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Abstract

Sickle cell disease (SCD) is a chronic genetic disorder marked by recurrent hemolysis, anemia, and
vaso-occlusive events, all of which significantly elevate the body's metabolic and nutritional
demands. Among the critical nutritional parameters, nitrogen balance—reflecting the equilibrium
between nitrogen intake and excretion—emerges as a key indicator of protein metabolism and
tissue maintenance. Patients with SCD often face challenges in maintaining adequate nitrogen
balance due to chronic inflammation, increased erythropoietic drive, and elevated protein turnover,
particularly during disease exacerbations or infections. Negative nitrogen balance in SCD is
associated with several hematological complications, including impaired hemoglobin synthesis,
decreased red blood cell production, and weakened immune defense. The continuous need for red
blood cell replacement due to chronic hemolysis further amplifies the demand for amino acids,
making protein sufficiency essential for effective hematopoiesis. Furthermore, nitrogen depletion
can worsen the overall clinical picture by contributing to growth delays in children, reduced physical
endurance, and increased frequency of hospital admissions.
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Introduction

Sickle cell disease

anemia, and multi-organ
Eastern,

morbidity and mortality

intake—primarily  through

(SCD) is
hemoglobinopathy characterized by the presence of
sickle-shaped erythrocytes due to a mutation in the -
globin gene, resulting in the production of abnormal
hemoglobin S (HbS). This structural abnormality leads
to red blood cell deformation under deoxygenated
conditions, causing vaso-occlusion, chronic hemolytic
complications.
predominantly affects individuals of African, Middle
and Mediterranean descent,
advances in treatment, it remains a major contributor to
in affected populations.
Nutritional deficiencies, though often under-recognized,
significantly impact the clinical course of SCD 1-6. One of
the less explored but highly relevant aspects of
nutritional status in SCD is nitrogen balance. Nitrogen, a
fundamental component of amino acids and nucleotides,
is vital for cellular function, growth, and repair. Nitrogen
balance refers to the net difference between nitrogen
dietary  protein—and
nitrogen loss via urine, feces, sweat, and other bodily
excretions. A positive nitrogen balance is indicative of

Patients with SCD are particularly susceptible to a
negative nitrogen balance due to several interrelated
factors. Chronic hemolysis increases the demand for
erythropoiesis, which in turn escalates the requirement
for amino acids and other nutrients necessary for red
blood cell synthesis. Additionally, recurring infections,
systemic inflammation, oxidative stress, and frequent
hospitalizations contribute to hypermetabolism and
increased protein turnover. These factors collectively
shift the metabolic equilibrium toward a catabolic state,
exacerbating nitrogen loss and depleting protein
reserves critical for hematological function °-11. The
implications of a disrupted nitrogen balance in SCD
extend beyond basic nutrition. Inadequate protein
availability may hinder the synthesis of hemoglobin,
reduce erythrocyte lifespan, and impair bone marrow
function. This can lead to worsened anemia, decreased
immune response, and slower recovery from vaso-
occlusive crises or other complications. Moreover, in
pediatric populations, persistent nitrogen imbalance is
associated with growth retardation, delayed sexual
maturation, and poor neurocognitive development,
further underscoring the systemic consequences of poor
nitrogen homeostasis 1215,

an inherited

SCD

and despite

anabolic states such as growth, recovery, or pregnancy,
whereas a negative nitrogen balance denotes catabolism
and potential physiological deterioration 7-8.
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Understanding Nitrogen Balance

