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ABSTRACT

Anemia remains a major global health challenge, with iron deficiency and megaloblastic anemia among the most
prevalent forms. While these conditions have been extensively studied individually, there is a lack of integrative research
exploring their shared biochemical and chemical pathways. In particular, the potential for phytochemicals to modulate the
erythropoietic environment, through redox stabilization of iron-dependent processes and support of one-carbon metabolism,
remains largely unexplored. This review synthesizes recent literature (2024—2026) to provide a chemistry-driven framework
linking iron redox biology, vitamin-dependent DNA synthesis, and phytochemical intervention in erythropoiesis. We discuss
iron coordination and redox cycling in hemoglobin synthesis, folate- and vitamin B12-dependent methylation chemistry in
DNA replication, and the mechanistic potential of phytochemicals to influence these pathways. By highlighting the chemical
convergence of iron metabolism and one-carbon pathways, this review identifies knowledge gaps and opportunities for
future in silico, in vitro, and translational research. Our integrative perspective provides a roadmap for understanding mixed
anemia states and exploring natural-product—based modulation of erythropoiesis, with implications for both clinical and
nutritional interventions.

Keywords: Erythropoiesis, Iron Deficiency Anemia, Megaloblastic Anemia, One-Carbon Metabolism, Phytochemicals,
Redox Chemistry.

(Received 15 March 2026; Accepted 19 April 2026; Date of Publication 17 May 2026)

92


https://doi.org/10.65770/VICA7728

World Scientific News 215 (2026) 93-111
1. INTRODUCTION

Anemia remains a significant global public health challenge, affecting hundreds of millions of people
worldwide and disproportionately impacting women, children, and low-income populations. According to the
World Health Organization, anemia affects approximately 40 % of children aged 6—59 months, 37 % of pregnant
women, and 30 % of women of reproductive age globally, with dietary iron deficiency being the most common
underlying cause of nutritional anemia. [1]

Iron deficiency anemia and megaloblastic anemia represent two of the most prevalent forms of nutritional
anemia. Iron deficiency anemia (IDA) arises from inadequate dietary iron intake, impaired absorption, or
increased physiological demand, leading to insufficient hemoglobin synthesis and compromised oxygen transport.
[2] Megaloblastic anemia (MA), on the other hand, results primarily from impaired DNA synthesis due to
deficiencies in vitamin Bi> or folate, causing macrocytic changes in erythroid precursors and ineffective
erythropoiesis. [3,4]

Despite decades of research into these conditions individually, there remains a critical lack of integrative
work examining their overlapping biochemical and chemical mechanisms. Traditional reviews tend to consider
IDA and MA as distinct entities, yet mounting evidence suggests that disruptions in iron redox biology and one-
carbon metabolism can converge on shared pathways influencing erythropoiesis. For example, double and triple
micronutrient deficiencies involving iron, folate, and vitamin Bi2 are commonly observed in populations such as
pregnant women, underscoring the need to view anemia through a broader biochemical lens. [5]

Erythropoiesis, the process by which hematopoietic stem cells differentiate into mature red blood cells,
demands a finely tuned chemical environment. Iron is central to heme synthesis and redox chemistry required for
oxygen binding, while folate and vitamin Bi2 participate in one-carbon transfer reactions essential for DNA
synthesis and cell division during erythroid maturation. Although the genomic regulation of erythropoiesis has
been recently reviewed, the chemical interplay between redox processes and methylation pathways has not been
fully integrated in a modern framework. [6,7]

Moreover, dietary phytochemicals, bioactive compounds abundant in plant foods, are known to exert
antioxidant, chelating, and enzyme-modulating effects. Yet their potential to influence the erythropoietic
environment by stabilizing iron redox states or supporting one-carbon metabolism remains largely unexplored in
the context of anemia. This gap is particularly striking given evidence that nutritional factors can impact
micronutrient status and erythropoiesis globally. [7]

This review aims to address this gap by synthesizing recent (2024-2026) evidence to build a
chemistry-driven framework that links iron redox biology, one-carbon metabolic pathways, and phytochemical
modulation in the context of anemia. Such integrative perspectives may unveil new mechanistic insights and
identify opportunities for future nutritional and therapeutic research.
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2. ERYTHROPOIESIS: A CHEMICAL PERSPECTIVE

Erythropoiesis is the biologically coordinated process by which hematopoietic stem cells (HSCs)
differentiate into mature red blood cells (RBCs), a lineage-specific pathway that demands precise orchestration
of both redox chemistry and nucleotide synthesis. At its core, effective erythropoiesis requires two convergent
biochemical subsystems: iron-mediated heme synthesis and folate/vitamin Bi.-dependent one-carbon metabolism
for DNA replication and cell division.

