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ABSTRACT

Micronutrients, including vitamins and minerals, are essential nutrients required in small quantities
but play a critical role in the prevention and management of chronic diseases. These nutrients are
integral to various physiological processes, such as immune function, antioxidant defense, enzyme
activity, and gene regulation. Deficiencies in key micronutrients, such as Vitamin D, iron, zinc, and
folate, have been linked to increased risks of cardiovascular diseases, diabetes, neurodegenerative
disorders, and cancer. Recent research highlights the synergistic effects of micronutrients, where
combined nutrient intake enhances bioavailability and effectiveness, emphasizing the need for
diverse dietary patterns like the Mediterranean diet. Advances in nutrigenomics and personalized
nutrition have shown promise in tailoring dietary interventions based on individual genetic profiles,
optimizing the preventive impact of micronutrients. The development of functional foods and
biofortification of crops presents sustainable solutions to combat micronutrient deficiencies in
resource-limited populations. Emerging trends in supplementation, such as high-dose Vitamin C in
cancer therapy and magnesium in managing metabolic syndrome, indicate potential therapeutic
roles for micronutrients beyond basic nutrition. However, challenges remain, particularly in
assessing nutrient bioavailability and addressing confounding factors in epidemiological studies.
Ethical considerations in clinical trials and the limitations of current research methodologies call for
more comprehensive, long-term studies to better understand the complex interactions between
micronutrients and chronic disease prevention. Sustainable agricultural practices and policies
focused on enhancing the micronutrient content of foods are important for addressing global
nutrition challenges. As research progresses, leveraging new technologies for more accurate
nutrient assessment and targeted interventions will be essential in reducing the global burden of
chronic diseases. By integrating scientific advancements with public health strategies, there is
potential to improve population health outcomes through optimized micronutrient intake. This
comprehensive approach highlights the importance of focusing on both individual dietary
interventions and broader food system changes to effectively harness the benefits of micronutrients
in chronic disease prevention and management.

Keywords: Micronutrients; nutrigenomics; biofortification; antioxidants; supplementation.

1. INTRODUCTION can effectively prevent and manage these

diseases.
1.1 Significance of Chronic Diseases
Globally 1.2 Definition and Classification of
Micronutrients
Chronic diseases, also known as non-

communicable diseases (NCDs), are responsible
for a significant portion of the global disease
burden. Chronic diseases, such as
cardiovascular diseases, cancers, diabetes, and
chronic respiratory diseases, account for
approximately 74% of all deaths worldwide, with
over 41 million people dying annually due to
these conditions. The increasing prevalence of
chronic diseases is not limited to developed
nations; low- and middle-income countries are
now experiencing a surge in these conditions,
driven largely by lifestyle factors like poor dietary
habits, physical inactivity, and tobacco use. The
economic impact is substantial, with chronic
diseases projected to cost the global economy
trillions of dollars over the coming decades due
to healthcare expenses and loss of productivity
(Bloom et al., 2020). Given their widespread
impact, there is an urgent need for strategies that

Micronutrients are essential nutrients required by
the body in small quantities to perform critical
physiological functions. Unlike macronutrients
(carbohydrates, proteins, and fats), which are
needed in larger amounts, micronutrients include
vitamins and minerals that are vital for cellular
function, growth, and overall health (Godswill et
al., 2020). Micronutrients are generally classified
into two major categories:

1. Vitamins - Organic compounds that can
be water-soluble (e.g., Vitamin C, B-
complex processes such as metabolism,
immunity, and antioxidant protection.

2. Minerals - Inorganic elements, further
categorized into macro-minerals (e.g.,
calcium, magnesium, and potassium) and
trace elements (e.g., iron, zinc, selenium).
These minerals are essential for enzyme
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function, nerve  transmission, and
maintaining structural integrity in bones
and tissues. Deficiencies in these
micronutrients can lead to a range of
health issues, from impaired cognitive
function to weakened immune responses,
and have been linked to the development
of chronic diseases (Elmadfa et al., 2019).

1.3 Relationship between Micronutrient
Intake and Chronic Diseases

There is substantial evidence suggesting that
adequate intake of micronutrients plays a
important role in preventing chronic diseases.
Antioxidants such as Vitamin C, Vitamin E, and
selenium help neutralize free radicals, thereby
protecting cells from oxidative damage, a key
factor in the development of atherosclerosis,
cancer, and neurodegenerative diseases.
Studies have shown that higher plasma levels of
Vitamin D are associated with a lower risk of type
2 diabetes, hypertension, and certain
autoimmune disorders due to its role in
modulating immune responses and reducing
systemic inflammation. B vitamins like folate, B6,
and B12 are involved in homocysteine
metabolism; elevated homocysteine levels have
been linked to cardiovascular diseases (Strain et
al.,, 2004). Magnesium is another critical
micronutrient that has been associated with
improved blood pressure regulation, reduced risk
of metabolic syndrome, and better glucose
control in diabetic patients. Zinc, on the other
hand, plays a vital role in immune function and
wound healing, and deficiencies have been
linked to increased susceptibility to infections and
delayed recovery from illnesses. Collectively,
these findings indicate that ensuring adequate
intake of micronutrients through diet or
supplementation may help reduce the burden of
chronic diseases (Shlisky et al., 2017, Bruins et
al., 2019).

1.4 Importance the Role of Micronutrients
in Disease Prevention

The micronutrients' role in chronic disease
prevention is important for public health,
especially in light of the global rise in NCDs.
Around 2 billion people worldwide suffer from
micronutrient deficiencies, also known as "hidden
hunger," which often go unnoticed due to the lack
of overt symptoms in the early stages. This
deficiency is particularly prevalent in developing
regions where diets are heavily reliant on staple
foods that lack nutrient diversity (Graham et al.,

2007). Research indicates that addressing
micronutrient deficiencies through improved
dietary intake, food fortification, and

supplementation can significantly reduce the risk
of chronic diseases. Large-scale public health
interventions involving Vitamin A
supplementation have been shown to reduce
mortality rates in children under five by
preventing severe infections. Similarly,
fortification of staple foods with iron, zinc, and
folic acid has been associated with improved
cognitive development and reduced anemia
prevalence among vulnerable populations
(Kancherla et al., 2021). Given the complexities
of modern diets and lifestyle factors contributing
to chronic diseases, a comprehensive approach
that includes increasing awareness about the
importance of micronutrients, promoting nutrient-
rich diets, and implementing targeted
supplementation programs is essential for
disease prevention. Advances in nutrigenomics
have highlighted the potential for personalized
nutrition  strategies that can optimize
micronutrient intake based on individual genetic
profiles, thereby providing more effective
prevention and management of chronic diseases
(Laddu et al., 2019).

2. MICRONUTRIENTS: CLASSIFICATION,
SOURCES, AND FUNCTIONS

2.1 Classification of Micronutrients into
Vitamins and Minerals

Micronutrients are essential for the body's health
and functioning, despite being needed only in
small amounts. These nutrients are broadly
classified into two main categories: vitamins and
minerals. Vitamins are organic compounds that
are critical for metabolic processes. They are
classified based on their solubility into water-
soluble and fat-soluble groups. Water-soluble
vitamins include the B-complex vitamins (such as
B1, B2, B3, B5, B6, B7, B9, and B12) and
Vitamin C. These vitamins are not stored in large
quantities in the body, meaning a regular intake
through diet is necessary. They play a significant
role in enzyme function, energy production, and
antioxidant protection. Fat-soluble vitamins, on
the other hand, include Vitamins A, D, E, and K
(Palace et al.,, 1999). These are stored in the
liver and fatty tissues and are important for
vision, bone health, cellular protection, and blood
clotting.

Minerals are inorganic elements divided into
macro-minerals and trace minerals based on the

161



Pandarinathan et al.; Eur. J. Nutr. Food. Saf., vol. 16, no. 12, pp. 159-178, 2024; Article no.EJNFS.127114

guantities required by the body. Macro-minerals,
such as calcium, magnesium, potassium, and
sodium, are needed in larger amounts and are
vital for bone structure, muscle contraction, and
fluid balance. Trace minerals, like iron, zinc,
selenium, copper, and iodine, are required in
smaller quantities but are important for immune
function, enzyme activation, and thyroid
regulation.

2.2 Dietary Sources of Essential Micro-
nutrients

Micronutrients must be obtained from a well-
rounded diet, as the body cannot synthesize
them in sufficient amounts (Chowdhury et al.,
2024). Vitamin A, which is important for vision
and immune health, is found in foods like liver,
fish oils, eggs, and dairy products, with plant-
based sources including orange and green
vegetables like carrots, sweet potatoes, and
spinach. B-complex vitamins, essential for
metabolism and energy production, are abundant
in foods such as whole grains, lean meats, eggs,
dairy products, legumes, nuts, and leafy greens.
However, Vitamin B12 is primarily found in
animal products, making it important for
vegetarians to consider supplementation to avoid
deficiencies that can lead to anemia and
neurological issues. Vitamin C is an antioxidant
found in citrus fruits, strawberries, bell peppers,
and green vegetables like broccoli, playing a role
in collagen synthesis and immune support.
Vitamin D, which is synthesized by the skin upon
exposure to sunlight, can also be sourced from
fatty fish, fortified dairy products, and egg yolks
(Schmid et al., 2013). It is essential for calcium
absorption and bone health. Calcium, required
for strong bones and teeth, is found in dairy
products, fortified plant-based milks, and leafy
greens like kale and bok choy. Iron is a critical
component of hemoglobin and is found in red
meat, poultry, legumes, nuts, and dark leafy
greens, with animal-based iron being more
bioavailable. Selenium, an antioxidant important
for thyroid function, is found in seafood, nuts
(especially Brazil nuts), and seeds.

