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Abstract

Sickle Cell Anemia (SCA) is a genetic disorder marked by the production of abnormal hemoglobin S (HbS), leading
to the formation of sickle-shaped red blood cells under hypoxic conditions. This aberrant shape causes frequent
hemolysis and vaso-occlusion, contributing to the excessive generation of free radicals and subsequent oxidative
stress. Oxidative stress plays a pivotal role in the pathophysiology of SCA, driving inflammation, endothelial
dysfunction, and organ damage. This review explores the genetic and environmental factors that influence free radical
levels in SCA, providing insight into their contributions to disease severity and potential therapeutic strategies.
Genetic factors, including polymorphisms in antioxidant enzymes, variations in the heme oxygenase-1 (HO-1) gene,
and co-inheritance of a-thalassemia, significantly modulate free radical production and scavenging in SCA patients.
Additionally, fetal hemoglobin (HbF) levels influence oxidative stress by reducing HbS polymerization and sickling
events. Environmental factors, such as nutritional status, exposure to pollutants, and physical and psychological
stress, further impact oxidative stress levels, exacerbating the clinical manifestations of SCA.
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Introduction sickle shape. These sickle-shaped cells are less

flexible and more prone to hemolysis, leading to a
Sickle Cell Anemia (SCA) is a hereditary blood cascade of complications, including chronic
disorder resulting from a mutation in the B-globin anemia, vaso-occlusive crises, and progressive
gene that leads to the production of abnormal organ damage. The clinical severity of SCA is
hemoglobin known as hemoglobin S (HbS). highly variable, with patients experiencing a wide
Unlike normal hemoglobin, HbS tends to range of symptoms from mild to severe, largely
polymerize under low oxygen conditions, causing inﬂuen(iesd by both genetic and environmental
red blood cells (RBCs) to assume a characteristic factors. ™ One of the critical pathological features

45



Int. J. Curr. Res. Med. Sci. (2024). 10(8): 45-52

of SCA 1is the excessive production of free
radicals, particularly reactive oxygen species
(ROS), which are highly reactive molecules with
unpaired electrons.’ Free radicals are generated as
a byproduct of normal cellular metabolism, but in
SCA, their production is significantly elevated
due to several disease-related processes.” These
include recurrent hemolysis, ischemia-reperfusion
injury, and chronic inflammation, all of which
contribute to a state of oxidative stress. Oxidative
stress occurs when the balance between the
production of free radicals and the body's ability
to neutralize them with antioxidants is disrupted,
leading to cellular and tissue damage.The role of
oxidative stress in SCA is profound, as it
exacerbates many of the disease's complications.®
For example, ROS can damage the endothelium,
the inner lining of blood vessels, promoting the
adhesion of sickle cells and other blood elements,
which further impairs blood flow and contributes
to vaso-occlusion. Moreover, oxidative stress is
closely linked to inflammation, creating a vicious
cycle where increased ROS levels amplify
inflammatory responses, leading to further tissue
injury and exacerbating SCA  symptoms.
Understanding the factors that influence free
radical levels in SCA is therefore crucial for
managing the disease and improving patient
outcomes.’ "

Genetic factors play a significant role in
determining the extent of oxidative stress in
SCA.'"* Polymorphisms in genes encoding
antioxidant enzymes, such as glutathione
peroxidase (GPx) and superoxide dismutase
(SOD), can affect the efficiency of free radical
scavenging, thereby influencing the overall
oxidative burden in patients. Additionally,
variations in the heme oxygenase-1 (HO-1) gene,
which encodes an enzyme involved in the
degradation of heme, have been shown to
modulate oxidative stress levels. The co-
inheritance of other genetic traits, such as o-
thalassemia and elevated fetal hemoglobin (HbF)
levels, also plays a protective role by reducing the
extent of hemolysis and the subsequent
production of ROS.Environmental factors are
equally important in influencing free radical
levels in individuals with SCA."” Nutritional
status, particularly the intake of antioxidants, can
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either exacerbate or mitigate oxidative stress.
Diets low in antioxidants may leave patients more
vulnerable to  oxidative damage, while
antioxidant-rich diets can help neutralize excess
free radicals. Exposure to environmental
pollutants, such as air pollution and heavy metals,
is another significant factor, as these substances
can directly increase ROS production or deplete
the body’s antioxidant defenses. Additionally,
physical and psychological stressors have been
shown to elevate oxidative stress by increasing
metabolic demand and altering stress hormone
levels.