Hematopoietic stem cells residing in the bone marrow undergo progressive differentiation through
intermediate progenitors such as common myeloid progenitors and proerythroblasts, ultimately forming
reticulocytes that extrude their nucleus before entering circulation as mature RBCs. During these transitions,
erythroid progenitors undergo rapid cell division and high rates of hemoglobin production, rendering the process
metabolically and chemically demanding [8]. The stages of erythropoiesis and their associated chemical
requirements are illustrated in Figure 1.

Iron plays a dual chemical role within erythropoiesis. First, iron’s ability to alternate between ferrous
(Fe*") and ferric (Fe**) oxidation states underpins its utility in heme prosthetic group formation, a redox-active
center for oxygen binding in hemoglobin. Iron uptake into developing erythroblasts is mediated through
transferrin receptor-mediated endocytosis, followed by reduction and incorporation into protoporphyrin IX to
form heme. The redox cycling of iron, while essential for oxygen transport, also predisposes cells to oxidative
stress, necessitating tight biochemical regulation to protect macromolecules from radical damage. [9,10]

Simultaneously, proliferating erythroid precursors require robust one-carbon metabolism to sustain DNA
synthesis. This pathway is centered on the folate cycle, in which tetrahydrofolate (THF) derivatives serve as
carriers of single-carbon units for the synthesis of thymidine and purines. Vitamin B2 (cobalamin) acts as a
cofactor for methionine synthase, facilitating the remethylation of homocysteine to methionine, which feeds into
methylation reactions essential for nucleotide synthesis and epigenetic regulation of gene expression. Disruption
of these methylation processes impairs DNA replication and nuclear maturation, producing the characteristic
macrocytosis of megaloblastic anemia. [11,12]

Beyond these canonical pathways, emerging studies suggest cross-talk between redox (iron) chemistry
and methylation (one-carbon) metabolism. Indicators such as increased oxidative stress markers and altered
methylation patterns in anemia models implicate redox imbalance as a contributor to disrupted one-carbon flux
and ineffective erythropoiesis. These chemical interdependencies highlight why iron deficiency and one-carbon
impairment often coexist and why their combined effects are greater than the sum of individual deficiencies. [13]

In summary, erythropoiesis is not merely a biological progression of cell differentiation; it is a chemically
integrated pathway in which iron redox chemistry and one-carbon transfer reactions operate in concert. This
chemical perspective, illustrated in Figure 1, sets the stage for exploring how nutritional factors, including
phytochemicals, may influence these pathways to impact anemia phenotypes, an area that remains understudied
in current literature.
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SCHEMATIC OF ERYTHROPOIESIS AND CHEMICAL REQUIREMENTS

N = | VITAMINB12 |__
YOVIVGT REOVAIET] MEGALOBLASTIC

v sy ANEMIA

. DNA REPLICATION Y 4 Nucleotide  Nucleotide

& CELL DIVISION \ Synthesis  Synthesis MACROCYTIC RBCs
ERYTHROBLAST RETICULOCYTE
Proliferation Nuclear Extrusion
Differentiation C ¢ ™, &Maturation ) )\ & Final Maturation

Orthochromic

HEMATOPOIETIC Erythroblast

STEM CELL
Multi-potent

Proerythroblast ~ ERYTHROBLAST RETICULOCYTE MATURE RBC

IRON-DEFICIENCY

= AR — ANEMIA

[] mon/HEmoGLOBIN 0 \
DNA SYNTHESIS/ Transferrin receptor-  Fe* reduction to Iron incorporation into HEMOGLOBIN MICROCYTIC/ A
ONE-CARBON METABOLISM mediated endocytosis ~ Fe?* in endosome heme synthesia SYNTHESIS HYPOCHROMIC RECs

Figure 1. Stages of Erythropoiesis and Associated Chemical Requirements.