Nitrogen balance is a fundamental concept in clinical
nutrition and physiology, serving as a marker of protein
metabolism and overall nutritional status. It represents
the equilibrium between nitrogen intake—Ilargely
derived from dietary proteins—and nitrogen excretion,
which occurs primarily through urine in the form of
urea, but also through feces, sweat, skin desquamation,
and other minor losses. A positive nitrogen balance
indicates an anabolic state, where nitrogen intake
exceeds loss, supporting growth, tissue repair, and
recovery. In contrast, a negative nitrogen balance
suggests a catabolic state, where nitrogen losses exceed
intake, reflecting protein degradation and inadequate
nutritional support 16, In healthy individuals, nitrogen
balance fluctuates depending on physiological demands
such as growth (e.g, childhood, adolescence),
pregnancy, illness, or post-surgical recovery. The body
requires a constant supply of amino acids not only for
structural proteins but also for enzymes, hormones,
immunoglobulins, and hemoglobin. When dietary
protein intake is insufficient or when metabolic
demands are increased—as seen in chronic diseases like
sickle cell disease—the body begins to catabolize its
own proteins, leading to muscle wasting,
immunosuppression, and impaired erythropoiesis 17.

Measurement of nitrogen balance is typically performed
through dietary assessment and analysis of nitrogen
excretion, most commonly via 24-hour urinary urea
nitrogen (UUN). The calculation takes into account
estimated non-urinary nitrogen losses and helps
clinicians evaluate whether a patient is receiving
adequate protein. However, in settings like SCD, where
inflammation and oxidative stress alter metabolism,
interpreting nitrogen balance becomes more complex. It
is crucial to consider the disease-specific context, as SCD
patients may exhibit elevated basal metabolic rates and
protein turnover even in clinically stable states, thereby
necessitating higher protein intake to achieve nitrogen
equilibrium 18. In SCD, maintaining nitrogen balance is
particularly challenging due to persistent hemolysis,
increased erythropoietic activity, and frequent
inflammatory episodes. Each of these processes imposes
a substantial demand on amino acid pools, making
protein sufficiency a prerequisite for adequate
hematological function. Furthermore, nitrogen balance
is intimately linked to overall clinical outcomes in SCD—
negative nitrogen states are associated with increased
fatigue, reduced hemoglobin levels, higher susceptibility
to infections, and longer recovery periods from vaso-
occlusive crises 18.

Nitrogen Metabolism in Sickle Cell Disease

Nitrogen metabolism plays a pivotal role in maintaining
physiological homeostasis, particularly in conditions
marked by chronic inflammation, increased -cellular
turnover, and heightened metabolic demand—
hallmarks of sickle cell disease (SCD). In individuals
with SCD, the pathophysiology of the disease imposes a
substantial burden on protein metabolism due to the
continuous need for erythrocyte regeneration, tissue
repair, and immune function support. These processes

(2]
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necessitate a constant and elevated supply of amino
acids, making nitrogen metabolism a critical
determinant of health outcomes in this population 19-20,
One of the primary contributors to altered nitrogen
metabolism in SCD is the state of chronic hemolysis.
Hemolysis not only leads to anemia and reduced
oxygen-carrying capacity but also accelerates the
turnover of erythrocytes, thereby increasing the
demand for protein synthesis to replenish red blood
cells. This continuous erythropoietic drive consumes
large amounts of nitrogen in the form of amino acids
necessary for hemoglobin and cellular component
production. Inadequate dietary protein or inefficient
utilization of nitrogen can thus lead to a deficit, resulting
in negative nitrogen balance and its attendant
complications 21,