2.3 General Functions of Micronutrients
in the Human Body

Micronutrients play a important role in
maintaining the body’'s metabolic and
physiological balance. These nutrients support
various biochemical pathways, ensuring normal
cell function, growth, and development.
Antioxidant vitamins, such as Vitamins C and E,

along with minerals like selenium and zinc, help
protect cells from oxidative damage caused by
free radicals (Fang et al., 2002). This protection
is important in preventing the onset of chronic
conditions like heart disease, cancer, and
neurodegenerative diseases. For example,
Vitamin E, found in nuts, seeds, and vegetable
oils, prevents oxidative damage to cell
membranes, thereby preserving cellular integrity.
Micronutrients are also vital for immune system
function. Vitamin D modulates both innate and
adaptive immune responses, which is why
adequate Vitamin D levels are associated with a
reduced risk of infections and autoimmune
diseases. Zinc, which can be obtained from
shellfish, red meat, and seeds, is essential for
the activation of T-lymphocytes, critical cells in
the immune response. Similarly, iron supports
immune health by facilitating oxygen transport in
the blood and energy production, both of which
are vital during immune responses to infections
(Nairz et al., 2020).

2.4 Role of Micronutrients in Maintaining
Physiological and Biochemical
Functions

The human body relies on a delicate balance of
micronutrients to perform numerous physiological
processes that are essential for health. Calcium,
magnesium, and Vitamin K are vital for bone
mineralization and muscle function, reducing the
risk of osteoporosis and fractures. Magnesium,
found in nuts, seeds, and whole grains, is a
cofactor for over 300 enzymatic reactions,
including those involved in protein synthesis,
muscle contraction, and nerve function. A
deficiency in magnesium can lead to muscle
cramps, hypertension, and increased risk of
chronic conditions such as diabetes and
cardiovascular diseases (Barbagallo et al,
2021). Micronutrients are also important for
proper neurological function. The B-complex
vitamins, particularly B6, B12, and folate, are
involved in the synthesis of neurotransmitters,
which are critical for brain function and mood
regulation. Inadequate intake of these vitamins
can lead to neurological issues, such as
cognitive decline and mood disorders. Folate,
which is found in leafy greens, legumes, and
fortified grains, is particularly important during
pregnancy to prevent neural tube defects in the
developing fetus. lodine is essential for the
production of thyroid hormones, which regulate
metabolism, growth, and development. lodine
deficiency, which is prevalent in areas with
limited access to iodized salt, can result in goiter
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and developmental delays in children. Similarly,
selenium plays a important role in thyroid
hormone metabolism and acts as an antioxidant
to protect thyroid tissue from oxidative damage,
making it essential for maintaining metabolic
health (Triggiani et al.,, 2009). The role of
micronutrients extends beyond basic nutrition, as
recent research has shown their potential in the
prevention and management of chronic diseases.
For example, antioxidants like Vitamin C and
selenium can reduce oxidative stress, which is
implicated in the development of chronic
diseases such as cancer and cardiovascular
diseases. Magnesium has been found to improve
insulin sensitivity, thereby lowering the risk of
type 2 diabetes. Adequate levels of Vitamin D are
associated with a decreased risk of autoimmune
diseases, such as multiple sclerosis and
rheumatoid arthritis, due to its regulatory effects
on the immune system.

3. MECHANISMS OF MICRONUTRIENT
ACTION IN DISEASE PREVENTION

3.1 Antioxidant Properties of Vitamins
and Minerals

One of the key mechanisms through which
micronutrients prevent chronic diseases is
through their antioxidant properties (Opara et.al,
2006). Antioxidants neutralize free radicals
unstable molecules that can damage -cellular
components like DNA, proteins, and lipids. This
oxidative stress is implicated in the development
of chronic diseases such as cancer,
cardiovascular diseases, and neurodegenerative
disorders (Table 1). Micronutrients such as
Vitamin C, Vitamin E, and selenium play
significant roles in the body’s antioxidant defense
systems. Vitamin C, a powerful water-soluble
antioxidant, scavenges free radicals in the
agueous compartments of cells, thereby reducing
oxidative damage (Bendich et al., 1986). It also
regenerates other antioxidants, such as Vitamin
E, to their active states. Vitamin E, a fat-soluble
vitamin, protects cell membranes from lipid
peroxidation by neutralizing free radicals in lipid
environments. Selenium, an essential trace
element, is a key component of glutathione
peroxidase, an enzyme that catalyzes the
reduction of peroxides and protects cells from
oxidative damage. Zinc acts as a stabilizer for
cellular membranes and protects them from
oxidative damage by inhibiting the production of
reactive oxygen species. Research has
demonstrated that increased intake of
antioxidant-rich foods is associated with a
reduced risk of chronic diseases. For example, a

study published in The Journal of Nutrition found
that higher plasma levels of Vitamin C are linked
to a decreased risk of coronary artery disease
(Langlois et al., 2001). Similarly, the antioxidant
properties of selenium have been shown to lower
the incidence of cancers, particularly prostate,
lung, and colorectal cancers, as highlighted in
the Nutritional Prevention of Cancer (NPC) Trial.

3.2 Micronutrients' Role in Modulating
Immune Responses

Micronutrients are critical for the proper
functioning of the immune system, playing roles
in both innate and adaptive immunity. Vitamin D,
zinc, and Vitamin A are particularly important in
modulating immune responses. Vitamin D,
known for its role in bone health, also influences
immune function by enhancing the pathogen-
fighting effects of monocytes and macrophages,
key cells in the immune system (Darbar et al.,
2021). It also plays a role in the suppression of
inflammation, making it important in the
prevention of autoimmune diseases like multiple
sclerosis and rheumatoid arthritis.

Zinc is essential for the development and
function of immune cells, including T-cells and B-
cells, which are important for adaptive immunity.
Zinc deficiency impairs immune cell function,
leading to increased susceptibility to infections.
This is particularly important in vulnerable
populations, such as children and the elderly,
where zinc supplementation has been shown to
reduce the incidence and severity of infections.
Vitamin A, known as the "anti-infective" vitamin,
is critical for maintaining the integrity of mucosal
surfaces in the respiratory and gastrointestinal
tracts, thereby acting as the first line of defense
against infections (Govers et al., 2022). It also
enhances the production of antibodies, boosting
the body's ability to fight off pathogens. Studies
have shown that deficiencies in these key
micronutrients can lead to a weakened immune
response, making individuals more susceptible to
infections and prolonging the recovery period. A
randomized controlled trial published in The
American  Journal of  Clinical  Nutrition
demonstrated that Vitamin D supplementation
significantly reduced the risk of acute respiratory
tract infections.

3.3 Influence of Micronutrients on
Enzyme Function and Cellular
Metabolism

Micronutrients serve as cofactors for various
enzymes involved in cellular metabolism.
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B-complex vitamins, such as thiamine (B1),
riboflavin (B2), and niacin (B3), are essential for
energy metabolism, as they act as cofactors in
pathways like glycolysis, the citric acid cycle, and
the electron transport chain (Mahmudiono et al.,
2023). Thiamine, is a cofactor for pyruvate
dehydrogenase, an enzyme that converts
pyruvate to acetyl-CoA, a critical step in cellular
respiration. Magnesium is another vital mineral
that acts as a cofactor for over 300 enzymatic
reactions, including those involved in protein
synthesis, muscle contraction, and DNA
replication. Low levels of magnesium have been
linked to insulin resistance, hypertension, and

cardiovascular diseases (Ma et al., 1995).
Selenium, through its role in selenoproteins,
influences the activity of enzymes that protect
against oxidative damage and regulate thyroid
hormone metabolism. Micronutrients also play a
pivotal role in lipid metabolism. For example,
Vitamin B6 is necessary for the synthesis of
neurotransmitters, while Vitamin B12 and folate
are critical for one-carbon metabolism, which is
essential for DNA synthesis and repair.
Deficiencies in these vitamins can
result in elevated homocysteine levels, a risk
factor for cardiovascular diseases (Graham et al.,
2002).

Table 1. Mechanisms of micronutrient action in disease prevention (Source: (Opara et.al, 2006),
(Govers et al., 2022))

Micronutrient Mechanism of Action

Key Diseases

Scientific Evidence

Prevented

Vitamin C Antioxidant properties; Scurvy, Common Studies show reduced oxidative
scavenges reactive cold, stress and improved immune
oxygen species (ROS) Cardiovascular responses in individuals
and supports immune diseases consuming adequate vitamin C
function levels.

Vitamin D Modulates immune Rickets, Evidence indicates a role in
responses; promotes Osteoporosis, reducing inflammation and
calcium absorption and Autoimmune supporting T-cell function,
bone health diseases critical for preventing

autoimmune and bone-related
conditions.

Vitamin E Protects cell membranes  Neurodegenerative Research highlights its
from oxidative damage by diseases, Cancer effectiveness in reducing risks
acting as a lipid-soluble of Alzheimer's and certain
antioxidant cancers through oxidative stress

reduction.

Zinc Supports enzymatic Growth Clinical trials show improved
functions; regulates retardation, recovery rates in zinc-
immune responses and Impaired immune supplemented patients with
cellular repair response infections and diarrhea.
mechanisms

Iron Integral for hemoglobin Anemia, Fatigue, Iron supplementation has been
synthesis; prevents Cognitive decline linked to improved oxygen
oxidative damage and transport and reduced
supports mitochondrial symptoms of anemia,
function particularly in at-risk

populations.

