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Abstract

Hemoglobin plays a central role in oxygen transport, carbon dioxide removal, acid-base balance maintenance, of cellular homeostasis in humans. Its structural
characteristics and biochemical properties are essential for physiological adaptation in both health and disease. Alterations in hemoglobin concentration, molecular
structure, or biological function are associated with a wide range of clinical conditions, including anemia, thalassemia, hemoglobinopathies, inflammatory disorders,
kidney disease, and chronic degenerative conditions. This review provides an updated overview of the biological functions, molecular mechanisms, regulatory pathways,
diagnostic significance, and clinical applications of hemoglobin. A comprehensive review of the literature was conducted, covering scientific publications from 2000 to
2025, including research from the fields of molecular biology, clinical hematology, pathophysiology, and translational medicine. The purpose of this review is to support a

better understanding of hemoglobin as a clinical biomarker, with relevance for early diagnosis, disease monitoring, and personalized medicine.

Abbreviations

RBCs: Red Blood Cells; CO.: Carbon Dioxide; RBCs: Red Blood
Cells; o2p.: Hemoglobin tetramer; ALAS: 5-aminolevulinate
synthase; ALA: 5-aminolevulinic acid; Fe**: Ferrous iron; DNA:
deoxyribonucleic acid; ALAD: Aminolevulinate Dehydratase;
MnSOD: Manganese Superoxide Dismutase

Introduction

Red Blood Cells (RBCs) are anucleate, biconcave disc-
shaped cells that contain large amounts of hemoglobin, a
protein responsible for the transport of oxygen and carbon
dioxide (CO:). Their primary function is to carry oxygen from
the lungs to peripheral tissues, supporting cellular respiration,
ATP production, and physiological homeostasis. Due to their
structural conformation, RBCs facilitate efficient gas exchange,
favoring both oxygen release and carbon dioxide clearance.

Erythropoiesis and hemoglobin structure are illustrated in
Figures 1,2 [1-3].

Figure 1 illustrates erythropoiesis as a multistage process
regulated by essential growth factors. Efficient erythropoiesis
ensures adequate hemoglobin production and systemic oxygen
transport. Figure 2, Structure of hemoglobin showing an iron
atom (Fe>*) at the center of the porphyrin ring coordinated by
nitrogen atoms and anchored to the globin chain via a histidine
residue. Each Fe* reversibly binds one 0. or CO. molecule,
allowing efficient gas transport throughout the body.

Hemoglobin comprises approximately 95% of the total
protein content in RBCs, facilitating gas exchange and
contributing indirectly to immune processes through the
transport of inflammatory mediators and antibodies [4,5].
Hematopoiesis encompasses the formation, proliferation, and
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maturation of precursor cells into functional blood elements,
ensuring oxygen delivery through hemoglobin (Figure 3) [6,7].

(Figure 3) Mechanism of oxygen transport and gas exchange
through hemoglobin. Hemoglobin binds oxygen in the lungs
and releases it in tissues while carrying carbon dioxide back
to the lungs. This reversible exchange maintains efficient gas
transport and blood pH balance. Over the past two decades,
research has revealed that hemoglobin synthesis depends
not only on iron availability but also on a complex network of
vitamins, minerals, and enzymes that regulate iron absorption,
heme formation, and erythrocyte maturation.

The discovery of the hepcidin—ferroportin axis clarified how
inflammation, chronic disease, and nutritional deficiencies
impact iron metabolism and erythropoiesis. This process is
illustrated in the hemoglobin tetramer structure (o.f.) with
four heme groups bound to globin chains (Figure 4) [8-10].

Figure 4, Heme biosynthesis begins in the mitochondria,
where glycine reacts with succinyl-CoA via ALA synthase,
producing 5-aminolevulinic acid (ALA). This reaction is the
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Figure 1: lllustrations showing erythropoiesis is the multistage process by which

into essential growth factors. Efficient erythropoiesis ensures adequate hemoglobin
production and systemic oxygen transport.
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Figure 2: Overview of the Structure of hemoglobin showing an iron atom (Fe?") at

the center of the aporphyrin ring coordinated by nitrogen atoms and anchored to the
globin chain via a histidine.
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Figure 3: Mechanism of oxygen transport and gas exchange through hemoglobin.
Oxygen transport by hemoglobin: Hemoglobin binds oxygen in the lungs and

releases it in tissues while carrying carbon dioxide back to the lungs. This reversible
exchange maintains efficient gas transport and blood pH balance.
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Figure 4: Heme biosynthesis starts inside the mitochondria, where glycine reacts
with succinyl-CoA through the action of ALA synthase, producing 5-aminolevulinic

acid (ALA). This reaction represents the initial and rate-limiting step of heme
formation, which will later contribute to the production of hemoglobin.

initial and rate-limiting step in heme formation, which later
contributes to hemoglobin production.