3. IRON DEFICIENCY ANEMIA: CHEMISTRY FOCUS

Iron deficiency anemia (IDA) remains the most prevalent form of anemia globally, with a substantial impact on
cognitive function, immunity, and overall metabolic health. At the chemical level, IDA arises from insufficient
availability of ferrous (Fe*') iron required for heme biosynthesis and hemoglobin assembly. The failure to
maintain adequate iron levels disrupts the delicate redox balance necessary for oxygen transport and erythroid
cell maturation [14]. Iron-dependent redox cycling in hemoglobin synthesis is depicted in Figure 2.

During erythropoiesis, iron is transported to the erythroblast via transferrin receptors and reduced from
Fe** to Fe** before incorporation into protoporphyrin IX to form heme. This redox conversion is catalyzed by
ferrireductases and is essential for functional hemoglobin production. When iron availability is limited, heme
synthesis i1s impaired, leading to hypochromic and microcytic RBCs. The Fe**/Fe** cycling also generates reactive
oxygen species (ROS), and insufficient antioxidant buffering can exacerbate oxidative stress, further damaging
developing erythroblasts. [15,16]. Central to oxidative stress in iron-dependent erythropoiesis is the Fenton
reaction:

FeZ" + H,O, — Fe*™+ OH + OH™

Here, labile Fe** catalyzes hydrogen peroxide decomposition to produce hydroxyl radicals (OH-), which
are among the most reactive ROS. These radicals initiate lipid peroxidation of erythroblast membranes and protein
carbonylation, disrupting cellular integrity and contributing to ineffective erythropoiesis in iron deficiency
anemia.
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This reaction connects directly to the chemical vulnerability of erythroid precursors: iron is essential for
heme synthesis, but its redox cycling generates ROS that, if not mitigated by antioxidants or phytochemicals,
impairs cell viability. Phytochemicals such as flavonoids and polyphenols can chelate Fe** or scavenge ROS,
thereby stabilizing redox cycling and protecting DNA, proteins, and lipids in erythropoiesis.

This reaction serves as the primary chemical driver of ROS-mediated lipid peroxidation and protein carbonylation
within the erythropoietic environment.

Recent studies have highlighted molecular regulators of iron homeostasis, including hepcidin and
ferroportin, which govern cellular iron export and storage. Dysregulation of these molecules not only leads to
iron-restricted erythropoiesis but also alters cellular redox potentials, reinforcing the chemical interplay between
iron metabolism and oxidative stress. In addition, iron deficiency has been linked to altered enzymatic activity of
ribonucleotide reductase, indirectly affecting DNA synthesis in rapidly dividing erythroid progenitors. [17,18]
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Figure 2. [ron Redox Cycling in Heme Biosynthesis.

Moreover, contemporary 2024-2026 studies demonstrate that nutritional and phytochemical interventions
can stabilize the iron redox cycle, protect erythroid precursors from ROS-mediated damage, and enhance heme
synthesis. Certain flavonoids and polyphenols chelate excess free iron, modulating its redox cycling, while others
upregulate antioxidant pathways, maintaining cellular redox homeostasis. These insights provide a chemically
informed foundation for exploring phytochemical modulation as a therapeutic avenue in IDA. [19,20]
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In summary, IDA exemplifies a chemical imbalance in erythropoiesis, characterized by disrupted Fe**/Fe**
cycling, oxidative stress, and impaired heme synthesis. Understanding these redox mechanisms is critical for
integrating nutritional, biochemical, and pharmacological strategies to restore effective RBC production, which
will later be connected to one-carbon metabolism in megaloblastic anemia.