Selenium Forms selenoproteins Cancer, Thyroid Meta-analyses indicate
with antioxidant activity; disorders, selenium's role in reducing the
modulates immune and Cardiovascular risk of cancer and supporting
thyroid function diseases healthy thyroid hormone

metabolism.

Magnesium Regulates over 300 Hypertension, Studies associate magnesium

biochemical reactions;
supports energy
production and reduces
inflammation

Type 2 Diabetes,
Migraine

intake with lower blood
pressure, improved insulin
sensitivity, and reduced
occurrence of migraines.
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Micronutrient Mechanism of Action

Key Diseases

Scientific Evidence

Prevented

lodine Essential for thyroid Goiter, Epidemiological data confirm
hormone synthesis; Hypothyroidism iodine supplementation reduces
regulates metabolic rate the prevalence of goiter and
and energy production improves thyroid function in

deficient populations.

Folate Facilitates DNA synthesis  Neural tube Evidence supports folate's role

(Vitamin B9) and repair; prevents defects, in reducing homocysteine
neural tube defects in Cardiovascular levels, thus lowering
developing embryos diseases cardiovascular disease risk.

Copper Cofactor for enzymes Wilson's disease, Research highlights the
involved in energy Anemia, importance of copper in
production, iron Cardiovascular maintaining oxidative stress
metabolism, and health balance and proper
connective tissue cardiovascular function.
formation

Manganese Supports bone Osteoporosis, Studies link manganese to
development, wound Diabetes, improved bone density and
healing, and antioxidant Neurological regulation of glucose
enzyme activities disorders metabolism.

3.4 Micronutrient Impact on Gene the repair of DNA lesions, with deficiencies in

Expression and DNA Repair

Micronutrients not only support enzymatic
reactions but also influence gene expression and
DNA repair, thereby contributing to the
prevention of chronic diseases. Epigenetic
modifications, such as DNA methylation, are
influenced by micronutrients like folate, Vitamin
B12, and zinc. Folate serves as a donor of
methyl groups, which are necessary for DNA
methylation, a process that regulates gene
expression without altering the DNA sequence
(Crider et al.,, 2012). Proper methylation is
essential for normal development and the
prevention of diseases, including cancer. Vitamin
D, beyond its traditional roles, acts as a
transcription factor by binding to the Vitamin D
receptor (VDR), which regulates the expression
of genes involved in immune responses, cell
growth, and apoptosis. This regulatory role is
important in preventing conditions such as
cancer, where aberrant gene expression and
uncontrolled cell division are hallmark features.
Selenium contributes to DNA repair mechanisms
by influencing the expression of selenoproteins
that repair oxidative damage to DNA (Zoidis et
al., 2018). Zinc plays a fundamental role in
maintaining genomic stability by serving as a
cofactor for DNA repair enzymes and influencing
the activity of transcription factors like p53, which
is known as the "guardian of the genome".
Deficiencies in zinc have been linked to
increased DNA damage, oxidative stress, and a
higher risk of cancer. Micronutrients also affect

Vitamin C, E, and selenium impairing the body's
ability to repair oxidative DNA damage, thus
increasing the risk of mutations that can lead to
cancer (Fenech et al., 2023). The antioxidant and
gene-regulatory roles of these nutrients
underscore their importance in maintaining
cellular integrity and reducing the risk of chronic
diseases.

4. ROLE OF SPECIFIC MICRONUTRIENTS
IN PREVENTING CHRONIC DISEASES

4.1 Vitamin C

4.1.1 Antioxidant properties and its effect on
cardiovascular diseases

Vitamin C (ascorbic acid) is a powerful
antioxidant that plays a important role in
protecting the body from oxidative stress (Table
2). It neutralizes free radicals, which are reactive
molecules that can damage cellular components
such as lipids, proteins, and DNA, leading to
chronic conditions like cardiovascular diseases.
According to research, higher plasma
concentrations of Vitamin C are associated with
a lower risk of heart disease. The EPIC-Norfolk
Study, involving over 20,000 participants,
demonstrated that individuals with higher levels
of Vitamin C had a 22% lower risk of developing
coronary artery disease (Myint et al., 2008).
Vitamin C also improves endothelial function,
reduces LDL cholesterol oxidation, and lowers
blood pressure, all of which are protective factors
against heart disease.
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4.1.2 Role in reducing inflammation and

oxidative stress

Beyond its antioxidant properties, Vitamin C
reduces inflammation by lowering pro-
inflammatory cytokines and improving immune
function. Chronic inflammation is a known
contributor to diseases such as atherosclerosis
and diabetes. A study published in The American
Journal of Clinical Nutrition found that Vitamin C
supplementation significantly reduced levels of
C-reactive protein (CRP), a marker of
inflammation, in adults (Block et al., 2009). By
reducing oxidative stress and inflammation,
Vitamin C supports overall cardiovascular health
and may also decrease the risk of stroke.

4.2 Vitamin D

4.2.1 Regulation of calcium metabolism and
bone health

Vitamin D is essential for calcium absorption in
the gut, which is important for bone
mineralization and preventing diseases like
osteoporosis. It maintains  calcium and
phosphate levels, which are necessary for bone
formation, remodeling, and repair. A deficiency in
Vitamin D leads to rickets in children and
osteomalacia in adults, conditions characterized
by weakened bones. The Framingham Heart
Study found that individuals with low Vitamin D
levels had an increased risk of hip fractures.

4.2.2 Impact on autoimmune diseases and
diabetes

Vitamin D also plays an immunomodulatory role,
influencing the activity of T cells and
macrophages. It has been shown to reduce the
risk of autoimmune diseases like multiple
sclerosis, rheumatoid arthritis, and type 1
diabetes. Research suggests that Vitamin D
deficiency is linked to insulin resistance and type
2 diabetes. A meta-analysis indicated that higher
Vitamin D levels were associated with a reduced
risk of developing type 2 diabetes (Rafiq et al.,
2018). Vitamin D's anti-inflammatory properties
and its ability to enhance insulin sensitivity are
key mechanisms that protect against diabetes.

4.3 Vitamin E

4.3.1 Role in preventing atherosclerosis and
heart disease

Vitamin E (tocopherol) is another potent
antioxidant that protects cell membranes from

oxidative damage. It inhibits the oxidation of low-
density lipoprotein (LDL) cholesterol, a key step
in the development of atherosclerosis. A study
published in The Lancet found that Vitamin E
supplementation reduced the risk of myocardial
infarction  in  patients  with  pre-existing
cardiovascular disease. By preventing LDL
oxidation, Vitamin E helps reduce the buildup of
plagues in arteries, thereby decreasing the risk of
heart attacks and strokes.

4.3.2 Influence on cancer prevention and skin
health

Vitamin E also plays a role in cancer prevention
by protecting DNA from oxidative damage. It has
been studied for its potential to reduce the risk of
prostate, breast, and lung cancers. Vitamin E is
known for its skin-protective effects, reducing
UV-induced damage and promoting wound
healing by enhancing collagen synthesis
(Anbualakan et al., 2022).

4.4 Vitamin A

4.4.1 Function in vision and immune system
support

Vitamin A is important for maintaining healthy
vision, particularly in low-light conditions. It is a
component of rhodopsin, a protein in the retina
that allows the eyes to detect light. Deficiency in
Vitamin A can lead to night blindness and
xerophthalmia, a condition that can cause
corneal ulcers and blindness. Beyond its role in
vision, Vitamin A supports the immune system by
promoting the differentiation of immune cells,
such as T cells and B cells, enhancing the body's
ability to fight infections.

4.4.2 Impact on reducing cancer risk

Vitamin A and its precursors, like beta-carotene,
have been linked to a reduced risk of certain
cancers, particularly lung and skin cancers. The
antioxidant properties of beta-carotene help
protect cells from oxidative stress, which can
lead to DNA mutations and cancer (Van helden
et al., 2009).

4.5 B-Complex Vitamins (B6, B12, Folate)

4.5.1 Role in reducing homocysteine levels
and cardiovascular health

B-complex vitamins, particularly B6, B12, and
folate, are involved in homocysteine metabolism.
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Elevated levels of homocysteine are a known risk
factor for cardiovascular diseases, as they can

has been shown to lower homocysteine levels,
thus reducing the risk of heart disease and

damage blood vessels and promote clot

stroke.

formation. Supplementation with these vitamins

Table 2. Role of specific micronutrients in preventing chronic diseases (Source: Myint et al.,
2008,Balk et al., 2007)

Micronutrient  Chronic Mechanism of Scientific Evidence
Disease Action
Prevented
Vitamin A Vision-related Regulates gene Studies indicate reduced prevalence of
disorders (e.g., expression; xerophthalmia and improved immune
Night essential for responses in vitamin A-sufficient
Blindness), immune function, populations.
Cancer epithelial integrity,
and cellular
differentiation
Vitamin C Cardiovascular ~ Neutralizes free Clinical studies demonstrate lower risks
diseases, radicals; promotes of cardiovascular disease and reduced
Cancer collagen synthesis; oxidative stress markers in populations
supports immune with high vitamin C intake.
defense
Vitamin D Osteoporosis, Enhances calcium Observational studies link vitamin D
Autoimmune and phosphorus sufficiency with lower risks of
diseases, absorption; osteoporosis, type 1 diabetes, and
Diabetes modulates immune multiple sclerosis.
function and
inflammation
Vitamin E Alzheimer's Protects lipids, Meta-analyses show decreased risks of
disease, proteins, and DNA neurodegenerative diseases and
Cancer from oxidative stress improved cognitive performance in
elderly individuals with adequate vitamin
E levels.
Zinc Respiratory Regulates enzyme Research shows improved glycemic
infections, function and control in diabetic patients and reduced
Diabetes, immune responses;  respiratory infection incidence with
Chronic acts as an anti- adequate zinc intake.
inflammation inflammatory agent
Iron Anemia, Essential for oxygen  Supplementation trials have improved
Cognitive transport and hemoglobin levels and cognitive
decline energy metabolism;  performance in children and adults with
supports iron deficiency.
mitochondrial
function
Selenium Thyroid Forms Epidemiological evidence associates
disorders, selenoproteins with  selenium intake with reduced thyroid
Cancer antioxidant autoimmunity and decreased cancer
functions; regulates  incidence.
thyroid hormone
metabolism
Magnesium Hypertension, Acts as a cofactor Randomized controlled trials have