Heme synthesis progresses through sequential enzymatic
reactions involving zinc-dependent dehydratases and
ferrochelatase, which incorporates ferrous iron into
protoporphyrin IX. Genetic defects or deficiencies in vitamin
Bs, zinc, or iron can impair hemoglobinization, leading to
specific anemias [8-11].

Hepcidin, produced by the liver, regulates systemic iron
balance by inducing internalization of ferroportin, the only
known iron-exporting protein. In inflammatory states,
increased hepcidin causes iron sequestration, contributing to
anemia of chronic disease and reducing the effectiveness of
oral iron supplementation [5,6,12].

In addition to iron, vitamins such as B, Bs, folate, and
vitamin C play essential roles in hemoglobin synthesis and
erythropoiesis. Their deficiencies lead to macrocytic or
sideroblastic anemia and impaired iron absorption [13-15].
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Trace minerals, including copper, zinc, and manganese, also
support enzymatic activity and protect erythrocytes from
oxidative stress [16-18].

Hemoglobin’s functions extend beyond oxygen and carbon
dioxide transport; it also contributes to acid—base regulation,
blood buffering, nitric oxide signaling, and redox balance.
Through the Bohr effect, hemoglobin binds protons during
oxygen release, stabilizing deoxyhemoglobin and preserving
pH homeostasis [19,20]. These multifaceted functions justify
its importance across nutritional, hematological, and clinical
research.

Accordingly, this review integrates biochemical, nutritional,
and clinical perspectives on hemoglobin biosynthesis and
function, emphasizing the regulatory roles of vitamins,
enzymes, and trace minerals in maintaining physiological
balance and preventing anemia.

Methods

This integrative review sought to gather and interpret
current biochemical, nutritional, and clinical evidenceregarding
hemoglobin synthesis and the micronutrients involved in its
regulation. A structured methodological approach was applied,
including the definition of the research problem, systematic
literature search, application of predefined eligibility criteria,
critical evaluation of selected studies, and thematic integration
of key concepts.

The literature search was conducted between January and
October 2025 in major scientific databases, including PubMed,
Scopus, Web of Science, ScienceDirect, and Google Scholar.
Additionally, authoritative hematology textbooks, clinical
laboratory protocols, and biochemical manuals were consulted
to complement the data and contextualize mechanisms
related to erythropoiesis, iron metabolism, and micronutrient
regulation.

Search strategies used Boolean operators (AND, OR) to
combine terms, including: hemoglobin biosynthesis, heme
pathway, iron regulation, hepcidin ferroportin axis, vitamin
cofactors AND erythropoiesis, trace minerals AND red blood
cells, nutritional anemia mechanisms. Publications from 2000
to 2025 were included to integrate classical mechanisms with
recent molecular discoveries, nutritional insights, technological
advancements, and emerging therapeutic perspectives.

Studies were considered eligible if they met at least one
of the following criteria: addressed biochemical or molecular
pathways involved in hemoglobin or heme formation;
evaluated vitamins, minerals, or enzymatic cofactors involved
in erythropoiesis; examined regulatory mechanisms of iron
metabolism; provided clinical or nutritional insights into
anemia; or included experimental, clinical, or review data with
methodological clarity.

Excluded materials were non-scientific publications,
opinion essays, studies lacking methodological description,
reports unrelated to hemoglobin or micronutrient metabolism,
duplicated content, and publications with insufficient scientific
rigor. Relevant information from eligible sources was manually
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extracted and categorized into the following analytical
themes: biochemical mechanisms of heme formation;
enzymatic regulation and cofactor dependency; systemic iron
homeostasis and hepcidin-ferroportin dynamics; vitamin
roles in erythroblast maturation; and trace mineral functions
in heme stabilization.

