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The recent study provides a comprehensive overview of vitamin D, emphasizing its biological 
roles, sources, and health implications. Vitamin D, a fat-soluble prohormone, is essential for bone 
health, immune function, mental well-being, reproductive health, and the prevention of chronic 
diseases. Discovered in the early 20th century due to the anti-rachitic effects of cod liver oil, 
vitamin D includes two main inactive precursors: vitamin D3 and vitamin D2. Vitamin D3 is 
endogenously synthesized in the skin through ultraviolet B (UVB) radiation (290–320 nm), while 
vitamin D2 originates from plants and is obtained through dietary intake. The synthesis and 
activation of vitamin D are influenced by factors such as UVB exposure, with excessive exposure 
leading to the formation of inactive metabolites like tachysterol and lumisterol. This overview 
underscores the critical importance of maintaining adequate vitamin D levels for optimal health 
outcomes. 
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1. Introduction 
Vitamin D is a fat-soluble vitamin that plays a crucial 
role in bone health, immune function, mental well-
being, reproductive health, and chronic disease 
prevention. Vitamin D is a group of fat-soluble 
prohormones first identified in the early 20th 
century following the discovery of the anti-rachitic 
properties of cod liver oil. It was named "D" after the 
previously discovered vitamins A, B, and C [1]. The 
two primary biologically inactive precursors of 
vitamin D are vitamin D3 (cholecalciferol) and 
vitamin D2 (ergocalciferol). Vitamin D3 is 
synthesized when 7-dehydrocholesterol in the skin is 
exposed to ultraviolet B (UVB) rays (290–320 nm), 
leading to the formation of pre vitamin D3, which is 
then converted into vitamin D through a heat-
dependent process. However, excessive UVB 
exposure degrades pre vitamin D3 into inactive 
metabolites such as tachysterol and lumisterol. In 
contrast, vitamin D2 is derived from plants and is 
produced exogenously through the irradiation of 
ergosterol, entering circulation via dietary intake [2]. 

Both vitamin D precursors—obtained either through 
sunlight exposure or diet are converted into 25-
hydroxyvitamin D [25(OH)D] (calcidiol) upon 
reaching the liver. This metabolite serves as the 
primary circulating form of vitamin D and is 
commonly used to assess vitamin D status. However, 
for full biological activity, an additional 
hydroxylation step occurs in the kidneys, producing 
the active form, 1,25-dihydroxyvitamin D 
[1,25(OH)₂D] (calcitriol) [3]. Dietary sources of 
vitamin D are limited, with oily fish such as salmon, 
mackerel, and sardines being among the richest 
natural sources. Other sources include egg yolks, 
though their vitamin D content varies, and their high 
cholesterol content makes them a less ideal option. 
Certain foods, including milk, orange juice, and some 
bread and cereals, are fortified with vitamin D to 
help meet dietary needs [4]. 

This review addresses a critical gap in the current 
literature by emphasizing the regulation of hepatic 
protein synthesis not only under pathological 
conditions but also across diverse physiological 
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contexts such as female reproductive stages, aging, 
and nutrient co-factors like vitamin D, B12, iron, and 
folate. The hormonal fluctuations during 
menstruation, pregnancy, and menopause 
significantly influence liver metabolism and protein 
synthesis, yet these effects remain underexplored in 
mainstream hepatology research [5]. Age-related 
hepatic decline, marked by reduced mitochondrial 
efficiency and impaired translational machinery, also 
affects the liver‘s synthetic capacity, particularly in 
elderly populations at risk of sarcopenia and chronic 
liver disease. Moreover, micronutrients such as 
vitamin D and B12, often deficient in older adults 
and women, modulate hepatic gene expression, 
enzymatic activity, and cellular homeostasis either 
independently or through interaction with steroid 
hormones and cytokine pathways. The review also 
highlights the potential co-action or antagonism 
among these micronutrients and hormones, which 
may amplify or inhibit hepatic protein synthesis 
pathways, offering a more integrative and sex-
sensitive understanding of liver function across the 
lifespan [6]. 