Metabolic for enzymes shown improvements in insulin
syndrome, involved in glucose sensitivity and blood pressure control
Diabetes and blood pressure  with increased magnesium

regulation

consumption.
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Micronutrient  Chronic Mechanism of Scientific Evidence
Disease Action
Prevented
lodine Hypothyroidism, Integral for thyroid Public health interventions with iodized
Goiter hormone synthesis;  salt have significantly decreased goiter
regulates metabolic  prevalence in iodine-deficient regions.
rate and growth
Folate Neural tube Facilitates DNA Fortification programs have drastically
(Vitamin B9) defects, synthesis and reduced the incidence of neural tube
Cardiovascular  repair; lowers defects globally and improved
diseases homocysteine levels cardiovascular outcomes.
Copper Cardiovascular  Supports antioxidant Observational studies link copper
diseases, enzyme function deficiency to increased cardiovascular
Anemia and iron metabolism risk and anemia prevalence.
Manganese Osteoporosis, Essential for bone Studies suggest manganese's role in
Diabetes development and reducing bone fractures and improving
glucose regulation glycemic control in diabetic individuals.
Omega-3 Cardiovascular ~ Modulates Extensive research demonstrates
Fatty Acids diseases, inflammatory reduced risks of heart attacks, lower
Inflammatory responses; lowers triglycerides, and anti-inflammatory
disorders triglycerides effects with adequate omega-3 intake.
Potassium Hypertension, Maintains electrolyte  Evidence supports the role of potassium

Stroke

balance; regulates
blood pressure by
antagonizing sodium

in reducing hypertension and stroke
incidence.

4.5.2 Influence on neurological health and

cognitive function

These vitamins also play important roles in brain
health. Vitamin B12 and folate are necessary for
the synthesis of neurotransmitters and DNA
repair, which are essential for cognitive function
and mental health. Deficiencies in these vitamins
are associated with neurological disorders such
as dementia, depression, and cognitive decline.
A study published in The Lancet demonstrated
that folate supplementation improved cognitive
function in older adults (Balk et al., 2007).

4.6 Minerals  (Zinc,
Magnesium)

Iron, Selenium,

Zinc's role in immune health and wound
healing: Zinc is vital for immune function, as it is
involved in the development and activation of T
cells. Zinc deficiency impairs immune responses,
increasing susceptibility to infections. It also
plays a role in wound healing by promoting
collagen synthesis and cell proliferation.

4.6.1 Iron's impact on anemia prevention and
energy metabolism

Iron is essential for the production of hemoglobin,
which carries oxygen in the blood. Iron deficiency
is the leading cause of anemia globally, affecting

nearly 2 billion people, particularly women and
children. Anemia can lead to fatigue, impaired
cognitive  function, and reduced immune
response.

4.6.2 Selenium as a key antioxidant in
reducing cancer risk

Selenium is a component of selenoproteins,
which have antioxidant properties and protect
cells from DNA damage. Selenium
supplementation has been linked to a reduced
risk of prostate, lung, and colorectal cancers. The
Nutritional Prevention of Cancer (NPC) Trial
found that selenium supplementation significantly
reduced the incidence of prostate cancer
(Nicastro et al., 2013).

4.6.3 Magnesium's effect on blood pressure
and metabolic syndrome

Magnesium is important for over 300 enzymatic
reactions in the body, including those that
regulate blood pressure, glucose metabolism,
and muscle function. Low magnesium levels are
associated with hypertension, insulin resistance,
and an increased risk of metabolic syndrome. A
study published in Hypertension found that
magnesium  supplementation reduced both
systolic and diastolic blood pressure in
hypertensive patients.
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5. MICRONUTRIENT DEFICIENCIES AND
THEIR LINK TO CHRONIC DISEASES

5.1 Prevalence of Micronutrient

Deficiencies Worldwide

Micronutrient deficiencies, often termed “hidden
hunger,” are a global health issue affecting over
2 billion people, particularly in low- and middle-
income countries. Despite advancements in
healthcare, deficiencies in essential vitamins and
minerals remain widespread, particularly among
vulnerable populations such as children,
pregnant women, and the elderly. Vitamin D
deficiency affects nearly 1 billion people globally,
with significant prevalence rates observed even
in regions with ample sunlight due to lifestyle
factors like indoor living and use of sunscreens
(Edis et al., 2016). Deficiencies in zinc, iodine,
Vitamin A, and folate are also common,
contributing to a range of health issues including
impaired immune function, stunted growth,
cognitive delays, and increased susceptibility to
infections.

5.2 Consequences of Deficiencies in
Relation to Cardiovascular Diseases

Micronutrient deficiencies have been increasingly
linked to cardiovascular diseases (CVDs), which
are the leading cause of death globally,
accounting for 17.9 million deaths each year. For
example, deficiencies in magnesium, potassium,
and calcium are known to affect blood pressure
regulation. Magnesium, an essential mineral
involved in over 300 enzymatic processes, plays
a important role in maintaining vascular tone and
reducing hypertension (Kostov et al., 2018). Low
magnesium levels have been linked to an
increased risk of atherosclerosis, arrhythmias,
and heart failure. A study published in Circulation
found that individuals with the lowest serum
magnesium levels had a 50% higher risk of
sudden cardiac death compared to those with
optimal levels. Vitamin D deficiency has also
been associated with an increased risk of
hypertension, myocardial infarction, and stroke.
Vitamin D helps regulate the renin-angiotensin
system, which is important for blood pressure
control. A meta-analysis of observational studies
found that low Vitamin D levels are linked to a
62% higher risk of cardiovascular events.
Deficiencies in B-complex vitamins like B6, B12,
and folate lead to elevated homocysteine levels,
which are a known risk factor for the
development of cardiovascular diseases.

5.3 Deficiency Impact on Diabetes and
Metabolic Syndrome

Micronutrient deficiencies also play a significant
role in the pathogenesis of diabetes and
metabolic syndrome. Low levels of magnesium,
are linked to impaired insulin secretion and
insulin resistance, key factors in the development
of type 2 diabetes (Barbagallo et al., 2007).
Magnesium deficiency has been observed in up
to 38% of type 2 diabetes patients, with studies
showing that supplementation can improve
glycemic control. Zinc deficiency is another factor
associated with poor glycemic control, as zinc
plays a role in insulin synthesis and secretion.
Research suggests that zinc supplementation
can enhance insulin sensitivity and reduce
fasting blood glucose levels. Vitamin D
deficiency is prevalent among individuals with
obesity and metabolic syndrome. This
deficiency exacerbates insulin resistance and
contributes to chronic inflammation, which are
key features of metabolic syndrome. A study
published in Diabetes Care demonstrated
that Vitamin D supplementation significantly
improved insulin sensitivity in patients with type 2
diabetes.

5.4 Association between Micronutrient
Insufficiencies and Neurodegenera-
tive Disorders

Neurodegenerative diseases, such as
Alzheimer's disease, Parkinson's disease, and
cognitive decline, have also been linked to
micronutrient deficiencies. Deficiencies in B-
complex vitamins, particularly B12 and folate, are
associated with cognitive impairment and
dementia. Vitamin B12 deficiency is common in
older adults and can lead to neurological
symptoms such as memory loss, confusion, and
even irreversible nerve damage if not addressed.
Elevated homocysteine levels due to folate or
Vitamin B12 deficiencies can cause neurotoxicity,
which contributes to the development of
Alzheimer's disease (Shen et al., 2015).
Antioxidant micronutrients, such as Vitamin C,
Vitamin E, and selenium, are important in
protecting the brain from oxidative damage,
which is a key contributor to neurodegenerative
diseases. A deficiency in these antioxidants
increases oxidative stress, leading to neuronal
damage and cognitive decline. Research has
shown that higher intakes of these antioxidants
are associated with a reduced risk of dementia. A
study in JAMA Neurology indicated that
individuals with higher plasma levels of Vitamin E
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had a significantly lower risk of developing
Alzheimer's disease.

5.5Role of Deficiencies in Cancer
Progression

Micronutrient deficiencies can also play a
significant role in the progression of cancer.
Selenium, a trace element with potent antioxidant
properties, is essential for DNA repair and the
prevention of oxidative damage. Low selenium
levels have been associated with an increased
risk of cancers, particularly prostate, lung, and
colorectal cancers (Brinkman et al., 2006). The
Nutritional Prevention of Cancer (NPC) Trial
demonstrated that selenium supplementation
reduced the incidence of prostate cancer by 50%
in men with low baseline selenium levels. Vitamin
D deficiency is also linked to a higher risk of
cancer. Vitamin D regulates cell growth and

differentiation, and its deficiency has been
associated with  increased cancer  risk,
particularly breast, colorectal, and prostate

cancers. A meta-analysis of cohort studies
revealed that individuals with higher levels of
Vitamin D had a significantly lower risk of
developing colorectal cancer. Similarly, folate
deficiency can lead to DNA instability, which
increases the risk of mutations and cancer
development. Adequate folate intake has been
shown to reduce the risk of colorectal cancer by
promoting DNA repair and reducing oxidative
damage (Rosati et al., 2012).