The selected studies were evaluated according to
methodological approach, biochemical accuracy, consistency
of findings, and clinical applicability. Conflicting results were
examined to identify differences in methodology, sample
characteristics, inflammatory status, comorbidities, or
nutritional deficiencies. The synthesis emphasized mechanistic
pathways integrating iron flux, vitamin-dependent enzymatic
activity, and trace mineral interactions, aligning molecular
biology with clinical nutrition.

Results

In erythroid cells, heme biosynthesis proceeds through a
coordinated series of enzymatic reactions distributed between
the cytosol and mitochondria. Porphobilinogen is converted into
hydroxymethylbilane, which is cyclized by uroporphyrinogen III
synthase to form uroporphyrinogen III. This compound is then
decreasingly produced by uroporphyrinogen decarboxylase,
producing coproporphyrinogen III, which subsequently enters
the mitochondria.

Within the mitochondrial matrix, coproporphyrinogen
oxidase catalyzes its conversion to protoporphyrinogen IX,
which is further oxidized by protoporphyrinogen oxidase
to generate protoporphyrin IX. The final step is mediated
by ferrochelatase, which inserts ferrous iron (Fe>) into
protoporphyrin IX to produce heme, the essential prosthetic
group of hemoglobin and other hemoproteins (Figure 5).

Figure 5, schematic representation of the heme biosynthetic
pathway illustrating the sequential cytosolic and mitochondrial
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Figure 5: Schematic representation of the heme biosynthetic pathway
illustrating the sequential cytosolic and mitochondrial enzymatic reactions that
transform metabolic precursors into porphyrin intermediates, ultimately forming

protoporphyrin IX and culminating in the insertion of Fe2?* by ferrochelatase to
produce heme.
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enzymatic reactions that transform metabolic precursors into
porphyrin intermediates, ultimately forming protoporphyrin
IX and culminating in the insertion of Fe** by ferrochelatase to
produce heme.

Cytosolic reactions convert 5-aminolevulinic acid (ALA)
into porphobilinogen, hydroxymethylbilane, uroporphyrinogen
III, and coproporphyrinogen III before the intermediates
re-enter the mitochondria. The final mitochondrial stages
involve oxidation to protoporphyrin IX and insertion of Fe*,
completing heme formation [4-6]. This pathway highlights the
dependence of each enzyme on specific vitamins and minerals,
which serve as cofactors essential for catalytic efficiency and
erythrocyte maturation.

(Table 1) This table shows that each enzyme in heme
biosynthesis depends on specific vitamins or trace elements for
catalytic activity. 5-aminolevulinate synthase (ALAS) requires
vitamin Bs, 5-aminolevulinic acid dehydratase depends on
zinc, and ferrochelatase uses ferrous iron. Deficiencies or
inhibition by heavy metals, particularly lead, cause porphyrin
accumulation and microcytic anemia. ALAS: 5-aminolevulinate
synthase; ALA: 5-aminolevulinic acid.

Deficiencies of these micronutrients or inhibition by
heavy metals such as lead impair heme synthesis, resulting in
porphyrin accumulation and microcytic or sideroblastic anemia
[7-10]. The balance of these elements is crucial for maintaining
hemoglobin production and adequate erythropoiesis. Systemic
iron regulation and nutritional interactions.

Iron regulation in the human body is primarily governed
by the hepcidin-ferroportin axis. Hepcidin, synthesized in the
liver, binds to ferroportin on enterocytes, macrophages, and
hepatocytes, inducing its internalization and degradation. This
mechanism restricts iron efflux into circulation and regulates
systemic iron homeostasis [11-13].

During periods of high erythropoietic demands, such
as growth, pregnancy, or recovery from anemia, hepcidin
expression decreases, enhancing iron absorption and
mobilization to support hemoglobin synthesis and red blood
cell production [11-13].

In inflammatory states, however, interleukin-6 and
other cytokines stimulate hepatic hepcidin synthesis, leading
to sequestration of iron within reticuloendothelial cells.
Consequently, serum iron levels decline despite adequate or
elevated body iron stores, contributing to anemia of chronic
disease. Table 2 summarizes the major regulators involved
in systemic iron metabolism and their role in hemoglobin
synthesis [11-13].