4. MEGALOBLASTIC ANEMIA: ONE-CARBON METABOLISM CHEMISTRY

Megaloblastic anemia (MA) is primarily caused by deficiencies in folate and vitamin Bi., which are
essential cofactors for one-carbon transfer reactions supporting DNA synthesis in rapidly proliferating erythroid
precursors. The resulting disruption in nucleotide biosynthesis impairs nuclear maturation, leading to the
characteristic macrocytosis and ineffective erythropoiesis observed in Megaloblastic anemia (MA) [21]. Folate-
and B12-dependent pathways in DNA synthesis are depicted in Figure 3.
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Figure 3. One-Carbon Metabolism in DNA Synthesis for Erythropoiesis.

At the chemical level, methionine synthase (MS) catalyzes the remethylation of homocysteine to
methionine using methylcobalamin (MeCbl) as a cofactor, linking folate-derived methyl groups to methylation
reactions critical for DNA synthesis and epigenetic regulation. In parallel, thymidylate synthase (TS) converts
deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP), a rate-limiting step in
thymidine nucleotide production, utilizing 5,10-methylenetetrahydrofolate (5,10-CH>-THF) as a methyl donor.
Deficiency in either folate or Bi leads to accumulation of homocysteine and impaired dTMP synthesis,
chemically explaining DNA strand breaks, delayed nuclear maturation, and cell cycle arrest in erythroid
progenitors. [22,23]
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Macrocytosis arises as erythroid precursors continue cytoplasmic growth and hemoglobin accumulation
despite incomplete nuclear division. This chemical imbalance manifests as large, immature red cells that are
fragile and prone to hemolysis, further exacerbating anemia. In addition, impaired one-carbon metabolism affects
the methylation potential (SAM/SAH ratio) within erythroblasts, altering gene expression and enzyme activity
critical for erythroid differentiation. [24,25]

Recent studies (2024-2026) have highlighted chemical interventions, including folate analogs and Bi:
derivatives, that can restore one-carbon flux and improve DNA synthesis. Moreover, in silico docking studies
suggest certain phytochemicals, such as flavonoids and polyphenols, can stabilize enzymes like methionine
synthase and thymidylate synthase, potentially enhancing one-carbon metabolism and mitigating megaloblastic
anemia. These findings provide a chemically integrated rationale for exploring combined therapeutic strategies
that address both nutrient-dependent pathways and oxidative stress. [26,27]

In summary, megaloblastic anemia is a biochemically defined disorder of one-carbon metabolism, where
deficiencies in folate and Bi» disrupt enzyme-mediated methylation and nucleotide synthesis, producing
macrocytic RBCs and ineffective erythropoiesis. Understanding the chemical underpinnings of these pathways
sets the stage for linking MA to iron-dependent erythropoiesis in an integrated anemia framework.

5. LINKING BOTH ANEMIAS: INTEGRATED CHEMICAL FRAMEWORK

Iron deficiency anemia (IDA) and megaloblastic anemia (MA) have traditionally been studied in isolation;
however, emerging biochemical evidence highlights overlapping chemical vulnerabilities in erythropoiesis. Both
anemia types share common consequences, including oxidative stress, disrupted redox balance, impaired
nucleotide synthesis, and ultimately ineffective erythropoiesis. These shared chemical disruptions create a
synergistic burden on erythroid progenitors, compounding anemia severity [28]. The integrated chemical
framework linking both anemia types and phytochemical modulation in erythropoiesis is presented in Figure 4.

Iron redox imbalance in IDA generates reactive oxygen species (ROS), which damage lipids, proteins,
and DNA within erythroid precursors. Concurrently, one-carbon metabolic defects in MA reduce thymidine
availability and methylation capacity, stalling DNA replication and nuclear maturation. Together, these chemical
disruptions compromise RBC production, highlighting the need for a holistic, chemically informed approach to
anemia management. [29,30]

Phytochemicals emerge as promising modulators of these intersecting pathways. Antioxidant polyphenols
and flavonoids can neutralize ROS generated during iron redox cycling, while chelating agents stabilize labile
iron and prevent free radical formation. In addition, certain phytochemicals have been shown in silico to bind and
stabilize enzymes critical for one-carbon metabolism, including methionine synthase and thymidylate synthase,
potentially restoring DNA synthesis and improving erythropoiesis. This dual chemical action positions
phytochemicals as natural integrators of redox balance and nucleotide metabolism. [31,32]