6. ROLE OF MICRONUTRIENT
SUPPLEMENTATION IN DISEASE
MANAGEMENT

6.1 Evidence Supporting Supplemen-

tation for Disease Prevention

Micronutrient supplementation has emerged as
an effective strategy for the prevention and
management of various chronic diseases,
especially where dietary intake is insufficient.
Evidence from numerous studies supports the
idea that supplementing with vitamins and
minerals can reduce the risk of chronic illnesses
such as cardiovascular disease, diabetes,
cancer, and neurodegenerative disorders. For
example, a large-scale study known as the
Nurses’ Health Study indicated that individuals
who took a daily multivitamin supplement
containing folic acid for at least 15 years had a
significantly reduced risk of colon cancer.
Another study demonstrated that Vitamin D

supplementation decreased the risk of bone
fractures and osteoporosis in older adults,
thereby contributing to improved skeletal health
(Hill et al., 2017). In populations where dietary
intake  of essential nutrients is  low,
supplementation can significantly enhance health
outcomes. Folic acid supplementation in
pregnant women has been proven to prevent
neural tube defects in newborns, such as spina
bifida, by as much as 70%. Similarly, iron
supplements have been shown to reduce the
prevalence of iron-deficiency anemia, which is a
major health concern, particularly in women of
reproductive age and children.

Vitamin and Mineral
in Reducing Disease

6.2 Efficacy of
Supplements
Risks

Vitamin D supplementation has been extensively
studied for its potential role in reducing the risk of
chronic diseases. A meta-analysis involving over
50,000 participants showed that Vitamin D
supplementation was associated with a 7%
reduction in overall mortality, particularly from
cancer and cardiovascular diseases (Zheng et
al., 2013). The mechanism involves the
regulation of calcium homeostasis, modulation of
immune responses, and reduction of chronic
inflammation, all of which contribute to a lower
risk of disease.

Omega-3 fatty acids, which are often
supplemented in the form of fish oil, have shown
efficacy in reducing the risk of cardiovascular
events, including myocardial infarction and
stroke. A study published in the Journal of the
American Medical Association demonstrated that
daily supplementation with 1 gram of fish oil
reduced the risk of cardiac death by 20% among
patients  with  coronary heart disease.
Supplementation with antioxidants such as
Vitamin C, Vitamin E, and selenium has been
linked to reduced oxidative stress, which is
implicated in the development of chronic
diseases like cancer and cardiovascular disease.
Zinc supplementation has shown significant
benefits in reducing the incidence of infections,
particularly in children and the elderly, by
enhancing immune function. Research indicates
that zinc supplements can reduce the duration
and severity of common colds by up to 33%
(Wang et al., 2020). Selenium supplementation
has been associated with a reduced risk of
prostate cancer, as demonstrated in the
Nutritional Prevention of Cancer (NPC) Trial,
where  selenium  supplementation lowered
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prostate cancer incidence by approximately 50%
in men with low baseline selenium levels.

6.3 Potential Benefits and Risks of Over-
Supplementation

While supplementation offers numerous health
benefits, there are also potential risks associated
with over-supplementation, particularly when
taken in excessive doses. For example, while
Vitamin A is essential for vision and immune
function, excessive intake can lead to
hypervitaminosis A, resulting in liver damage,
bone loss, and neurological symptoms. Similarly,
high doses of Vitamin E supplementation have
been linked to an increased risk of hemorrhagic
stroke due to its anticoagulant properties (Le et
al., 2020). Excessive iron supplementation can
cause iron overload, leading to oxidative stress
and damage to organs like the liver and heart. A
study published in The Lancet indicated that
excess iron intake could increase the risk of
colorectal cancer. Long-term selenium
supplementation at doses higher than the
recommended levels may increase the risk of
type 2 diabetes, as observed in the select
(Selenium and Vitamin E Cancer
Prevention Trial). This underscores the need for
a careful balance when supplementing with
micronutrients, especially for individuals who
already consume adequate levels through their
diet.

6.4 Case Studies and Meta-Analyses of
Supplementation in Chronic Disease
Prevention

Numerous case studies and meta-analyses have
provided robust evidence on the benefits of
micronutrient supplementation in chronic disease
prevention. One of the most cited studies is the
Women's Health Initiative, which examined the
effects of  calcium and Vitamin D
supplementation on bone health. The study
found that daily supplementation with calcium
(1,000 mg) and Vitamin D (400 IU) reduced the
risk of hip fractures among postmenopausal
women by 29% (Feskanich et al, 2003).
The efficacy of antioxidant supplements,
including Vitamins A, C, and E, in preventing
chronic diseases. The findings suggested that
while moderate supplementation had protective
effects, excessive doses could potentially
increase mortality, highlighting the fine line
between beneficial and harmful supplementation
levels. In neurodegenerative diseases, a study
published in JAMA Neurology demonstrated that

individuals with higher plasma levels of Vitamin E
had a lower risk of developing Alzheimer's
disease, suggesting a neuroprotective role for
this vitamin. Folic acid supplementation has been
linked to improved cognitive function and
reduced risk of dementia, particularly in older
adults. These findings support the use of
targeted supplementation to mitigate the risk of
age-related cognitive decline. Further supporting
the case for micronutrient supplementation, a
meta-analysis of randomized controlled trials
found that supplementation with magnesium was
associated with significant reductions in blood
pressure, particularly among individuals with
hypertension (Zhang et al., 2016). Magnesium's
role as a cofactor in over 300 enzymatic
reactions, including those involved in blood
pressure regulation and glucose metabolism,
underscores its importance in  managing
metabolic disorders.

7. INTERACTIONS BETWEEN MICRO
NUTRIENTS AND OTHER NUTRIENTS
IN CHRONIC DISEASE PREVENTION

7.1 Synergistic Effects of Combined
Nutrient Intake

Micronutrients do not function in isolation; rather,
their interactions with other nutrients can
significantly enhance their effectiveness in
preventing chronic diseases. This synergistic
effect occurs when multiple nutrients work
together to optimize health outcomes, often
leading to results that exceed the benefits of
individual nutrients alone. For example, Vitamin
C plays a important role in enhancing the
absorption of non-heme iron, which is primarily
found in plant-based foods. By reducing ferric
iron (Fe3+) to ferrous iron (Fe2+), Vitamin C
improves its bioavailability, helping to prevent
iron-deficiency anemia, particularly in populations
reliant on vegetarian diets (Moustarah et al.,
2022). The interaction between Vitamin D and
calcium is well-documented. Vitamin D enhances
the intestinal absorption of calcium, which is vital
for bone mineralization and the prevention of
osteoporosis. A meta-analysis of randomized
controlled trials demonstrated that the combined
supplementation of calcium and Vitamin D
significantly reduced the risk of fractures among
older adults, particularly postmenopausal
women. This synergistic effect is important for
maintaining bone density and preventing
osteoporosis-related  fractures, which are
common in aging populations. Another example
of nutrient synergy is the relationship between
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selenium and Vitamin E. Both act as
antioxidants, but when consumed together, they
provide enhanced protection against oxidative
stress and inflammation. The combination of
these nutrients has been shown to reduce the
risk of chronic diseases, such as prostate
cancer, as demonstrated in the Nutritional
Prevention of Cancer (NPC) trial (Dunn et al.,
2010). The study found that selenium
supplementation, especially in individuals
with low baseline selenium levels, significantly
lowered the incidence of prostate cancer, an
effect that was more pronounced
when adequate Vitamin E intake was also
present.

7.2 Role of Diet Diversity and Food
Synergy in Optimizing Health

The concept of food synergy highlights that the
health benefits of a diet are greater than the sum
of its individual components. This means that
whole foods, which contain a complex mixture of
nutrients, phytochemicals, and fiber, can have
more potent effects on health than isolated
nutrient  supplements. For example, the
Mediterranean diet, which emphasizes a diverse
intake of fruits, vegetables, whole grains, nuts,
and olive oil, is rich in antioxidants, fiber, and
healthy fats. Studies have shown that adherence
to this diet is associated with a lower risk of
cardiovascular diseases, cancer, and
neurodegenerative disorders. A landmark study
published in The New England Journal of
Medicine demonstrated that individuals who
followed a Mediterranean diet supplemented with
extra-virgin olive oil or nuts had a 30% lower risk
of major cardiovascular events compared to
those on a low-fat diet (Estruch et al., 2018). The
protective effects of the Mediterranean diet are
believed to result from the synergistic
interactions among its components, which
include omega-3 fatty acids, polyphenols, fiber,
and micronutrients like magnesium and
potassium. These nutrients work together to
reduce inflammation, improve lipid profiles, and
enhance endothelial function. The importance of
diet diversity extends beyond chronic disease
prevention to overall health optimization.
Consuming a variety of foods ensures a broad
spectrum of nutrients, thereby reducing the risk
of nutrient deficiencies. Including both animal
and plant sources of protein ensures a mix of
essential amino acids, while also providing other
micronutrients such as Vitamin B12 from animal
sources and phytochemicals from plant foods.
Research indicates that dietary diversity is

associated with better nutritional status,
improved immunity, and reduced risk of
non-communicable diseases (Phillips et al.,
2019).

