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Abstract

Redox regulation of hemoglobin plays a critical role in the pathophysiology of Sickle Cell Disease (SCD), a genetic
disorder marked by the presence of abnormal hemoglobin S (HbS). The altered redox state in SCD contributes
significantly to hemoglobin polymerization, oxidative stress, and the resultant cellular and tissue damage, which
underlies the clinical complications of the disease. This review explores the mechanisms of redox regulation in SCD,
focusing on the generation of reactive oxygen species (ROS), the role of antioxidant defense systems, and the impact
of oxidative stress on hemoglobin function. The dysregulation of redox pathways in SCD leads to the formation of
oxidative hemoglobin derivatives like methemoglobin, which impairs oxygen delivery and exacerbates sickling of red
blood cells (RBCs). Oxidative stress further contributes to hemolysis, endothelial dysfunction, and inflammation,
amplifying the disease's severity. This review also highlights potential therapeutic strategies targeting redox
regulation, including antioxidant supplementation, pharmacological agents that stabilize hemoglobin's redox state,
and gene therapy aimed at correcting the underlying genetic mutation in SCD.
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Introduction

Sickle Cell Disease (SCD) is a hereditary
hemoglobinopathy characterized by the presence
of abnormal hemoglobin S (HbS), which results
from a single point mutation in the B-globin gene.
This mutation, specifically the substitution of
valine for glutamic acid at the sixth position of the
B-globin chain, alters the physicochemical
properties of hemoglobin, leading to the
polymerization of deoxygenated HbS. This
polymerization causes red blood cells (RBCs) to
assume a sickle shape, which is rigid and prone to
causing blockages in small blood vessels. These
blockages result in vaso-occlusion, chronic
hemolysis, and a variety of severe clinical
manifestations, including pain crises, acute chest
syndrome, and organ damage. While much of the
research on SCD has focused on the structural and
genetic aspects of HbS, the role of redox
regulation in the disease’s pathophysiology is
gaining increased attention.'” Redox regulation
refers to the control of oxidation-reduction
(redox) reactions within the cell, which are vital
for maintaining cellular homeostasis. In SCD, the
redox balance is disrupted, leading to oxidative
stress—a condition characterized by the excessive
production of reactive oxygen species (ROS) and
the insufficient capacity of antioxidant defense
systems to neutralize them. The oxidative stress in
SCD exacerbates the sickling of RBCs,
contributes to hemolysis, and drives inflammation
and endothelial dysfunction. Consequently,
understanding the redox mechanisms at play in
SCD is crucial for unraveling the complexities of
the disease and developing targeted therapeutic
interventions.® !

Hemoglobin, the oxygen-carrying protein in
RBCs, plays a central role in the redox balance
within these cells. In its normal function,
hemoglobin undergoes periodic oxidation and
reduction as it binds and releases oxygen.
However, in SCD, the altered structure of HbS
makes it more susceptible to oxidative
modifications. This susceptibility is compounded
by the chronic hemolysis and ischemia-
reperfusion injury that are hallmarks of SCD,
leading to an elevated production of ROS. These
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ROS, in turn, can oxidize hemoglobin, forming
methemoglobin—a  non-functional form of
hemoglobin that cannot bind oxygen effectively.
The accumulation of methemoglobin and other
oxidized hemoglobin species further impairs
oxygen delivery and exacerbates the clinical
manifestations of SCD.'"'' The antioxidant
defense systems in SCD patients are often
overwhelmed by the continuous production of
ROS, leading to a persistent state of oxidative
stress. Key antioxidant molecules, such as
glutathione, superoxide dismutase (SOD), and
catalase, are crucial in neutralizing ROS and
maintaining redox homeostasis. However, studies
have shown that the levels of these antioxidants
are significantly reduced in SCD patients, partly
due to the chronic oxidative burden they face. The
depletion of these antioxidants not only allows for
the accumulation of ROS but also contributes to
the oxidative damage to hemoglobin and other
cellular components, further driving the
pathophysiology of SCD. "¢

