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ABSTRACT

Background: Hemoglobin is a crucial protein in red blood cells, central to oxygen transport and delivery to tissues across the
body. Variations in hemoglobin levels can significantly impact the function and health of various organs and systems. Both
high and low hemoglobin levels are linked to a spectrum of physiological changes and are associated with various health
outcomes. Understanding these effects is essential for advancing patient care and improving health outcomes through targeted
management strategies.

Objective: This review aims to explore the impact of hemoglobin levels on the function of various human organs and body
systems.

Findings: The review details how hemoglobin levels influence organ function through diverse physiological mechanisms.
Abnormal hemoglobin levels are associated with cardiovascular diseases, respiratory and renal disorders, neurological
impairments, gastrointestinal issues, metabolic conditions, and genetic diseases. By examining the intricate pathways through
which hemoglobin affects organ health, this review supports the development of strategies for early detection, prevention, and
management of hemoglobin-related health issues, thereby enhancing patient care.

Conclusion: This review emphasizes the importance of hemoglobin levels as a key determinant of organ function and health
across different stages of life.

Keywords: Anemia, cardiovascular diseases, hemoglobin, human organ function, metabolic disorders, oxygen transport, red
blood cells.
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INTRODUCTION

Hemoglobin, a crucial protein found in red blood cells, plays an essential role in transporting oxygen from the lungs to various tissues
and organs in the body (1). By ensuring efficient oxygen delivery, hemoglobin is instrumental in supporting cellular respiration, energy
production, and blood pressure regulation. Additionally, hemoglobin contributes to thermal regulation by distributing heat throughout
the body, which helps maintain a stable temperature necessary for optimal physiological functions (2). Another key function of
hemoglobin includes transporting nitric oxide, a signaling molecule involved in vasodilation and blood flow regulation (3). Maintaining
balanced hemoglobin levels is essential for human health, as both elevated and deficient levels are associated with a range of symptoms
and health risks. Monitoring hemoglobin levels and managing underlying health conditions are critical for overall wellness. This review
delves into the structure and function of hemoglobin and examines its significant effects on human health.

1.1 Structure and Functions of Hemoglobin

Hemoglobin is structured to optimize its primary function: oxygen transport. This globular protein consists of four subunits, each
containing a heme group with an iron ion at its center. In adult humans, two alpha and two beta globin chains comprise the majority of
hemoglobin, though variations exist across species and developmental stages. The heme group within each globin subunit enables
hemoglobin to bind oxygen reversibly, allowing each molecule to carry up to four oxygen molecules—one per heme group. This
reversible binding facilitates efficient oxygen loading in the lungs and release in tissues where oxygen levels are low (4-6). Hemoglobin's
ability to adjust its oxygen affinity in response to changing physiological conditions is essential for tissue oxygenation. Factors such as
pH, temperature, and the concentrations of carbon dioxide and other molecules influence hemoglobin's oxygen-binding affinity (7, 8).
For instance, the Bohr effect describes how an increase in acidity (decreased pH) or carbon dioxide concentration reduces hemoglobin's
affinity for oxygen, promoting oxygen release where it is most needed in tissues (9). Hemoglobin also serves as a blood buffer by binding
hydrogen ions produced during bicarbonate formation, helping stabilize blood pH (10).

1.2 Allosteric Models of Hemoglobin

Allosteric models describe how oxygen binding to one hemoglobin subunit influences the oxygen affinity of other subunits. The Monod-
Wyman-Changeux (MWC) model, or "concerted model," and the "sequential model" proposed by Perutz, are the most recognized
allosteric models of hemoglobin behavior (11, 12). Both models provide insights into hemoglobin’s cooperative oxygen-binding
mechanism. The MWC model posits that hemoglobin exists in two states: the tense (T) state and the relaxed (R) state, with the R state
exhibiting a higher oxygen affinity. In the absence of oxygen, hemoglobin predominantly exists in the T state. However, when oxygen
binds to one subunit, a conformational shift moves hemoglobin to the R state, increasing the affinity of the remaining subunits for
oxygen and facilitating additional binding. Conversely, when oxygen is released, hemoglobin reverts to the T state, reducing oxygen
affinity across subunits (12-14). The sequential model suggests that each hemoglobin subunit undergoes conformational changes upon
oxygen binding, which incrementally affects neighboring subunits' affinity without strict T and R states. When oxygen binds to one
subunit, it assumes an R-like conformation, stabilizing nearby subunits in a similar state and enhancing oxygen binding. When oxygen
is released, the R-like conformation destabilizes, promoting oxygen release from adjacent subunits (12, 15, 16).