7.3 Influence of Dietary Patterns on
Nutrient Bioavailability

The bioavailability of micronutrients, or the
extent to which they are absorbed and utilized
by the body, is significantly influenced by
dietary patterns. The presence of fat in a meal
enhances the absorption of fat-soluble
vitamins such as Vitamins A, D, E, and K.
This is why consuming a salad with a healthy
fat source like olive oil can improve the
absorption of carotenoids from vegetables like
carrots and tomatoes. A study published in The
American Journal of Clinical Nutrition showed
that adding avocado to a salad increased the
absorption of beta-carotene by up to four times
compared to a salad without fat. Conversely,
certain dietary components can inhibit nutrient
absorption. Phytates and oxalates found in whole
grains and leafy greens, respectively, can bind to
minerals like iron, calcium, and zinc, reducing
their bioavailability (Castro-Alba et al., 2019).
This is particularly relevant in populations with
diets that are heavily reliant on plant-based
foods, as they may require higher intakes of
these minerals to meet their nutritional needs.
Consuming foods rich in Vitamin C alongside
plant-based iron sources can counteract the
inhibitory effects of phytates, enhancing iron
absorption. The balance of macronutrients in a
diet can influence how micronutrients are
metabolized and utilized. High protein diets, for
example, increase the body's requirement for
Vitamin B6, as it is essential for protein
metabolism. Similarly, diets high in refined
carbohydrates can deplete levels of chromium,
magnesium, and zinc, which are critical for
glucose metabolism and insulin sensitivity.
Dietary patterns such as the DASH (Dietary

Approaches to Stop Hypertension) diet
emphasize the intake of fruits, vegetables,
whole grains, and lean proteins, which

collectively enhance the bioavailability of key
nutrients like potassium, magnesium, and
calcium. Research has shown that adherence to
the DASH diet can reduce blood pressure,
improve lipid profiles, and lower the risk of
cardiovascular diseases. The combination of
nutrients in the DASH diet works synergistically
to enhance vasodilation, reduce oxidative stress,
and improve endothelial function (Ahmad et al.,
2017).
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8. RECENT ADVANCES IN RESEARCH
ON MICRONUTRIENTS AND CHRONIC
DISEASES

8.1 Advances in Nutrigenomics and
Personalized Nutrition
advancements in the field of
nutrigenomics have paved the way for
personalized nutrition, where dietary
recommendations are tailored based on an
individual's genetic  profile.  Nutrigenomics
explores the interaction between nutrients and
genes, and how these interactions influence the
risk of developing chronic diseases. For
example, variations in the gene encoding for the
enzyme MTHFR (methylenetetrahydrofolate
reductase) can affect folate metabolism,
increasing the risk of cardiovascular diseases
due to elevated homocysteine levels (Cortese et
al.,, 2001). Individuals with the MTHFR
polymorphism may benefit from higher folate
intake to counteract this risk. Personalized
nutrition  strategies also extend to the
management of diabetes, obesity, and
cardiovascular diseases. Studies have shown
that individuals with certain genetic
polymorphisms related to Vitamin D metabolism
may require higher levels of Vitamin D
supplementation to achieve optimal blood levels.
Nutrigenomics can help identify individuals who
are more likely to benefit from omega-3 fatty acid
supplementation for reducing triglyceride levels
and preventing heart disease. These
advancements enable healthcare providers to
move beyond the one-size-fits-all approach,
providing more effective dietary interventions.

Recent

8.2 Role of Functional Foods Enriched

with Micronutrients

Functional foods, which are enriched with
essential nutrients, have gained considerable
attention for their potential to prevent chronic
diseases. Functional foods include items like
fortified cereals, dairy products with added
probiotics, and beverages enriched with vitamins
and minerals. One of the most notable examples
is the fortification of foods with Vitamin D, which
has been shown to reduce the incidence of
osteoporosis and fractures (Sandmann et al.,
2017). The consumption of omega-3-enriched
foods, such as eggs and margarine, has been
linked to improved heart health and reduced
inflammation.  Probiotic-enriched foods are
another area of interest due to their impact on
gut health and immunity. A study published in

Nutrients found that consuming yogurt fortified
with probiotics and Vitamin D improved both gut
microbiota composition and immune response in
elderly individuals, reducing their risk of
infections. The development of functional foods
that combine probiotics with micronutrients like
zinc and selenium is emerging as a promising
strategy for enhancing immune function and
preventing chronic diseases.

8.3 Use of Biofortification to Address
Micronutrient Deficiencies

Biofortification is an innovative approach to
addressing micronutrient deficiencies, particularly
in regions where people have limited access to
diverse diets. Biofortification involves breeding
crops to enhance their micronutrient content,
thereby providing a sustainable solution to
hidden hunger. Biofortified rice with higher levels
of beta-carotene, known as Golden Rice, has
been developed to combat Vitamin A deficiency,
which is prevalent in Asia and Africa (Amna et al.,
2020). Similarly, iron-biofortified beans have
shown promise in reducing anemia in regions like
Latin America.

Zinc-biofortified wheat and rice have been shown
to improve zinc intake among populations in
South Asia, where zinc deficiency is a major
public health issue. According to the International
Food Policy Research Institute, biofortification
has the potential to reach millions of people in
low-resource  settings, where  traditional
supplementation programs are often not feasible.

the use of
Targeted

8.4 Emerging Trends in
Micronutrients for
Therapies

Micronutrients are increasingly being explored as
adjunct therapies for chronic diseases. For
example, selenium supplementation has been
studied for its role in reducing the severity of
autoimmune  thyroid diseases, such as
Hashimoto’s thyroiditis. Another emerging trend
is the use of high-dose Vitamin C in cancer
treatment. Intravenous Vitamin C has been
shown to selectively Kkill cancer cells while
sparing normal cells by generating hydrogen
peroxide, which cancer cells are less able to
neutralize (Pawlowska et al., 2019). Recent
research has also highlighted the potential of
magnesium supplementation in improving insulin
sensitivity in type 2 diabetes patients, reducing
both fasting blood glucose levels and HbAlc.
These findings suggest that micronutrient
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therapies could complement conventional
treatments, offering a holistic approach to
disease management.

9. CHALLENGES AND LIMITATIONS
IN STUDYING MICRONUTRIENT
EFFECTS

9.1 Variability in Nutrient Bioavailability
and Absorption

One of the significant challenges in studying the
effects of micronutrients is the variability in their
bioavailability, which refers to the proportion of a
nutrient that is absorbed and utilized by the body.
Factors such as age, gender, genetic makeup,
and gut health can influence how effectively
individuals absorb micronutrients. For example,
the bioavailability of non-heme iron from plant
sources is significantly lower than that of heme
iron from animal products, largely due to the
presence of phytates and polyphenols that inhibit
absorption (Dasa et al, 2018). Fat-soluble
vitamins like A, D, E, and K require dietary fat for
proper absorption, making their bioavailability
dependent on the composition of a person’s diet.

9.2 Confounding Factors in Epidemio-
logical Studies
Epidemiological studies that explore the

relationship between micronutrient intake and
chronic disease risk are often confounded by
various factors, making it difficult to draw
definitive conclusions. Dietary intake data is
typically self-reported, which can lead to
inaccuracies and misclassification. Other lifestyle
factors such as smoking, physical activity, and
alcohol consumption can influence health
outcomes, complicating the assessment of the
specific effects of micronutrients. For example,
while observational studies have linked higher
Vitamin D levels to reduced cancer risk, these
studies cannot account for all potential
confounders, such as outdoor physical activity,
which also increases sunlight exposure (Hossain
et al., 2019).

9.3 Ethical Considerations in Micro-
nutrient Supplementation Trials

Conducting randomized controlled trials (RCTs)
on micronutrient supplementation poses ethical
challenges, especially when there is a known
deficiency that could harm participants if left
unaddressed. Withholding essential nutrients like
folate or iron from pregnant women in control
groups would be unethical, given the known risks

of deficiency to fetal development. Long-term
supplementation trials can be costly and require

extensive follow-up, which may limit their

feasibility.

9.4 Limitations in Current Research
Methodologies and Data

Interpretation

Current research methodologies face several
limitations in studying micronutrients. Many
studies rely on serum biomarkers to assess
nutrient status, which may not accurately reflect
tissue levels or long-term status. The use of high-
dose supplements in clinical trials may not
translate to real-world dietary intake, leading to
challenges in interpreting the results. For
example, while high doses of Vitamin E have
been studied for their potential benefits in
preventing heart disease, some trials have found
an increased risk of hemorrhagic stroke,
highlighting the complexities of supplementation.
Studies often fail to consider the synergistic
effects of nutrients when administered together,
which can impact the overall findings. Calcium
supplementation without concurrent Vitamin D
may not be effective in preventing bone
fractures, as Vitamin D is necessary for calcium
absorption (Yao et al., 2019). This underscores
the need for more comprehensive approaches
that consider nutrient interactions and holistic
dietary patterns.

10. FUTURE IN MICRONUTRIENT RE-
SEARCH FOR CHRONIC DISEASE
PREVENTION

10.1 Potential of New Technologies in
Assessing Micronutrient Status

Advances in technology, such as high-throughput
genomic sequencing and metabolomics, are
revolutionizing our ability to assess micronutrient
status with greater precision. Portable point-of-
care devices now enable rapid, non-invasive
measurements of nutrient levels like Vitamin D
and iron, allowing for early detection of
deficiencies. These technologies can lead to
more personalized approaches in nutrition,
optimizing interventions for chronic disease
prevention.

