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an introduction to vitamins minerals and oxidative stress
the role of micronutrients and reactive oxygen species in
normal and pathological processes
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When we talk about health, we often hear about the importance of vitamins and minerals. Yet, these tiny molecules
play a far more complex role than simply supporting growth and development. They are central players in the
delicate balance of oxidation and reduction reactions that keep our cells functioning optimally. This article explores
how micronutrients interact with reactive oxygen species (ROS), the mechanisms of oxidative stress, and the
implications for both normal physiology and disease states. By understanding these relationships, you can make
informed choices about nutrition, lifestyle, and potential interventions that support long term well being.

What Are Micronutrients?

Micronutrients are essential nutrients required in small amounts for various biochemical processes. They are
broadly classified into two categories: vitamins (organic compounds) and minerals(inorganic elements). Unlike
macronutrients—carbohydrates, proteins, and fats—micronutrients are not needed in large quantities, but
deficiencies or excesses can have profound effects on health.

Vitamins

Vitamins are organic molecules that influence metabolism, immune function, and cell signaling. They are divided
into two groups based on solubility:

e Fat soluble vitamins: Vitamins A, D, E, and K. These require dietary fats for absorption and can be stored in
the liver and adipose tissue.

e Water soluble vitamins: The B complex (B1, B2, B3, B5, B6, B7, B9, B12) and vitamin C. They are not stored in
large amounts and excess is typically excreted in urine.

Minerals

Minerals are inorganic elements that serve structural, enzymatic, and regulatory roles. They are further categorized
as:

¢ Macrominerals: Calcium, phosphorus, magnesium, sodium, potassium, chloride, and sulfur.
* Microminerals (trace minerals): Iron, zinc, copper, selenium, iodine, manganese, molybdenum, chromium, and
fluoride.

Reactive Oxygen Species (ROS): Production and Functions

Reactive oxygen species are molecules or ions containing oxygen that are highly reactive due to unpaired
electrons. Common ROS include:

e Superoxide anion (O, {)

e Hydrogen peroxide (H ,0 )
e Hydroxyl radical (¢OH)

e Singlet oxygen (*O )



While ROS are often portrayed as harmful, they are indispensable signaling molecules. They participate in:

1. Cellular signaling: Modulating pathways such as NF ;o , MAPK, and PI3K/AKT.

2. Immune defense: Phagocytes generate ROS to destroy invading pathogens.

3. Apoptosis and cell cycle regulation: Controlled ROS levels can trigger programmed cell death or promote cell
proliferation.

ROS are generated primarily in mitochondria during oxidative phosphorylation, but also in peroxisomes,
endoplasmic reticulum, and through enzymatic reactions involving NADPH oxidases, xanthine oxidase, and
cytochrome P450 systems.

Oxidative Stress: Definition and Mechanisms

Oxidative stress occurs when the production of ROS overwhelms the body's antioxidant defenses, leading to
damage of lipids, proteins, DNA, and other cellular components. The imbalance can arise from:

¢ Excessive ROS production: Chronic inflammation, smoking, UV radiation, and high-fat diets.
e Impaired antioxidant capacity: Nutrient deficiencies, genetic mutations in antioxidant enzymes, or aging.

Key biomarkers of oxidative damage include:

 Lipid peroxidation products: Malondialdehyde (MDA), 4 hydroxy 2 nonenal (4 HNE).
¢ Protein carbonyls and nitrotyrosine.
« DNA oxidation products: 8 hydroxy 2 2 deoxyguanosine (8 OHdG).

Antioxidant Defense Systems

The body employs a multi layered defense system to neutralize ROS. These defenses are enzymatic and
non enzymatic:

Enzymatic Antioxidants
¢ Superoxide dismutases (SODs): Convert superoxide anions to hydrogen peroxide.
¢ Glutathione peroxidases (GPx): Reduce hydrogen peroxide to water using glutathione.
» Catalase: Catalyzes the decomposition of hydrogen peroxide into water and oxygen.
¢ Thioredoxin and peroxiredoxin systems: Regulate redox signaling and protect against oxidative damage.

Non Enzymatic Antioxidants

Glutathione (GSH): A tripeptide that directly scavenges ROS and serves as a substrate for GPx.
Vitamins: Vitamin C (ascorbic acid), vitamin E (tocopherols), beta carotene, and flavonoids.
Minerals: Selenium (as selenocysteine in GPx), zinc, and copper (as cofactors for SOD).

Other molecules: Coenzyme Q10, uric acid, and melatonin.

Micronutrients as Antioxidants: Vitamins and Minerals in Action

Vitamin C

Vitamin C is a powerful water soluble antioxidant. It directly scavenges free radicals in the agueous phase and
regenerates oxidized vitamin E in the lipid phase. Additionally, it participates in the detoxification of hydrogen
peroxide via the ascorbate—glutathione cycle.