In addition to the direct oxidative modifications of
hemoglobin, the redox imbalance in SCD has
broader implications for cellular function.
Oxidative stress can activate signaling pathways
that lead to inflammation, endothelial activation,
and apoptosis, all of which contribute to the
complications seen in SCD. For instance, the
oxidative damage to RBC membranes increases
their rigidity and adhesion to the endothelium,
promoting  vaso-occlusion.  Moreover, the
oxidative stress-induced activation of endothelial
cells and leukocytes exacerbates the inflammatory
response, creating a vicious cycle of damage and
dysfunction in SCD.?'* Given the central role of
redox regulation in the pathogenesis of SCD,
therapeutic strategies that target redox pathways
hold promise for improving clinical outcomes.
Antioxidant therapies, such as supplementation
with N-acetylcysteine (NAC) or vitamin E, aim to
restore the redox balance by boosting the body’s
natural defenses against ROS. Additionally,
pharmacological agents that stabilize the redox
state of hemoglobin or inhibit its polymerization
under hypoxic conditions are being explored as
potential treatments. Gene therapy, which aims to
correct the underlying genetic mutation in SCD,
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also has the potential to address the redox
imbalance by reducing the production of HbS and
consequently decreasing oxidative stress.”**° This
review aims to provide a comprehensive overview
of the redox regulation of hemoglobin in SCD,
exploring the mechanisms by which oxidative
stress influences hemoglobin function and
contributes to disease pathology.

Redox Regulation of Hemoglobin

Hemoglobin, the oxygen-carrying protein in red
blood cells (RBCs), undergoes continuous
oxidation-reduction (redox) reactions as part of its
normal function. In its physiological state,
hemoglobin exists primarily in two forms:
oxyhemoglobin (Fe2+ bound to 0O2) and
deoxyhemoglobin (Fe2+ unbound to O2). These
forms are involved in the reversible binding and
release of oxygen. However, hemoglobin can also
exist in other redox states, such as methemoglobin
(Fe3+), where the iron is oxidized and unable to
bind oxygen. The redox state of hemoglobin is
crucial for maintaining its functionality and
ensuring efficient oxygen transport.”'>> In Sickle
Cell Disease (SCD), the redox regulation of
hemoglobin is disrupted due to the presence of
hemoglobin S (HbS), which has a propensity to
polymerize under deoxygenated conditions. This
polymerization is not only a result of the altered
structural properties of HbS but is also
exacerbated by oxidative modifications. Oxidative
stress, driven by excessive production of reactive
oxygen species (ROS), leads to the formation of
oxidized  hemoglobin  species, including
methemoglobin. The conversion of hemoglobin to
methemoglobin impairs its ability to transport
oxygen, contributing to the clinical symptoms of
SCD, such as tissue hypoxia and pain crises.**>’
The balance between the oxidized and reduced
forms of hemoglobin is tightly regulated under
normal conditions, involving various cellular
mechanisms and antioxidant systems. Enzymes
such as NADH-cytochrome b5 reductase and
glutathione reductase play critical roles in
reducing methemoglobin back to its functional
form. In SCD, however, the increased oxidative
stress overwhelms these protective mechanisms,
leading to a higher prevalence of methemoglobin
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and other oxidized derivatives. This imbalance
not only affects oxygen delivery but also
exacerbates the sickling process, as oxidized
hemoglobin can enhance the polymerization of
Hbs 354