10.2 Strategies for Improving Public
Health Policies on Micronutrient
Intake

Public health strategies need to focus on
fortification programs and dietary guidelines to
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address widespread deficiencies. Successful
examples include salt iodization and fortifying
flour with folic acid, which have significantly
reduced goiter and neural tube defects,
respectively (Kancherla et al., 2020). The
WHO is now recommending broader fortification
strategies to include micronutrients like
Vitamin D and zinc to reduce global disease
burdens.

10.3 Need for More Comprehensive and
Long-Term Clinical Studies

While numerous studies link micronutrient
supplementation to reduced chronic disease risk,
many are short-term and do not capture the long-
term effects. Large-scale, long-duration
randomized controlled trials are necessary to
clarify the role of micronutrients in preventing
conditions like cancer and cardiovascular
diseases (Mayne et al., 2012). These studies
should also consider nutrient interactions and
personalized responses based on genetic
factors.

10.4 Role of Sustainable Agriculture in
Enhancing Micronutrient Content in
Food

Biofortification, which involves breeding crops to
increase their nutrient content, offers a
sustainable solution to combat micronutrient

deficiencies. Examples include zinc-enriched
wheat and iron-fortified beans that have
improved nutrient intake in  low-income

populations. Emphasizing sustainable agriculture
practices can also help preserve soil health,
which is essential for nutrient-rich crops, thereby
supporting global food security (Khan et al.,
2024).

11. CONCLUSION

Micronutrients play an essential role in
preventing and managing chronic diseases,
influencing pathways related to immunity,
inflammation, metabolism, and cellular health.
Recent advances in nutrigenomics,
biofortification, and personalized nutrition
underscore the potential of tailored interventions
to optimize nutrient intake and enhance public
health. However, challenges such as variability in
nutrient bioavailability, confounding factors in
studies, and ethical concerns in clinical trials
highlight the need for further research.
Comprehensive, long-term studies, combined

with  innovative technologies for nutrient
assessment, are important to establish clear
guidelines  for  effective  supplementation.
Sustainable agricultural practices must be
prioritized to enhance the nutritional quality of
food crops, addressing global deficiencies. By
integrating scientific advancements with public
health strategies, we can better leverage
micronutrients to reduce the burden of chronic
diseases and improve overall population health.

DISCLAIMER (ARTIFICIAL INTELLIGENCE)

Author(s) hereby declare that NO generative Al
technologies such as Large Language Models
(ChatGPT, COPILOT, etc) and text-to-image
generators have been used during writing or
editing of this manuscript.

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES

Ahmad, K. A., Yuan Yuan, D., Nawaz, W., Ze,
H., Zhuo, C. X.,, Talal, B., ... & Qilong, D.
(2017). Antioxidant therapy for
management of oxidative stress induced
hypertension. Free radical research, 51(4),
428-438.

Amna, Qamar, S., Tantray, A. Y., Bashir, S. S.,
Zaid, A., & Wani, S. H. (2020). Golden rice:
genetic engineering, promises, present
status and  future prospects. Rice
Research for Quality Improvement:
Genomics and Genetic Engineering:
Volume 2: Nutrient Biofortification and
Herbicide and Biotic Stress Resistance in
Rice, 581-604.

Anbualakan, K., Tajul Urus, N. Q., Makpol, S.,
Jamil, A., Mohd Ramli, E. S., Md Pauzi, S.
H., & Muhammad, N. (2022). A scoping
review on the effects of carotenoids and
flavonoids on skin damage due to
ultraviolet radiation. Nutrients, 15(1), 92.

Balk, E. M., Raman, G., Tatsioni, A., Chung, M.,
Lau, J., & Rosenberg, I. H. (2007). Vitamin
B6, B12, and folic acid supplementation
and cognitive function: a systematic review
of randomized trials. Archives of internal
medicine, 167(1), 21-30.

Barbagallo, M., & Dominguez, L. J. (2007).
Magnesium metabolism in type 2 diabetes
mellitus, metabolic syndrome and insulin

175



Pandarinathan et al.; Eur. J. Nutr. Food. Saf., vol. 16, no. 12, pp. 159-178, 2024; Article no.EJNFS.127114

resistance. Archives of biochemistry and
biophysics, 458(1), 40-47.

Barbagallo, M., Veronese, N., & Dominguez, L. J.
(2021). Magnesium in aging, health and
diseases. Nutrients, 13(2), 463.

Bendich, A., Machlin, L. J., Scandurra, O.,
Burton, G. W., & Wayner, D. D. M. (1986).
The  antioxidant role of  vitamin
C. Advances in Free Radical Biology &
Medicine, 2(2), 419-444.

Block, G., Jensen, C. D., Dalvi, T. B., Norkus, E.
P., Hudes, M., Crawford, P. B., ... &
Harmatz, P. (2009). Vitamin C treatment
reduces elevated C-reactive protein. Free
Radical Biology and Medicine, 46(1), 70-
77.

Bloom, D. E., Chen, S., Kuhn, M., McGovern, M.
E., Oxley, L., & Prettner, K. (2020). The
economic burden of chronic diseases:
estimates and projections for China,
Japan, and South Korea. The Journal of
the Economics of Ageing, 17, 100163.

Brinkman, M., Reulen, R. C., Kellen, E., Buntinx,
F., & Zeegers, M. P. (2006). Are men with
low selenium levels at increased risk of
prostate cancer?. European Journal of
Cancer, 42(15), 2463-2471.

Bruins, M. J., Van Dael, P., & Eggersdorfer, M.
(2019). The role of nutrients in reducing
the risk for noncommunicable diseases
during aging. Nutrients, 11(1), 85.

Castro-Alba, V., Lazarte, C. E., Bergenstahl, B.,
&Granfeldt, Y. (2019). Phytate, iron, zinc,
and calcium content of common Bolivian

foods and their estimated mineral
bioavailability. Food Science &
Nutrition, 7(9), 2854-2865.

Chowdhury, S. R., & Ray, S. (2024).

Micronutrient Deficiency in Indian Diet.

Cortese, C., & Motti, C. (2001). MTHFR gene
polymorphism, homocysteine and
cardiovascular  disease. Public  health
nutrition, 4(2b), 493-497.

Crider, K. S., Yang, T. P., Berry, R. J., & Bailey,
L. B. (2012). Folate and DNA methylation:
a review of molecular mechanisms and the
evidence for folate's role. Advances in
nutrition, 3(1), 21-38.

Darbar, S., Saha, S., & Agarwal, S. (2021).
Immunomodulatory role of vitamin C, D
and E to fight against COVID-19 infection
through boosting immunity: a
review. Parana Journal of Science and
Education, 7(1), 10-18.

Dasa, F., & Abera, T. (2018). Factors affecting
iron absorption and mitigation

mechanisms: a review. Int. J. Agric. Sci.
Food Technol, 4(2), 024-030.

Dunn, B. K., Richmond, E. S., Minasian, L. M.,

Ryan, A. M., & Ford, L. G. (2010). A

nutrient approach to prostate cancer

prevention: The Selenium and Vitamin E

Cancer Prevention Trial

(SELECT). Nutrition and cancer, 62(7),

896-918.

Z., &Bloukh, S. H. (2016). Vitamin D

Deficiency: Main Factors Affecting The

Serum 25-Hydroxyvitamin D ([25 (Oh) D])

Status And Treatment

Options. oncology, 8, 9.

Elmadfa, I., & Meyer, A. L. (2019). The role of the
status of selected micronutrients in
shaping the immune function. Endocrine,
Metabolic & Immune Disorders-Drug
Targets (Formerly Current Drug Targets-
Immune, Endocrine & Metabolic
Disorders), 19(8), 1100-1115.

Estruch, R., Ros, E., Salas-Salvado, J., Covas,
M. I, Corella, D., Ar@s, F., ... & Martinez-
Gonzalez, M. A. (2018). Primary
prevention of cardiovascular disease with a
Mediterranean diet supplemented with
extra-virgin olive oil or nuts. New England
journal of medicine, 378(25), e34.

Fang, Y. Z., Yang, S., & Wu, G. (2002). Free
radicals, antioxidants, and
nutrition. Nutrition, 18(10), 872-879.

Fenech, M. F., Bull, C. F., & Van Klinken, B. J.
W. (2023). Protective effects of
micronutrient supplements,
phytochemicals and phytochemical-rich
beverages and foods against DNA damage

Edis,

in humans: a systematic review of
randomized controlled trials and
prospective studies. Advances in

Nutrition, 14(6), 1337-1358.

Feskanich, D., Willett, W. C., & Colditz, G. A.
(2003). Calcium, vitamin D, milk
consumption, and hip fractures: a
prospective study among postmenopausal
women. The American journal of clinical
nutrition, 77(2), 504-511.

Godswill, A. G., Somtochukwu, I. V., Ikechukwu,
A. O, & Kate, E. C. (2020). Health benefits
of micronutrients (vitamins and minerals)
and their associated deficiency diseases: A
systematic review. International Journal of
Food Sciences, 3(1), 1-32.

Govers, C., Calder, P. C., Savelkoul, H. F.,
Albers, R., & van Neerven, R. J. (2022).
Ingestion, immunity, and infection: nutrition
and viral respiratory tract

176



Pandarinathan et al.; Eur. J. Nutr. Food. Saf., vol. 16, no. 12, pp. 159-178, 2024; Article no.EJNFS.127114

infections. Frontiers in Immunology, 13,

841532.
Graham, |. M., & O'Callaghan, P. (2002).
Vitamins, homocysteine and

cardiovascular risk. Cardiovascular drugs
and therapy, 16, 383-389.