In addition to hemolysis, recurrent infections and vaso-
occlusive crises in SCD further compound nitrogen
losses through systemic inflammation and catabolic
stress. During these episodes, pro-inflammatory
cytokines such as interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-a) stimulate protein
breakdown in muscle tissue, divert amino acids away
from constructive processes like hematopoiesis, and
increase urinary nitrogen excretion. Fever, tissue
damage, and organ dysfunction may also impair
nutrient absorption and utilization, making it more
difficult to maintain a favorable nitrogen status 22-23, The
metabolic adaptations observed in SCD, including
elevated resting energy expenditure and increased
protein turnover, also affect nitrogen utilization. Several
studies have documented higher caloric and protein
needs in children and adults with SCD compared to
healthy controls, even during periods of clinical
stability. However, standard nutritional guidelines often
fail to reflect these heightened requirements, leading to
chronic undernutrition and suboptimal nitrogen
retention. This discrepancy contributes to poor growth,
delayed puberty, and reduced resilience against
oxidative and infectious insults 2425 From a biochemical
perspective, disruptions in nitrogen metabolism in SCD
also affect other physiological systems, including the
urea cycle, amino acid synthesis, and nitric oxide (NO)
production. Arginine, a semi-essential amino acid and a
key component of nitrogen metabolism, is often
depleted in SCD due to increased consumption in
hemolysis and inflammation. Arginine deficiency can
impair NO synthesis, contributing to endothelial
dysfunction and worsening vaso-occlusive phenomena.
These intricate interplays highlight how nitrogen
metabolism extends beyond nutritional status, directly
influencing vascular tone and hematologic stability in
SCD 26,

Hematological
Imbalance

Implications of Nitrogen

Nitrogen imbalance in individuals with sickle cell
disease (SCD) is not merely a nutritional concern; it has
direct and far-reaching hematological implications. The
continuous loss of nitrogen, when not matched by
adequate dietary intake, disrupts protein homeostasis
and undermines essential physiological processes
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involved in hematopoiesis. This imbalance contributes
significantly to the severity of anemia, immune
dysfunction, and delayed recovery from hematologic
insults commonly encountered in SCD 20. Hemoglobin
synthesis is one of the most nitrogen-intensive
biological processes. In SCD, where erythrocyte lifespan
is significantly shortened due to chronic hemolysis, the
bone marrow is under constant pressure to replenish
red blood «cells. A negative nitrogen balance
compromises the availability of amino acids—
particularly those required for globin chain synthesis—
thus limiting the capacity of the bone marrow to
produce functional erythrocytes. The result is persistent
or worsening anemia, even in the absence of overt
clinical crises. Inadequate protein status may also
impair the responsiveness to erythropoietin, further
blunting effective erythropoiesis 21. Moreover, nitrogen
imbalance adversely affects leukocyte function and
immune surveillance. Immune cells, particularly
lymphocytes and neutrophils, require adequate protein
substrates to support proliferation, antibody
production, cytokine synthesis, and cytotoxic activity. In
SCD, where individuals already face increased
susceptibility to infections due to functional asplenia
and chronic inflammation, suboptimal nitrogen status
can exacerbate immunodeficiency. This predisposes
patients to more frequent and severe infections, leading
to increased hospitalizations and prolonged disease
flares 22,

Platelet function and coagulation dynamics may also be
influenced by protein and nitrogen deficiencies.
Platelets rely on structural proteins and enzymatic
systems that are nitrogen-dependent. A compromised
nitrogen pool may impair platelet aggregation and
contribute to the dysregulation of the coagulation
cascade—factors that play a role in the pathogenesis of
vaso-occlusive crises. Additionally, the repair of
endothelial damage, a key process in preserving
vascular integrity in SCD, requires sufficient amino acids
for collagen formation and other reparative mechanisms
23, Nitrogen imbalance may also influence the redox
status of sickle cell patients. Antioxidant enzymes such
as glutathione peroxidase, superoxide dismutase, and
catalase are protein-based and require nitrogen for
their synthesis. In a state of nitrogen deficiency, the
capacity to synthesize these protective enzymes may be
diminished, leading to oxidative stress—a known
aggravator of erythrocyte sickling and hemolysis. This
creates a vicious cycle in which nitrogen imbalance
worsens oxidative damage, which in turn accelerates
hemolysis and protein turnover 24 In pediatric SCD
patients, nitrogen imbalance has been linked with
impaired growth and delayed developmental
milestones. These hematological and systemic
deficiencies not only reflect poor protein-nutritional
status but also impact the long-term prognosis of
affected children. Poor hemoglobin levels, immune
suppression, and slowed somatic growth cumulatively
reduce quality of life and functional capacity,
emphasizing the clinical urgency of addressing nitrogen
balance 25-26,