Vitamin E

As a lipid soluble antioxidant, vitamin E protects cell membranes from lipid peroxidation by donating a hydrogen



atom to lipid radicals, thereby terminating chain reactions.

Selenium

Selenium is a critical component of glutathione peroxidases and thioredoxin reductases. Adequate selenium intake
ensures optimal activity of these enzymes, which are essential for detoxifying hydrogen peroxide and organic
hydroperoxides.

Zinc and Copper

These trace minerals are cofactors for superoxide dismutase (SOD). Zinc stabilizes the structure of the enzyme,
while copper facilitates the redox cycling necessary for superoxide dismutation.

Iron

Iron is a double edged sword. While it is vital for oxygen transport and mitochondrial electron transport, excess free
iron can catalyze the Fenton reaction, producing highly reactive hydroxyl radicals. Therefore, iron homeostasis is
tightly regulated by ferritin, transferrin, and hepcidin.

Micronutrients in Normal Physiology

Beyond their antioxidant roles, vitamins and minerals contribute to numerous physiological processes that indirectly
influence oxidative balance:

e Enzyme co factors: B vitamins (thiamine, riboflavin, niacin) are essential for NAD z/NADH and FADH , production,
which feed into the mitochondrial respiratory chain.

¢ Neurotransmitter synthesis: Tryptophan (vitamin B6 dependent) is a precursor for serotonin; tyrosine
(B6 dependent) for dopamine.

¢ Immune modulation: Vitamin D influences innate and adaptive immunity, reducing chronic inflammation that
can elevate ROS.

* Bone health: Calcium and magnesium are involved in bone mineralization; vitamin K activates osteocalcin.

Micronutrients in Disease: Cardiovascular, Cancer, Neurodegeneration,
Diabetes, and Aging

Cardiovascular Disease

Oxidative modification of low density lipoprotein (LDL) is a key step in atherogenesis. Adequate intake of
antioxidants—particularly vitamin C, vitamin E, selenium, and polyphenols—has been associated with reduced LDL
oxidation. Conversely, low levels of these micronutrients correlate with higher cardiovascular risk.

Cancer
Chronic oxidative stress can induce DNA mutations, promoting carcinogenesis. Antioxidant micronutrients may

reduce cancer risk by:

¢ Neutralizing ROS that cause DNA damage.
e Modulating signaling pathways involved in cell proliferation and apoptosis.
e Enhancing immune surveillance.

Clinical trials, however, have shown mixed results, underscoring the importance of balanced intake rather than
high dose supplementation.

Neurodegenerative Disorders

Neurons are highly susceptible to oxidative damage due to high oxygen consumption and abundant



polyunsaturated fatty acids. In Alzheimer’'s and Parkinson’s diseases, impaired antioxidant defenses (e.g., reduced
glutathione, diminished GPx activity) contribute to neuronal death. Supplementation with selenium, zinc, and
vitamin E has shown neuroprotective effects in animal models, but human data remain inconclusive.

Diabetes Mellitus

Hyperglycemia induces ROS production via advanced glycation end product formation, mitochondrial dysfunction,
and activation of NADPH oxidase. Antioxidant micronutrients can mitigate oxidative stress, improving insulin
sensitivity and reducing diabetic complications such as retinopathy and nephropathy.

Aging

The free radical theory of aging posits that cumulative oxidative damage leads to functional decline. While
antioxidant supplementation has not consistently extended lifespan in humans, maintaining adequate micronutrient
intake may support healthy aging by preserving cellular function and reducing age related diseases.

Micronutrient Deficiencies and Oxidative Damage

Deficiencies in key micronutrients can compromise antioxidant defenses:

« Vitamin C deficiency: Leads to scurvy, impaired collagen synthesis, and reduced capacity to neutralize ROS.

« Vitamin E deficiency: Causes hemolytic anemia and neurological deficits.

¢ Selenium deficiency: Associated with Keshan disease (cardiomyopathy) and Kashin Beck disease
(arthropathy).

 Zinc deficiency: Impairs SOD activity, leading to increased oxidative stress and impaired wound healing.

« Iron deficiency: While reducing iron catalyzed ROS, it also impairs oxygen transport and energy metabolism.

Public health strategies that ensure balanced micronutrient intake—through diet diversification, fortification, and
supplementation when necessary—are crucial for preventing oxidative related pathologies.

Dietary Sources and Supplementation Strategies

Vitamins

« Vitamin C: Citrus fruits, kiwi, strawberries, bell peppers, broccoli.
< Vitamin E: Almonds, sunflower seeds, hazelnuts, spinach, avocado.
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