Free Radicals and Oxidative Stress in Sickle
Cell Anemia

Free radicals, particularly reactive oxygen species
(ROS), are unstable molecules that contain
unpaired electrons, making them highly reactive
with cellular components such as lipids, proteins,
and DNA.' In healthy individuals, ROS are
produced as byproducts of normal cellular
metabolism, especially during mitochondrial
respiration. The body has evolved a complex
antioxidant defense system, including enzymes
like superoxide dismutase (SOD), catalase, and
glutathione peroxidase (GPx), to neutralize excess
ROS and prevent cellular damage. However, in
Sickle Cell Anemia (SCA), the production of free
radicals is significantly elevated due to several
pathophysiological mechanisms, overwhelming
the body's antioxidant defenses and leading to
oxidative stress.'” ' Oxidative stress in SCA is
primarily driven by chronic hemolysis and
ischemia-reperfusion injury, which are hallmark
features of the disease.”” During hemolysis, the
breakdown of sickle red blood cells releases free
hemoglobin and heme into the circulation. Free
heme and hemoglobin can catalyze the production
of ROS through Fenton chemistry, where ferrous
iron reacts with hydrogen peroxide to produce
highly reactive hydroxyl radicals. These ROS can
damage cellular membranes through lipid
peroxidation, leading to further hemolysis and the
release of additional heme, creating a self-
perpetuating cycle of oxidative damage.Ischemia-
reperfusion injury is another major contributor to
oxidative stress in SCA.” Due to the occlusion of
small blood vessels by sickle cells, tissues often
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experience episodes of ischemia (lack of oxygen),
followed by reperfusion (restoration of blood
flow). During ischemia, the lack of oxygen
reduces the activity of the mitochondrial electron
transport chain, leading to the accumulation of
partially reduced oxygen species. When blood
flow is restored, a sudden burst of ROS is
generated, causing extensive oxidative damage to
the endothelium and surrounding tissues. This
injury further promotes the adhesion of sickle
cells to the endothelium, exacerbating vaso-
occlusion and perpetuating the cycle of oxidative
stress.**?’

The excessive ROS production in SCA has
widespread pathological consequences.®
Oxidative damage to the endothelium impairs
nitric oxide (NO) signaling, a key regulator of
vascular tone and blood flow. Reduced NO
bioavailability leads to vasoconstriction and
contributes to the pro-inflammatory and pro-
thrombotic state observed in SCA patients.
Furthermore, oxidative stress induces the
expression of adhesion molecules on endothelial
cells and leukocytes, facilitating the interaction
between sickle cells, white blood cells, and the
endothelium, which plays a central role in the
development of  vaso-occlusive  crises.”” ™
Additionally, oxidative stress in SCA has been
linked to chronic inflammation, which further
exacerbates the disease.”> ROS can activate
nuclear factor kappa B (NF-xB), a transcription
factor that regulates the expression of pro-
inflammatory  cytokines, chemokines, and
adhesion molecules. The resulting inflammatory
response not only contributes to tissue damage but
also promotes the recruitment of more immune
cells to sites of injury, creating a feedback loop
that sustains the inflammatory and oxidative
stress environment in SCA.