Recent studies (2024-2026) further demonstrate that combining phytochemical supplementation with
micronutrient therapy can simultaneously mitigate oxidative stress and restore one-carbon flux, suggesting a
viable strategy for mixed or overlapping anemia phenotypes. Such integrative chemical frameworks provide a
mechanistic rationale for designing translational interventions targeting both IDA and MA simultaneously. [33,34]
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In summary, IDA and MA converge on shared chemical pathways in erythropoiesis, primarily oxidative
stress and impaired DNA synthesis, which together drive ineffective RBC production. Phytochemicals act as
modulators of these intersecting pathways, offering a chemistry-driven therapeutic strategy that integrates iron
redox biology, one-carbon metabolism, and natural compound intervention, as summarized in Figure 4.
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Figure 4. Integrated Chemical Framework Linking IDA and MA.

6. PHYTOCHEMICAL CHEMISTRY IN ERYTHROPOIESIS

Phytochemicals have emerged as versatile chemical modulators of erythropoiesis, capable of targeting both iron-
dependent redox pathways and one-carbon metabolism. These compounds, primarily flavonoids, polyphenols,
and carotenoids, exhibit multiple mechanisms that intersect key biochemical vulnerabilities in iron deficiency
anemia (IDA) and megaloblastic anemia (MA). Several phytochemicals have been shown to influence
erythropoiesis by stabilizing iron redox cycling or supporting one-carbon metabolism (Table 1).

6.1. Chemical Classes and Mechanisms

6.1.1. Flavonoids
Flavonoids, such as quercetin, kaempferol, and catechins, display dual activity in erythropoiesis.
Chemically, they act as Fe**/Fe** chelators, reducing free radical generation during heme synthesis, while
scavenging ROS to prevent oxidative damage to erythroid precursors. Computational docking studies
indicate flavonoids can bind methionine synthase and thymidylate synthase, stabilize their active sites,
and improve one-carbon metabolic flux for nucleotide synthesis. These dual mechanisms make flavonoids
highly relevant for mixed anemia intervention. [35,36]
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6.1.2. Polyphenols
Polyphenolic compounds like resveratrol, gallic acid, and epigallocatechin gallate provide robust
antioxidant support, mitigating ROS generated during iron redox cycling. In addition, biometal
chelation prevent uncontrolled Fenton chemistry, reducing lipid peroxidation and DNA damage in
erythroblasts. In silico studies further suggest polyphenols can enhance substrate affinity in key one-
carbon enzymes, indirectly supporting DNA synthesis. [37,38]

6.1.3. Carotenoids
Carotenoids such as PB-carotene and lutein act primarily as lipid-phase antioxidants, preserving
erythroblast membrane integrity against oxidative stress. By maintaining cellular redox homeostasis,
carotenoids indirectly support iron utilization and erythroid maturation, complementing flavonoid and
polyphenol activity. [39]

7. MECHANISTIC INSIGHTS FROM COMPUTATIONAL AND EXPERIMENTAL STUDIES

Recent studies (2024-2026) provide both in silico and experimental evidence for phytochemical action in
erythropoiesis:

o Redox Stabilization: Flavonoids and polyphenols directly mitigate ROS generated from iron redox
cycling, preventing hemoglobin degradation and erythroblast apoptosis [40,41].

e Enzyme Modulation: Certain phytochemicals bind and stabilize methionine synthase and thymidylate
synthase, enhancing one-carbon metabolic flux critical for DNA synthesis [42,43].

o Integrated Action: Some compounds exhibit dual chemical effects, bridging oxidative stress

management and nucleotide synthesis, providing a natural chemical integrator for both IDA and
MA [44,45].

Representative chemical structures of key phytochemicals are shown in Figure S. This visualization highlights
structural motifs, hydroxyl groups, conjugated systems, and aromatic rings that underlie redox activity, metal
chelation, and enzyme binding affinity [46].
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Figure 5. Representative Phytochemical Structures and Mechanisms in Erythropoiesis.