(3]
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Clinical and Nutritional Interventions

Effective management of nitrogen imbalance in sickle
cell disease (SCD) necessitates a multifaceted approach
that integrates clinical care with targeted nutritional
strategies. Due to the chronic catabolic state and
elevated protein turnover associated with SCD,
particularly during vaso-occlusive crises or infections,
conventional nutritional recommendations often fall
short of meeting the metabolic demands of these
patients. Clinical and dietary interventions must
therefore be proactive, personalized, and based on a
comprehensive understanding of individual needs [27-
29]. Clinically, routine assessment of nutritional status
should be incorporated into standard care for SCD
patients, including regular evaluations of serum protein
levels, body mass index (BMI), and markers of nitrogen
excretion, such as urinary urea nitrogen. Where feasible,
indirect calorimetry and nitrogen balance studies may
provide more accurate estimates of metabolic demand.
In patients with evidence of nitrogen deficit, medical
nutrition therapy should be initiated under the guidance
of dietitians experienced in hematologic and metabolic
disorders [30-32]. From a nutritional standpoint,
increasing dietary protein intake is the cornerstone of
restoring nitrogen balance. The recommended daily
allowance (RDA) for protein may need to be
significantly increased in SCD patients, particularly
during periods of increased stress or recovery. High-
biological-value proteins—such as those from eggs,
dairy, lean meats, fish, and legumes—should be
prioritized to ensure the supply of essential amino acids.
Supplemental formulations containing branched-chain
amino acids (BCAAs), glutamine, and arginine have also
been studied for their role in promoting nitrogen
retention and tissue repair, with promising but still
emerging evidence 33-34,

Micronutrient support plays a complementary role.
Zinc, folate, and vitamin B12 are crucial for DNA
synthesis, erythropoiesis, and immune function, all of
which are nitrogen-dependent processes. Ensuring
adequate intake of these nutrients can enhance the
effectiveness of protein utilization and support
hematopoietic function. Additionally, antioxidants such
as vitamins C and E may reduce oxidative stress,
indirectly lowering protein degradation and conserving
nitrogen stores 35. In severe or complicated cases—such
as hospitalized patients with poor oral intake,
malabsorption, or increased metabolic demands—
enteral or parenteral nutrition may be required. These
interventions must be carefully monitored to avoid
complications such as refeeding syndrome or fluid
overload. The choice of protein sources, the timing of
delivery, and the balance of macronutrients should be
tailored to the patient's clinical condition and recovery
goals 36, Importantly, education and counseling for
patients and caregivers are vital components of any
nutritional intervention. Empowering individuals with
SCD and their families to understand the importance of
dietary protein, hydration, and nutrient diversity can
lead to better compliance and long-term improvements
in health outcomes. Community-based programs and
school feeding initiatives may also play a role in
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supporting nutritional sufficiency, particularly in low-
resource settings where SCD is prevalent 37.

Conclusion

Nitrogen balance is a fundamental determinant of
hematological stability and overall health in individuals
with sickle cell disease (SCD). The chronic metabolic
demands imposed by hemolysis, inflammation, and
tissue repair processes render patients particularly
vulnerable to nitrogen deficits. When unaddressed,
nitrogen imbalance exacerbates anemia, impairs
immune function, delays growth and development, and
diminishes the body's capacity to withstand oxidative
and infectious stressors. These consequences
underscore the importance of integrating nitrogen
balance assessment and management into the
comprehensive care of SCD patients. Nutritional
strategies, including increased protein intake, targeted
amino acid supplementation, and micronutrient
support, can effectively restore nitrogen equilibrium
and enhance clinical outcomes. Additionally, proactive
clinical monitoring and individualized dietary planning
are essential to ensure that metabolic demands are met
across the disease spectrum—from childhood through
adulthood, and during both steady-state and crisis
periods.
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