Genetic Factors
Levels in SCA

Influencing Free Radical

The variability in clinical severity observed in
individuals with Sickle Cell Anemia (SCA) is
significantly influenced by genetic factors that
modulate the production and scavenging of free
radicals.** Several genetic polymorphisms and co-
inherited conditions have been identified as key
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determinants in the regulation of oxidative stress,
which plays a crucial role in the pathophysiology
of SCA.One of the primary genetic factors
influencing free radical levels in SCA is the
polymorphism in genes encoding antioxidant
enzymes.”> For example, variations in the
superoxide dismutase (SOD) gene can lead to
differences in the enzyme's ability to convert
superoxide radicals into hydrogen peroxide, a less
reactive species. Similarly, polymorphisms in the
glutathione peroxidase (GPx) and catalase genes,
which are responsible for detoxifying hydrogen
peroxide, can alter the efficiency of ROS
neutralization. Patients with less effective variants
of these enzymes may have higher levels of
oxidative stress, contributing to more severe
disease manifestations, including increased
frequency of vaso-occlusive crises and organ
damage.Another important genetic factor is the
variation in the heme oxygenase-1 (HO-1) gene.
HO-1 is an inducible enzyme that plays a
protective role by degrading free heme into
biliverdin, carbon monoxide, and ferrous iron, all
of which have anti-inflammatory and antioxidant
effects.”® Polymorphisms in the promoter region
of the HO-1 gene can affect the level of enzyme
expression. Individuals with variants that lead to
lower HO-1 expression may experience higher
levels of free heme and subsequently greater
oxidative stress. On the other hand, those with
high HO-1 expression may have a protective
advantage against oxidative damage, resulting in
milder disease severity.

The co-inheritance of a-thalassemia, a genetic
condition characterized by the reduced production
of alpha-globin chains, also influences free radical
levels in SCA. Patients with SCA who co-inherit
a-thalassemia tend to have lower levels of
hemolysis and reduced intravascular free
hemoglobin, which in turn reduces the production
of ROS. This co-inheritance can lead to a milder
clinical phenotype in SCA patients, with fewer
vaso-occlusive crises and lower rates of organ
damage. The protective effect of a-thalassemia is
thought to arise from the reduced availability of
hemoglobin to undergo polymerization and
sickling, thereby lowering oxidative stress.’’>’
Fetal hemoglobin (HbF) levels also play a
significant role in modulating oxidative stress in
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SCA. HbF, which is composed of two alpha and
two gamma chains, does not participate in the
polymerization process that leads to sickling.
Higher HbF levels, often influenced by genetic
variations in the BCL11A and HBB genes, are
associated with fewer sickling events, reduced
hemolysis, and lower ROS production.
Consequently, patients with elevated HbF levels
typically experience less oxidative stress and
milder disease symptoms. This protective effect
of HbF has led to the development of therapies
aimed at increasing HbF levels, such as the use of
hydroxyurea, which also has antioxidant
properties.**  Furthermore, the  genetic
background of patients, including haplotypes of
the B-globin gene cluster, can influence the
overall oxidative burden in SCA. Certain
haplotypes, such as the Senegal and Saudi-Indian
haplotypes, are associated with higher HbF levels
and milder disease severity, while others, like the
Central African Republic (CAR) haplotype, are
linked to lower HbF levels and more severe
clinical outcomes. These genetic differences
underscore the complexity of oxidative stress
regulation in SCA and the importance of
personalized approaches to treatment.