By leveraging these chemical insights, phytochemicals can be rationally selected or optimized for dual-targeted
anemia interventions. This provides a highly novel, chemistry-driven framework for integrating nutritional and

therapeutic strategies aimed at restoring effective erythropoiesis in mixed anemia states [47,48].

Table 1. Phytochemical Modulation of Erythropoiesis.
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8. DISCUSSION

The present review integrates recent advances in iron redox biology, one-carbon metabolism, and
phytochemical chemistry to provide a chemically coherent framework linking iron deficiency anemia (IDA) and
megaloblastic anemia (MA). While IDA and MA have been extensively studied individually, few studies have
examined the shared chemical pathways underlying ineffective erythropoiesis, oxidative stress, and nucleotide
synthesis defects. By merging redox chemistry and one-carbon metabolism, we highlight a novel avenue for dual-
targeted anemia interventions, especially through phytochemicals with multi-modal activity.

8.1. Chemical Integration of IDA and MA

Iron plays a central role in erythropoiesis, not only as a structural component of heme but also as a redox-
active catalyst. The Fe**/Fe** cycling required for hemoglobin biosynthesis generates reactive oxygen species
(ROS) that, if uncontrolled, can damage erythroid progenitors [49]. Simultaneously, folate- and vitamin B12-
dependent one-carbon metabolism ensures the synthesis of nucleotides necessary for DNA replication in rapidly
dividing erythroblasts [50]. Disruption in either pathway leads to ineffective erythropoiesis, and emerging
evidence suggests these pathways are chemically interconnected via oxidative stress-sensitive enzymes and
redox-sensitive methylation reactions [51].

This chemical convergence highlights a dual-target framework for anemia intervention: effective
erythropoiesis depends simultaneously on maintaining iron redox homeostasis for heme synthesis and ensuring
robust one-carbon metabolism for DNA replication. Disruption in either pathway alone can impair red blood cell
production, but when both are compromised, as often occurs in mixed anemia states, the effects are compounded.
Recognizing this interdependence establishes a rationale for interventions that address both redox balance and
nucleotide synthesis concurrently.

8.2. Phytochemical Modulation: A Chemically Rational Approach

Phytochemicals offer a natural, dual-targeted strategy by stabilizing iron redox cycling and supporting
one-carbon metabolism simultaneously. Flavonoids and polyphenols act as both antioxidants and metal chelators,
mitigating ROS from iron redox reactions, while selectively binding and stabilizing methionine synthase and
thymidylate synthase, enhancing DNA synthesis [52—54]. Carotenoids further contribute by protecting
erythroblast membranes from lipid peroxidation, maintaining cellular integrity during oxidative stress
challenges [55].
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In silico studies provide quantitative support for these interactions, with binding energies of key flavonoids
and polyphenols indicating strong affinity for one-carbon enzymes, while experimental data demonstrate
reduction of ROS and improved erythroid maturation in cellular models [56—58]. These dual mechanisms position
phytochemicals as chemically informed modulators, capable of simultaneously addressing IDA and MA in a
single intervention framework.

8.3. Implications for Mixed Anemia Modeling

By conceptualizing anemia as a chemically integrated disorder, rather than isolated pathologies, we can better
predict erythropoietic outcomes under combinatorial nutritional or pharmacological interventions. The integrated
chemical map (Figure 4) provides a blueprint for identifying nodes where oxidative stress, iron availability, and
nucleotide synthesis intersect, allowing researchers to target interventions more precisely. Furthermore, this
framework facilitates in silico screening of novel phytochemicals for dual activity, accelerating translational
applications in populations affected by mixed anemia [59].

8.4. Strengths, Novelty, and Translational Potential
This review introduces a highly novel chemistry-driven perspective that:
e Links iron redox biology and one-carbon metabolism in erythropoiesis.
e Provides phytochemical-based strategies for dual-targeted anemia management.

e Integrates recent in silico and experimental evidence (2024-2026) into a cohesive, visualizable
framework.

The translational potential is significant. By selecting phytochemicals with dual redox and enzyme-
modulating activity, it may be possible to design dietary supplements or adjuvant therapies that correct both iron-
and vitamin-dependent deficiencies, particularly in resource-limited settings.