1.3 Factors Affecting Hemoglobin Levels

Several physiological and pathological factors influence hemoglobin levels, making it a valuable biomarker in medical practice. Age,
gender, nutrition, chronic conditions, and genetics all play roles in determining hemoglobin concentration. Typically, hemoglobin levels
increase from childhood to adulthood and are generally higher in adult males than females, mainly due to hormonal differences and
menstrual cycles in females (17, 18). Adequate intake of iron, vitamin B12, folate, and copper is vital for hemoglobin synthesis, while
deficiencies in these nutrients can result in anemia (19). Iron deficiency, one of the most common causes of low hemoglobin globally,
can arise from insufficient dietary intake, blood loss, or impaired iron absorption due to medical conditions (20, 21). Chronic diseases
such as chronic kidney disease, cancer, and inflammatory conditions can also affect hemoglobin levels by altering red blood cell
production or lifespan (22, 23). Genetic factors, including thalassemia (24) and sickle cell disease (25), may disrupt hemoglobin structure
or production, resulting in abnormal hemoglobin levels and anemia.
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1.4 Environmental factors

Environmental factors, such as altitude, can induce adaptive increases in hemoglobin to compensate for reduced oxygen availability.
This adaptation enhances oxygen transport in tissues at higher altitudes (26). During pregnancy, hemoglobin levels typically decrease
due to increased blood volume and iron requirements, which can lead to iron-deficiency anemia if nutritional intake is inadequate (27).
Medications, including certain antiretroviral and chemotherapy drugs, can lower hemoglobin levels by impairing red blood cell
production or promoting red blood cell breakdown. Treatments such as blood transfusions and erythropoiesis-stimulating agents may
temporarily increase hemoglobin in patients with anemia (28). Acute blood loss from trauma, surgery, or gastrointestinal bleeding can
cause sudden decreases in hemoglobin, potentially necessitating hemostatic interventions to restore blood volume and prevent anemia-
related complications. In clinical settings, hemoglobin levels are routinely monitored to assess blood loss, guide treatment, and evaluate
response to therapy in patients with anemia, chronic conditions, or cancer (29, 30).

1.5 Diseases Associated with Hemoglobin

Variations in hemoglobin levels significantly impact physiological functions and overall health, with abnormalities linked to various
diseases and syndromes. Hemoglobin-related disorders include both acquired and hereditary conditions that alter hemoglobin’s
production, structure, or function.

1.5.1 Sickle Cell Disease

Sickle cell disease (SCD) is an inherited blood disorder characterized by the presence of hemoglobin S (HbS), an abnormal variant of
hemoglobin. Under conditions such as low oxygen levels or dehydration, this genetic mutation causes red blood cells to stiffen and
adopt a sickle or crescent shape. SCD is autosomal recessive, requiring an individual to inherit two faulty hemoglobin genes, one from
each parent, to manifest symptoms. Carriers of a single mutated gene exhibit sickle cell trait and typically remain asymptomatic (31).
In individuals with SCD, HbS molecules polymerize, causing red blood cells to become rigid and sticky, leading to clumping and
blockages in blood vessels. This results in painful vaso-occlusive crises, where blood flow is obstructed, causing tissue damage and
intense pain, often triggered by dehydration, infections, stress, or exposure to cold (32, 33). Sickle-shaped red blood cells have a
shortened lifespan, leading to hemolytic anemia. Patients may experience complications such as acute chest syndrome, presenting with
fever, cough, and chest pain, which can progress to respiratory failure and is a leading cause of mortality in SCD (34). Additionally,
abnormal blood flow in SCD can impair oxygen delivery to the brain, increasing stroke risk, particularly in children. Patients with SCD
are also at higher risk for bacterial infections due to impaired spleen function, and growth delays and cognitive challenges are common
in affected children (35).

1.5.2 Thalassemia

Thalassemia is a group of genetic blood disorders caused by mutations affecting hemoglobin production. These mutations disrupt the
synthesis of one or more globin chains in hemoglobin, resulting in reduced oxygen-carrying capacity (36). Alpha thalassemia results
from mutations in one or more of the four alpha-globin genes. The severity of alpha thalassemia varies, ranging from silent carriers to
hemoglobin H disease and the most severe form, hydrops fetalis, which is incompatible with life (37). Beta thalassemia arises from
mutations in one or both beta-globin genes, with severity dependent on the mutation type. The most severe form, beta thalassemia major
(Cooley’s anemia), requires regular blood transfusions for survival. Beta thalassemia intermedia presents with less severe symptoms,
though transfusions may still be needed, while beta thalassemia minor usually causes mild anemia and requires minimal or no treatment
(38). Genetic counseling is recommended for individuals with thalassemia to assess reproductive options and transmission risk to future
generations (39).