Environmental Factors
Radical Levels in SCA

Influencing Free

Environmental factors play a significant role in
modulating free radical levels and oxidative stress
in individuals with Sickle Cell Anemia (SCA).
These factors can either exacerbate or mitigate the
oxidative damage that contributes to the
pathophysiology of the disease.One of the most
impactful environmental factors is nutritional
status, particularly the intake of antioxidants.
Diets rich in antioxidants, such as vitamins C and
E, selenium, and flavonoids, can help neutralize
excess reactive oxygen species (ROS) and reduce
oxidative stress in SCA patients. Antioxidants
work by donating electrons to free radicals,
thereby stabilizing them and preventing cellular
damage. Conversely, a diet low in antioxidants
may leave SCA patients more vulnerable to
oxidative damage, exacerbating symptoms such
as  vaso-occlusive  crises and  chronic
inflammation. For instance, vitamin E deficiency
has been associated with increased oxidative
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stress and hemolysis in SCA  patients,
underscoring the importance of adequate
antioxidant intake.***Exposure to environmental
pollutants is another critical factor that influences
free radical levels in SCA.* Pollutants such as air
pollution, heavy metals (e.g., lead, cadmium), and
industrial chemicals can increase ROS production
directly or indirectly by depleting the body's
antioxidant  defenses.  Airborne  pollutants,
particularly particulate matter and ozone, have
been shown to exacerbate respiratory issues and
increase oxidative stress in individuals with
chronic diseases, including SCA. These pollutants
can induce oxidative damage in the lungs and
systemic circulation, further contributing to the
overall oxidative burden in SCA patients.
Moreover, heavy metals can interfere with the
normal function of antioxidant enzymes, such as
glutathione peroxidase, reducing the body’s
ability to counteract oxidative stress.

Physical and psychological stressors also
significantly impact free radical levels in SCA.™
Physical stress, such as strenuous exercise, can
increase  metabolic demand and oxygen
consumption, leading to a rise in ROS production.
While moderate exercise can have beneficial
effects, excessive physical exertion can
overwhelm the body’s antioxidant defenses,
particularly in SCA patients who are already
prone to oxidative stress. Psychological stress, on
the other hand, triggers the release of stress
hormones like cortisol and catecholamines, which
can increase ROS production and exacerbate
oxidative stress. Chronic stress has been linked to
increased inflammation and a higher incidence of
vaso-occlusive crises in SCA patients, indicating
a strong interaction between stress and oxidative
damage.”'™ Infection is another environmental
factor that can dramatically elevate free radical
levels in SCA.’® Infections, particularly bacterial
and viral infections, provoke an immune response
that leads to the production of ROS as part of the
body's defense mechanism. While this oxidative
burst is essential for killing pathogens, it can also
cause collateral damage to host tissues, especially
in SCA patients who are already experiencing
elevated oxidative stress. The increased ROS
production during infections can exacerbate
hemolysis, endothelial dysfunction, and
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inflammation, leading to a worsening of SCA
symptoms. Preventive measures, such as
vaccinations and prompt treatment of infections,
are therefore crucial for minimizing oxidative
stress in SCA patients.Hydration status and
temperature extremes are additional
environmental factors that influence oxidative
stress in SCA.” Dehydration can lead to
hemoconcentration, which increases the viscosity
of blood and promotes sickling, thereby
enhancing oxidative stress. Staying well-hydrated
is essential for maintaining blood flow and
reducing the risk of vaso-occlusive crises.
Temperature extremes, whether hot or cold, can
also impact free radical levels. Heat stress can
lead to dehydration and increased metabolic
activity, while cold exposure can cause
vasoconstriction, both of which can exacerbate
oxidative stress in SCA patients. Managing
environmental exposure by maintaining a stable
and comfortable environment is important for
reducing oxidative damage in SCA.

Conclusion

Sickle Cell Anemia (SCA) is a complex genetic
disorder characterized by chronic hemolysis,
vaso-occlusion, and inflammation, all of which
are intricately linked to elevated levels of free
radicals and oxidative stress. The interplay
between genetic and environmental factors
significantly influences the extent of oxidative
damage, which in turn affects the clinical severity
of SCA. Genetic polymorphisms in antioxidant
enzymes, variations in the heme oxygenase-1
gene, co-inheritance of conditions like o-
thalassemia, and fetal hemoglobin levels are
critical determinants of the oxidative burden in
SCA patients. These genetic factors, when
combined with environmental influences such as
nutritional status, exposure to pollutants, physical
and psychological stress, infections, hydration,
and temperature extremes, can either exacerbate
or mitigate the oxidative stress experienced by
individuals with SCA.
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