Graham, R. D., Welch, R. M., Saunders, D. A.,
Ortiz-Monasterio, I, Bouis, H. E.,
Bonierbale, M., ... & Twomlow, S. (2007).
Nutritious subsistence food
systems. Advances in agronomy, 92, 1-74.

Hill, T. R., &Aspray, T. J. (2017). The role of
vitamin D in maintaining bone health in
older people. Therapeutic advances in
musculoskeletal disease, 9(4), 89-95.

Hossain, S., Beydoun, M. A., Beydoun, H. A,
Chen, X., Zonderman, A. B., & Wood, R. J.
(2019). Vitamin D and breast cancer. A
systematic review and meta-analysis of
observational studies. Clinical nutrition
ESPEN, 30, 170-184.

Kancherla, V., Chadha, M., Rowe, L., Thompson,
A., Jain, S., Walters, D., & Martinez, H.
(2021). Reducing the burden of Anemia
and neural tube defects in low-and middle-
income countries: an analysis to identify
countries with an immediate potential to
benefit from large-scale  mandatory
fortification of wheat flour and
Rice. Nutrients, 13(1), 244.

Kancherla, V., Tsang, B., Wagh, K., Dixon, M., &
Oakley Jr, G. P. (2020). Modeling shows
high potential of folic acid-fortified salt to
accelerate global prevention of major
neural tube  defects. Birth  defects
research, 112(18), 1461-1474.

Khan, U. (2024). Enriching Soil Organic Carbon
for Sustainable Agriculture, Food Security,
and Health. The Journal of Indonesia
Sustainable Development Planning, 5(1),
67-75.

Kostov, K., &Halacheva, L. (2018).
magnesium  deficiency in  promoting
atherosclerosis, endothelial dysfunction,
and arterial stiffening as risk factors for
hypertension. International  journal  of
molecular sciences, 19(6), 1724.

Laddu, D., & Hauser, M. (2019). Addressing the
nutritional phenotype through personalized
nutrition for chronic disease prevention and
management. Progress in cardiovascular
diseases, 62(1), 9-14.

Langlois, M., Duprez, D., Delanghe, J., De
Buyzere, M., & Clement, D. L. (2001).
Serum vitamin C concentration is low in
peripheral arterial disease and s
associated with inflammation and severity

Role of

of atherosclerosis. Circulation, 103(14),

1863-1868.
Le, N. K., Kesayan, T., Chang, J. Y., & Rose, D.
Z. (2020). Cryptogenic intracranial

hemorrhagic strokes associated with
hypervitaminosis E and acutely elevated a-
tocopherol levels. Journal of Stroke and
Cerebrovascular Diseases, 29(5), 104747.

Ma, J., Folsom, A. R., Melnick, S. L., Eckfeldt, J.
H., Sharrett, A. R., Nabulsi, A. A., ... &
Metcalf, P. A. (1995). Associations of
serum and dietary magnesium with
cardiovascular  disease, hypertension,
diabetes, insulin, and carotid arterial wall
thickness: the ARIC study. Journal of
clinical epidemiology, 48(7), 927-940.

Mahmudiono, T., & Haliman, C. D. (2023). B
Vitamins. In Handbook of Food Bioactive
Ingredients: Properties and
Applications (pp. 1-31). Cham: Springer
International Publishing.

Mayne, S. T., Ferrucci, L. M., & Cartmel, B.
(2012). Lessons learned from randomized

clinical trials of micronutrient
supplementation for cancer
prevention. Annual review of

nutrition, 32(1), 369-390.

Moustarah, F., & Daley, S. F. (2022). Dietary

iron. In StatPearls [Internet]. StatPearls

Publishing.

P. K., Luben, R. N., Welch, A. A,
Bingham, S. A., Wareham, N. J., & Khaw,
K. T. (2008). Plasma vitamin C
concentrations predict risk of incident
stroke over 10 y in 20 649 participants of
the European Prospective Investigation
into Cancer—Norfolk prospective population
study. The American journal of clinical
nutrition, 87(1), 64-69.

Nairz, M., & Weiss, G. (2020). Iron in infection
and immunity. Molecular  Aspects  of
Medicine, 75, 100864.

Nicastro, H. L., & Dunn, B. K. (2013). Selenium
and prostate cancer prevention: insights
from the selenium and vitamin E cancer
prevention trial (SELECT). Nutrients, 5(4),
1122-1148.

Opara, E. C., & Rockway, S. W. (2006).
Antioxidants and micronutrients. Disease-
a-month, 52(4), 151-163.

Palace, V. P., Khaper, N., Qin, Q., & Singal, P. K.
(1999). Antioxidant potentials of vitamin A
and carotenoids and their relevance to
heart disease. Free Radical Biology and
Medicine, 26(5-6), 746-761.

Pawlowska, E., Szczepanska, J., & Blasiak, J.
(2019). Pro-and antioxidant effects of

Myint,

177



Pandarinathan et al.; Eur. J. Nutr. Food. Saf., vol. 16, no. 12, pp. 159-178, 2024; Article no.EJNFS.127114

vitamin C in cancer in correspondence to
its dietary and pharmacological
concentrations. Oxidative Medicine and
Cellular Longevity, 2019(1), 7286737.

Phillips, C. M., Chen, L. W., Heude, B., Bernard,
J. Y., Harvey, N. C., Duijts, L., ... & Hébert,
J. R. (2019). Dietary inflammatory index
and non-communicable disease risk: a
narrative review. Nutrients, 11(8), 1873.

Rafig, S., & Jeppesen, P. B. (2018). Body mass
index, vitamin D, and type 2 diabetes: a
systematic review and meta-
analysis. Nutrients, 10(9), 1182.

Rosati, R., Ma, H., & Cabelof, D. C. (2012).
Folate and colorectal cancer in rodents: a
model of DNA repair deficiency. Journal of
Oncology, 2012(1), 105949.

Sandmann, A., Amling, M., Barvencik, F., Konig,
H. H., &Bleibler, F. (2017). Economic
evaluation of vitamin D and calcium food
fortification for fracture prevention in
Germany. Public health nutrition, 20(10),
1874-1883.

Schmid, A., & Walther, B. (2013). Natural vitamin
D content in animal products. Advances in
nutrition, 4(4), 453-462.

Shen, L., & Ji, H. F. (2015). Associations
between homocysteine, folic acid, vitamin
B12 and Alzheimer’s disease: insights from
meta-analyses. Journal of Alzheimer's
Disease, 46(3), 777-790.

Shlisky, J., Bloom, D. E., Beaudreault, A. R.,
Tucker, K. L., Keller, H. H., Freund-Levi,
Y., Fielding, R. A., Cheng, F. W., Jensen,
G. L., Wu, D., & Meydani, S. N. (2017).
Nutritional considerations for healthy aging
and reduction in age-related chronic
disease. Advances in Nutrition, 8(1), 17—
26.

Strain, J. J., Dowey, L., Ward, M., Pentieva, K., &
McNulty, H. (2004). B-vitamins,
homocysteine metabolism and CVD.
Proceedings of the Nutrition Society, 63(4),
597-603.

Triggiani, V., Tafaro, E., Giagulli, V. A., Sabba,
C., Resta, F. Liccheli, B. &
Guastamacchia, E. (2009). Role of iodine,
selenium and other micronutrients in
thyroid function and disorders. Endocrine,
Metabolic & Immune Disorders-Drug
Targets (Formerly Current Drug Targets-
Immune, Endocrine & Metabolic
Disorders), 9(3), 277-294.

Van Helden, Y. G., Keijer, J., Heil, S. G., Picé,
C., Palou, A., Oliver, P., ... & Godschalk,
R. W. (2009). Beta-carotene
affects oxidative stress-related DNA
damage in lung epithelial cells and in
ferret lung. Carcinogenesis, 30(12), 2070-
2076.

Wang, M. X., Win, S. S., & Pang, J. (2020). Zinc
supplementation reduces common cold
duration among healthy adults: a
systematic review of randomized controlled
trials with micronutrients supplementation.
The American journal of tropical medicine
and hygiene, 103(1), 86.

Yao, P., Bennett, D., Mafham, M., Lin, X., Chen,
Z., Armitage, J., & Clarke, R. (2019).
Vitamin D and calcium for the prevention of
fracture: a systematic review and meta-
analysis. JAMA network open, 2(12),
€1917789-e1917789.

Zhang, X., Li, Y., Del Gobbo, L. C., Rosanoff, A.,
Wang, J., Zhang, W., & Song, Y. (2016).
Effects of magnesium supplementation on
blood pressure: a meta-analysis of
randomized double-blind placebo-controlled
trials. Hypertension, 68(2), 324-333.

Zheng, Y., Zhu, J., Zhou, M., Cui, L., Yao, W., &
Liu, Y. (2013). Meta-analysis of long-term
vitamin D supplementation on overall
mortality. PLoS One, 8(12), €82109.

Zoidis, E., Seremelis, 1., Kontopoulos, N.,
&Danezis, G. P. (2018). Selenium-
dependent antioxidant enzymes: Actions
and properties of  selenoproteins.
Antioxidants, 7(5), 66.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of the publisher and/or the editor(s). This publisher and/or the editor(s) disclaim responsibility for
any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.

© Copyright (2024): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://www.sdiarticle5.com/review-history/127114

178


https://www.sdiarticle5.com/review-history/127114