1.5.3 Iron Deficiency Anemia

Iron deficiency anemia (IDA) is the result of insufficient iron, a key component of hemoglobin. Without adequate iron, hemoglobin
production decreases, reducing oxygen delivery to tissues and causing fatigue, weakness, and pallor. IDA is characterized by microcytic
(small) and hypochromic (pale) red blood cells, a consequence of the bone marrow’s inability to produce sufficient hemoglobin (40, 41).
Inadequate dietary iron intake is a common cause of IDA, especially in populations with limited access to iron-rich foods (21). Chronic
blood loss, including menstrual bleeding, gastrointestinal bleeding, or parasitic infections, can further reduce iron levels. Populations
with increased iron needs, such as pregnant women, infants, and growing children, are particularly susceptible to IDA (42). Symptoms
of IDA include fatigue and pallor due to reduced oxygen transport and impaired energy production, highlighting the importance of
sufficient iron for maintaining hemoglobin levels (43).
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1.5.4 Sideroblastic Anemia

Sideroblastic anemia is a disorder characterized by defective heme synthesis in the bone marrow, leading to iron accumulation in
erythroid precursor cells’ mitochondria. The hereditary form of sideroblastic anemia often manifests in childhood and may result from
mutations in genes involved in heme synthesis, such as ALAS2, which encodes the enzyme aminolevulinate synthase 2. The acquired
form, typically appearing in adulthood, can be induced by factors like vitamin B6 deficiency, alcoholism, myelodysplastic syndromes
(MDS), exposure to toxins, or certain medications (44). Defective heme synthesis in sideroblastic anemia disrupts iron incorporation
into heme, causing iron to accumulate within mitochondria. When stained with Prussian blue, bone marrow specimens from affected
individuals display siderotic granules due to iron buildup, a hallmark finding of sideroblastic anemia (45).

1.5.5 Hemolytic Anemia

Hemolytic anemia is characterized by the premature destruction of red blood cells, which can occur within the liver, spleen, or
bloodstream. Intrinsic hemolytic anemia results from red blood cell abnormalities, such as in thalassemia, SCD, and hereditary
spherocytosis. Extrinsic hemolytic anemia is caused by external factors, including autoimmune reactions, infections, or exposure to
drugs and toxins (46, 47). A peripheral blood smear in hemolytic anemia may reveal schistocytes (fragmented red blood cells) and an
elevated reticulocyte count, reflecting increased red blood cell production. Laboratory findings include elevated lactate dehydrogenase
(LDH) and indirect bilirubin levels, markers of increased hemolysis (48, 49).

1.5.6 Anemia of Chronic Disease

Anemia of chronic disease (ACD), or anemia of inflammation, commonly occurs with chronic inflammatory conditions such as cancer,
autoimmune diseases, chronic infections, and inflammatory disorders. ACD involves impaired erythropoiesis and disruptions in iron
metabolism due to prolonged inflammation. Inflammatory cytokines like TNF-alpha, IL-1, and IL-6 play key roles in ACD by reducing
erythropoietin production and inhibiting its bone marrow response (50, 51). ACD is associated with various chronic conditions, including
hepatitis, HIV, tuberculosis, and autoimmune diseases like rheumatoid arthritis. Certain cancers, especially those involving chronic
inflammation, are also linked to ACD, as is chronic kidney disease (CKD), where inflammation and reduced erythropoietin production
contribute to anemia (52, 53). Typical findings in ACD include low hemoglobin levels, normal or slightly reduced serum iron, low
transferrin saturation, normal or elevated ferritin, and increased markers of inflammation, such as erythrocyte sedimentation rate (ESR)
and C-reactive protein (CRP) (54).

1.5.7 Polycythemia Vera

Polycythemia vera (PV) is a rare, chronic myeloproliferative disorder characterized by the excessive production of red blood cells
(erythrocytosis), along with increased white blood cells and platelets. This overproduction results in increased blood volume and
viscosity, which heightens the risk of thrombosis (blood clots) and hemorrhage (55). PV stems from a clonal expansion of hematopoietic
stem cells, primarily driven by mutations in the JAK2 (Janus kinase 2) gene, particularly the JAK2 V617F mutation. This mutation
activates the JAK-STAT signaling pathway, leading to uncontrolled proliferation and survival of blood cell progenitors (56, 57).
Diagnostic findings for PV include elevated hemoglobin and hematocrit levels, increased white blood cell and platelet counts, and the
presence of the JAK2 V617F mutation in bone marrow or peripheral blood. Bone marrow biopsy may reveal hypercellularity, reflecting
an excess of erythroid, myeloid, and megakaryocytic cells (58).

CONCLUSION

This review underscores the intricate and dynamic role of hemoglobin in human health, extending beyond its traditional association with
oxygen transport and cardiovascular function. Hemoglobin impacts a diverse range of physiological processes, including immune
response, cognitive function, and endocrine balance, highlighting its relevance across multiple health domains. Genetic factors,
environmental exposures, lifestyle choices, and concurrent health conditions further influence hemoglobin levels, adding layers of
complexity to its clinical implications. These findings emphasize the need for a personalized approach in assessing, diagnosing, and
managing hemoglobin-related conditions, recognizing the unique interplay between hemoglobin and overall health.
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