9. CONCLUSION

This review presents a chemistry-driven framework linking iron deficiency anemia and megaloblastic
anemia, highlighting the shared wvulnerabilities in redox balance and one-carbon metabolism during
erythropoiesis. By integrating recent in silico and experimental evidence (2024-2026), we demonstrate that
phytochemicals, particularly flavonoids, polyphenols, and carotenoids, offer dual-targeted modulation,
simultaneously stabilizing iron redox cycling and enhancing DNA synthesis pathways.

The novelty of this approach lies in its ability to conceptualize anemia as a chemically integrated disorder,
rather than isolated pathologies, providing a platform for rational design of nutritional or therapeutic
interventions. The integrated chemical map (Figure 4) and phytochemical structure visualization (Figure 5) serve
as practical guides for identifying intervention nodes, while Table 1 highlights promising phytochemicals for
dual-targeted erythropoietic support.
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Translationally, this framework enables:

e Rational selection of phytochemicals for mixed anemia populations.

e In silico prioritization of compounds for experimental validation.

e Potential development of dietary supplements or adjuvant therapies that address both iron- and vitamin-
dependent deficiencies in erythropoiesis.

Ultimately, this review provides a chemically coherent, high-impact perspective for researchers and clinicians,
emphasizing the synergistic potential of phytochemical intervention in restoring effective erythropoiesis across

multiple anemia subtypes.

10. RECOMMENDATIONS AND FUTURE DIRECTIONS

Building on the integrated chemical framework presented in this review, several research and translational

pathways are recommended to advance dual-targeted anemia interventions:

I. Mixed Anemia Modeling

Future studies should quantitatively model the interplay between iron redox cycling and one-
carbon metabolism in erythropoiesis. Computational approaches, including systems biology, in
silico docking, and molecular dynamics, can predict how perturbations in either pathway affect
erythroblast proliferation and differentiation. Such models will enable rational prioritization of
phytochemicals for dual-targeted interventions and inform population-level strategies in regions
with high prevalence of both IDA and MA.

I1. Phytochemical Selection and Optimization

Phytochemicals with dual chemical activity, simultaneously stabilizing iron redox states and
supporting one-carbon enzymes, should be the focus of experimental validation. Structural features
such as hydroxyl groups, conjugated systems, and aromatic rings can be optimized to maximize
ROS mitigation, metal chelation, and enzyme binding affinity. High-throughput in silico screening
can accelerate identification of candidates suitable for supplementation strategies in at-risk
populations, including pregnant women, children, and communities in low-resource settings.

I11. Translational and Nutritional Applications

Interventions informed by chemical insights could include:

Dietary supplementation with flavonoid-, polyphenol-, or carotenoid-rich extracts tailored for
populations at risk of both IDA and MA.

Adjunct therapy for clinical management of mixed anemia, particularly in low-resource settings
where access to iron and B12/folate supplementation is limited.

Development of phytochemical cocktails guided by the integrated chemical map to maximize
erythropoietic efficacy and reduce oxidative stress in vulnerable groups.
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IV.Experimental Validation

e While in silico studies provide mechanistic hypotheses, cellular and preclinical studies are
essential to confirm:

e Protection against ROS-mediated erythroblast apoptosis.

e Enhancement of methionine synthase and thymidylate synthase activity.

e Restoration of balanced erythropoiesis in mixed anemia models relevant to at-risk populations.
V. Personalized and Precision Approaches

e Future research should explore individual variability in iron and one-carbon metabolism,
considering genetic polymorphisms, nutritional status, comorbidities, and life stage (e.g.,
pregnancy). Tailoring phytochemical interventions to specific metabolic phenotypes could
enhance both efficacy and safety.

By combining chemical insights, in silico modeling, and phytochemical strategies, the future of anemia
research can shift towards integrated, dual-targeted interventions. This approach provides a mechanistically
informed, translationally relevant, and population-conscious roadmap for combating iron deficiency and
megaloblastic anemia simultaneously, particularly in low-resource settings and vulnerable groups such as
pregnant women.
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