Table 2, systemic iron metabolism is primarily regulated by
the hepcidin—ferroportin axis, which controls iron absorption,
release, and availability for erythropoiesis. Supporting nutrients
and proteins, such as vitamin C, copper/ceruloplasmin,
transferrin, and ferritin, facilitate iron absorption, transport,
and storage. Together, these elements ensure adequate iron
supply for hemoglobin synthesis while preventing deficiency
or overload. Fe’* and Fe*'; Ferrous.
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Table 1: This table presents that each enzyme in this pathway depends on specific
vitamins or trace elements for catalytic activity. 5-aminolevulinate synthase (ALAS)
requires vitamin Be, 5-aminolevulinic acid (ALA) dehydratase depends on zinc, and
ferrochelatase uses ferrous iron. Deficiencies or inhibition by heavy metals, such as
lead, cause porphyrin accumulation and microcytic anemia.

Cofactor / .
m Deﬂmency/ Effect

ALAS Vitamin B6 ) ) )
. . . First step inheme  Deficiency causes
(5-aminolevulinate (pyridoxal . . ; .
synthesis sideroblastic anemia
synthase) phosphate)

Cond ALAt Inhibited by lead;
ALA dehydratase Zinc onaenses © | MhibRec by lead:
porphobilinogen microcytic anemia

Ferrous iron Inserts Fe?* into Deﬂmency'/

Ferrochelatase — porphyrin

Fe2+ t hyrin IX
(Fez) protoporphyrin accumulation

ALAS: 5-aminolevulinate synthase; ALA: 5-aminolevulinic acid; Fe?": Ferrous.

Table 2: Systemic iron metabolism is primarily regulated by the hepcidin—ferroportin
axis, which controls iron absorption, release, and availability for erythropoiesis.
Supporting nutrients and proteins—such as vitamin C, copper/ceruloplasmin,
transferrin, and ferritin—facilitate iron absorption, transport, and storage. Together,
these elements ensure adequate iron supply for hemoglobin synthesis while
preventing deficiency or overload.

Hepcidin—
ferroportin axis

Controls iron export from
enterocytes and macrophages
Reduces Fe3* — Fe?'; enhances  Increases dietary non-heme

Regulates systemic iron
balance

Vitamin C ) .
absorption iron uptake
Cofactor of ceruloplasmin, Enables iron loading onto
Copper . :
hephaestin transferrin
. - Indirect contribution to
Zinc Supports erythropoietic enzymes

hemoglobin synthesis

Fe3* and Fe?": Ferrous.

Vitamin C enhances iron absorption by reducing ferric
(Fe*) to ferrous (Fe>) form. Copper supports ceruloplasmin-
mediated oxidation of Fe* to Fe*, allowing transferrin binding.
Zinc participates indirectly in erythropoiesis by supporting
DNA synthesis and cell division [14-16].

Folate and vitamin B.. are required for DNA synthesis
and erythroblast proliferation, and deficiency results in
megaloblastic anemia. Vitamin Bs, in the form of pyridoxal
phosphate, is essential for ALAS, the rate-limiting enzyme in
heme synthesis. Its deficiency is associated with sideroblastic
anemia, which often responds to pyridoxine supplementation
[17-20].

(Table 3) Mechanism of biochemical roles of vitamins in
hemoglobin production. Folate and vitamin B.. are essential
for DNA synthesis and erythroblast division; deficiencies cause
megaloblastic anemia. Vitamin Bs, as pyridoxal phosphate,
is required for ALAS, the first step of heme synthesis. Its
deficiency causes sideroblastic anemia, which is reversible
with pyridoxine therapy. ALAS: 5-aminolevulinate synthase.
Adequate intake of these vitamins is necessary to maintain
efficient erythropoiesis and prevent both microcytic and
macrocytic anemia.

Trace minerals such as copper, zinc, and manganese
are fundamental for hemoglobin metabolism, enzyme
stabilization, and protection against oxidative stress. Copper
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enables ceruloplasmin and hephaestin to oxidize Fe>* to
Fe* for transferrin binding. Zinc stabilizes Aminolevulinate
Dehydratase (ALAD), while manganese is essential for
Manganese Superoxide Dismutase (MnSOD), an enzyme
responsible for defending erythrocyte membranes against
oxidative damage [21-23].