The impact of redox regulation on hemoglobin
function in SCD is multifaceted. Oxidative stress
can lead to the oxidation of specific amino acid
residues in hemoglobin, further destabilizing its
structure and promoting polymerization. For
example, oxidation of cysteine residues can lead
to the formation of disulfide bonds that contribute
to the rigidity and aggregation of HbS.
Additionally, the increased production of ROS in
SCD can cause oxidative damage to the RBC
membrane, further promoting hemolysis and
contributing to the overall oxidative burden of the
disease.””™* The therapeutic implications of redox
regulation in SCD are significant. Strategies
aimed at reducing oxidative stress and restoring
redox balance hold promise for alleviating some
of the disease’s complications. Antioxidant
therapies, such as the use of N-acetylcysteine
(NAC) or vitamin E, aim to enhance the body’s
ability to neutralize ROS and protect hemoglobin
from oxidative damage. Additionally,
pharmacological agents that stabilize the redox
state of hemoglobin or prevent its oxidative
modifications are being explored. These
approaches could potentially improve hemoglobin
function and reduce the severity of symptoms in
SCD patients.**°

Antioxidant Defense Mechanisms

The human body is equipped with a complex
antioxidant defense system designed to neutralize
ROS and prevent oxidative damage. In SCD,
however, these defenses are often overwhelmed
by the excessive production of ROS. Key
components of the antioxidant system include
enzymatic antioxidants, such as superoxide
dismutase (SOD), catalase, and glutathione
peroxidase (GPx), as well as non-enzymatic
antioxidants like glutathione, vitamin E, and
vitamin ~ C. These  antioxidants  work
synergistically to scavenge free radicals and
repair oxidatively damaged molecules.’'**In
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SCD, the activity of these antioxidant systems
may be impaired, leading to an accumulation of
ROS and increased oxidative stress. For instance,
studies have shown that the levels of glutathione,
a critical intracellular  antioxidant, are
significantly reduced in SCD patients. This
depletion is partly due to the chronic oxidative
burden imposed by hemolysis and the continuous
generation of ROS. The reduced availability of
glutathione impairs the ability of RBCs to
detoxify hydrogen peroxide, a major ROS,
resulting in further oxidative damage to
hemoglobin and other cellular components.”*

Oxidative Stress and Hemoglobin Function

Oxidative stress not only influences the
polymerization of HbS but also affects its overall
function. The oxidation of HbS can lead to the
formation of hemichromes, which are denatured
hemoglobin species that can bind to the RBC
membrane and promote cell rigidity and adhesion.
These oxidative modifications of hemoglobin
contribute to the mechanical instability of sickle
cells, making them more prone to hemolysis and
vaso-occlusion. Furthermore, the presence of
oxidized hemoglobin in the bloodstream can
trigger an inflammatory response, leading to the
activation of endothelial cells and the recruitment
of leukocytes, which exacerbate the vaso-
occlusive events in SCD.”>*® The oxidative
damage to hemoglobin also impairs its ability to
deliver oxygen to tissues effectively. The
formation of methemoglobin reduces the oxygen-
carrying capacity of RBCs, leading to tissue
hypoxia and subsequent ischemic injury. This
hypoxia, in turn, can induce further ROS
production, creating a vicious cycle of oxidative
stress and tissue damage in SCD. The impact of
oxidative stress on hemoglobin function
highlights the need for therapeutic interventions
that can protect hemoglobin from oxidative
damage and restore its normal function in SCD
patients.”’

Conclusion

The interplay between oxidative stress and
hemoglobin function is central to the pathology of
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Sickle Cell Disease (SCD), profoundly
influencing disease progression and clinical
manifestations. Oxidative stress in SCD arises
from an imbalance between reactive oxygen
species (ROS) production and antioxidant
defenses, leading to significant oxidative
modifications of hemoglobin. These
modifications, including the formation of
methemoglobin and the promotion of hemoglobin
S (HbS) polymerization, contribute to reduced
oxygen delivery, increased red blood cell (RBC)

destruction, and exacerbation of disease
symptoms. Oxidative damage impairs
hemoglobin's ability to transport oxygen
effectively, resulting in tissue hypoxia and

exacerbating the clinical features of SCD, such as
pain crises and organ damage. The disruption of
redox balance within RBCs creates a cycle of
oxidative  stress and  hemolysis, further
complicating the disease and impacting patient
quality of life. Understanding these mechanisms
is critical for developing targeted therapies that
address  oxidative damage and improve
hemoglobin function.
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