cycle
arrest in HSCs. By activating checkpoints in the cell
cycle, HSCs may enter a quiescent state or undergo
senescence, reducing their ability to proliferate and
contribute to hematopoiesis. Oxidative stress
affects HSC differentiation and hematopoiesis by
altering key signaling pathways and transcription
factors involved in these processes. Oxidative stress
can disrupt HSC differentiation by modifying
signaling pathways and transcription factors that
regulate hematopoiesis. For example, oxidative
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stress can inhibit the expression of critical
transcription factors such as GATA-1 and PU.1,
leading to impaired differentiation into various
blood cell lineages.

Oxidative stress can cause an imbalance in
hematopoiesis by favoring the expansion of certain
cell types over others. For instance, oxidative stress
may promote the development of myeloid over
erythroid cells, contributing to the anemia and other
hematological abnormalities seen in SCA.40 The
HSC niche is a specialized microenvironment that
regulates HSC function. Oxidative stress can alter
the HSC niche by affecting interactions between
HSCs and niche cells, thereby influencing HSC
maintenance and function. Oxidative stress can
affect the interactions between HSCs and their
niche, which is composed of stromal cells,
extracellular matrix components, and signaling
molecules. Changes in the HSC niche can disrupt
the balance between HSC self-renewal and
differentiation. Oxidative stress can impair the
functions of niche cells, such as osteoblasts and
endothelial cells, which provide essential support
for HSCs. This impairment affects the niche's
ability to support HSC maintenance and function.
Antioxidant therapies aim to neutralize ROS and
reduce oxidative damage in HSCs. Agents such as
vitamin E, N-acetylcysteine, and superoxide
dismutase mimetics are being investigated for their
potential to protect HSCs from oxidative stress.
Novel pharmacological agents that specifically
target oxidative stress pathways are being
developed. These agents aim to reduce ROS
production, enhance antioxidant defenses, and
protect HSCs from oxidative damage. Combination
therapies that integrate antioxidants with other
treatment modalities offer a comprehensive
approach to managing oxidative stress in SCA.
These therapies aim to provide multifaceted
protection for HSCs and improve disease
outcomes.41-45
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Addressing oxidative stress in Sickle Cell Anemia
(SCA) represents a promising avenue for
therapeutic intervention.46 The multifaceted nature
of oxidative stress in SCA, involving reactive
oxygen species (ROS) production, lipid
peroxidation, and cellular damage, necessitates a
range of therapeutic strategies aimed at mitigating
oxidative damage and improving patient outcomes.
Vitamin E is a well-known antioxidant that
neutralizes ROS and prevents lipid peroxidation.
Clinical studies have demonstrated that vitamin E
supplementation can reduce oxidative stress in SCA
patients, improve red blood cell membrane stability,
and potentially reduce the frequency of vaso-
occlusive crises. N-Acetylcysteine (NAC) serves as
a precursor for glutathione, a major intracellular
antioxidant. NAC has been shown to reduce
oxidative stress and improve endothelial function in
SCA. By increasing cellular glutathione levels,
NAC mitigates ROS-induced damage and supports
antioxidant defenses. L-Arginine, a precursor of
nitric oxide (NO), has been explored for its
antioxidant properties. NO, produced from L-
Arginine, acts as a vasodilator and can alleviate
oxidative stress by scavenging ROS. L-Arginine
supplementation has been shown to improve blood
flow and reduce oxidative damage in SCA.47
Hydroxyurea, a well-established therapy for SCA,
exerts its effects through multiple mechanisms,
including the induction of fetal hemoglobin (HbF)
and reduction of oxidative stress. Hydroxyurea
enhances nitric oxide production, which helps to
counteract oxidative stress and improve red blood
cell deformability. Curcumin, a polyphenol derived
from turmeric, possesses potent antioxidant and
anti-inflammatory properties. Curcumin has been
shown to reduce oxidative stress in SCA by

Sickle Cell Anemia (SCA) is a complex genetic
disorder characterized by chronic hemolysis, vaso-
occlusive crises, and a range of systemic
complications. Central to the pathophysiology of
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decreasing ROS levels and modulating
inflammatory pathways. Statins, primarily used for
cholesterol management, also have antioxidant
effects. They reduce oxidative stress by inhibiting
the mevalonate pathway, which decreases ROS
production. Clinical trials have explored the use of
statins in SCA to improve endothelial function and
reduce oxidative damage.

Gene therapy aims to correct the genetic defect
responsible for SCA.48 Emerging approaches
include the use of gene editing techniques, such as
CRISPR/Cas9, to modify the B-globin gene and
increase HDF levels, which indirectly reduces
oxidative stress associated with sickling. Research
is ongoing into the development of antioxidant
enzyme mimetics, such as superoxide dismutase
(SOD) mimetics and catalase mimetics. These
agents aim to replicate the activity of endogenous
antioxidants and provide targeted protection against
ROS-induced damage. Pharmacological agents that
enhance NO production or mimic its effects
represent a novel therapeutic approach. Drugs like
nitrite or nitrates aim to increase NO bioavailability,
reduce oxidative stress, and improve vascular health
in SCA patients.49 Combination therapies that pair
antioxidants with traditional SCA treatments, such
as hydroxyurea or blood transfusions, offer a
comprehensive approach to managing oxidative
stress. These regimens aim to maximize therapeutic
benefits by targeting multiple aspects of disease
pathophysiology. Multimodal therapeutic strategies
that combine antioxidants, gene therapy, and
pharmacological agents represent a promising
future direction for SCA treatment. These
approaches aim to address both the genetic and
oxidative stress aspects of the disease.

SCA is oxidative stress, which drives much of the
disease's clinical manifestations and contributes to
hematopoietic stem cell (HSC) dysfunction.
Oxidative stress in SCA arises from the chronic
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breakdown of sickle hemoglobin, leading to
increased production of reactive oxygen species
(ROS). These ROS contribute to a cascade of
cellular damage, including lipid peroxidation,
protein oxidation, and DNA damage. The persistent
oxidative damage not only exacerbates anemia and
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