(Table 4) Describes the minerals such as copper, zinc,
and manganese, which are vital for hemoglobin metabolism.
Copper is required for ceruloplasmin and hephaestin, which
oxidize Fe>* to Fe* for transferrin.

Loading. Zinc stabilizes aminolevulinate dehydratase
activity, while manganese supports antioxidant defense
systems. Deficiencies lead to impaired iron utilization and
oxidative stress. ALA: 5-aminolevulinic acid. Optimal levels
of these trace elements are required to maintain hemoglobin
integrity, iron mobilization, enzymatic activity, and redox
balance during erythropoiesis [24-60].

Despite substantial progress in understanding hemoglobin
metabolism, several gaps persist. There is still incomplete
knowledge regarding how inflammation, genetic variability,
and micronutrient status interact to determine erythropoietic
efficiency. Although secondary biomarkers such as hepcidin
and erythroferrone have improved diagnostic accuracy,
their use remains limited due to cost and methodological
inconsistencies [61].

Clinical studies show considerable variability due to
differences in disease status, age, supplementation dosage,

Table 3: Mechanism of biochemical roles of vitamins in hemoglobin
production. Folate and vitamin B.. are essential for DNA synthesis and
erythroblast division; deficiencies cause megaloblastic anemia. Vitamin Bs,
as pyridoxal phosphate, is required for ALAS, the first step of heme synthesis.
Its deficiency causes sideroblastic anemia, which is reversible with pyridoxine therapy.
Adequate intake of these vitamins ensures efficient erythropoiesis and prevents
microcytic or macrocytic anemia.

DNA hesi
Folate (B,) synt ?S!Sf Megaloblastic anemia
erythroblast division
Nucleotid thesis, ) .
Vitamin (B ueieoti Pf syn esIs Megaloblastic anemia
12 cell Division
Cofactor for ALAS . . .
S . Sideroblastic anemia.
Vitamin (B,) enzyme in heme ) . .
© . Reversible with pyridoxine
synthesis

ALAS: 5-aminolevulinate synthase.

Table 4: Describes the minerals, such as copper, zinc, and manganese are vital
for hemoglobin metabolism. Copper is required for ceruloplasmin and hephaestin,
which oxidize Fe?" to Fe3* for transferrin loading. Zinc stabilizes aminolevulinate
dehydratase activity, while manganese supports antioxidant defense systems.
Deficiencies lead to impaired iron utilization and oxidative stress.

Copper Cofactor for ceruloplasmin and Impaired iron
PP hephaestin (Fe?* — Fe3") mobilization
Zinc Stabilizes ALA dehydratase Impaired heme synthesis
Oxidative stress and
Manganese Supports antioxidant enzymes Reduced hemoglobin

formation

ALA: 5-aminolevulinic acid; Fe?* — Fe®": Ferrous.
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and control of inflammatory conditions. This heterogeneity
complicates interpretation and limits translational applicability
[62]. Socioeconomic disparities, including limited access to
diagnosis, fortified foods, and supplementation, continue to
hinder effective anemia prevention strategies in vulnerable
populations [63]. Environmental exposure to heavy metals
disrupts enzymatic reactions in heme synthesis and worsens
nutritional deficiencies [64-70].

There is a need to integrate molecular, nutritional,
and clinical data into public health frameworks to create
targeted and equitable strategies for anemia prevention and
management.

Conclusion

The metabolism and oxygen physiology. Its synthesis
relies not only on iron availability but also on a coordinated
regulatory system involving enzymes, vitamins, and trace
minerals that sustain erythrocyte maturation and heme
production. Deficiencies or imbalances in these nutrients
impair hemoglobinization, disrupt iron homeostasis, and
contribute to different types of anemia, many of which remain
underdiagnosed.

Advances in the understanding of regulatory pathways,
such as the hepcidin—ferroportin axis and erythroferrone
signaling, have improved diagnostic and therapeutic
perspectives. Furthermore, technologies such as multi-omics,
nutrigenomics, and artificial intelligence offer promising
tools for early detection and personalized interventions.
Integrating these molecular insights into clinical and public
health strategies is essential to optimize prevention, improve
hemoglobin-related outcomes, and reduce the global burden
of anemia.
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