According to the World Health Organization (WHO), 
vitamin D deficiency affects nearly 1 billion 
individuals worldwide, with prevalence rates 
exceeding 40% in the general population. Women of 
reproductive age, pregnant women, lactating 
mothers, and the elderly are among the most 
vulnerable groups, owing to hormonal fluctuations, 
reduced outdoor activity, and increased nutritional 
demands. In India, studies have shown that 
approximately 70–90% of the population is vitamin 
D deficient, a trend confirmed by the National 
Family Health Survey (NFHS-5), which reports 
significantly higher deficiency rates in urban females 
(up to 76%) compared to urban males (around 59%) 
[7]. A multicentric study published in the Indian 
Journal of Endocrinology and Metabolism found that 
84.2% of postmenopausal Indian women were 
vitamin D deficient, underscoring a substantial risk 
for hepatic and systemic disorders. This widespread 
deficiency has been linked not only to bone-related 
disorders such as osteoporosis and rickets but also to 

non-skeletal effects, including impaired liver enzyme 
activity, dysregulation of hepatic protein synthesis, 
altered lipid metabolism, insulin resistance, and 
immune dysfunction [8]. Geographic and lifestyle 
factors, such as limited sun exposure due to cultural 
clothing practices, air pollution, urbanization, 
sedentary behavior, darker skin pigmentation, and 
poor dietary intake, further contribute to this 
problem. Populations in South Asia, the Middle East, 
and Africa are particularly affected, with some 
studies reporting deficiency rates of over 90% in Gulf 
countries and Northern India. Global health experts 
now recommend population-wide interventions 
including fortification, supplementation, and public 
health awareness to combat this silent epidemic [9]. 

Table 1 presents a comprehensive overview of the 
global and regional prevalence of vitamin D 
deficiency, emphasizing its widespread nature and 
public health significance. Globally, approximately 
40–50% of the general population is affected by 
vitamin D deficiency, as reported by the WHO and 
others. In India, the situation is particularly severe, 
with urban women and the elderly showing 
deficiency rates between 70–90% and 80–86%, 
respectively, highlighting age and gender-specific 
vulnerabilities. Similarly, countries in the Middle 
East such as Saudi Arabia and the UAE report 
extremely high deficiency rates of 80–90%, despite 
abundant sunlight, due to cultural and lifestyle 
factors limiting sun exposure [10]. African nations 
like Morocco and Egypt also exhibit high prevalence 
among women and children. In the United States, 
African American women are disproportionately 
affected due to melanin's effect on UVB absorption, 
with prevalence rates reaching 50–60%. European 
countries, especially in the north, experience 
seasonal fluctuations with deficiency rates peaking at 
20–40% during winter months. South Asian 
countries such as Pakistan and Bangladesh also 
reflect alarmingly high deficiency levels, particularly 
among women and the elderly. This data underscores 
the urgent need for region-specific strategies to 
combat vitamin D deficiency worldwide [11]. 

 
Table 1: Global and Regional Prevalence of Vitamin D Deficiency. 

S. 

No. 
Region/Country 

Deficiency 

Prevalence (%) 
Affected Population Reference 

1.  Global Average 40–50% General population [12] 

2.  
India (Urban Women) 70–90% 

Reproductive age, 

postmenopausal women 
[13] 

3.  India (Elderly Population) 80–86% Above 60 years [14] 

4.  Middle East (Saudi 

Arabia, UAE) 
80–90% General population [15] 

5.  Africa (Morocco, Egypt) 60–85% Women and children [16] 

6.  USA (African American 

Women) 
50–60% Reproductive age [17] 
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7.  Europe (Northern 

countries) 

20–40% (winter 

months) 
General population [18] 

8.  South Asia (Pakistan, 

Bangladesh) 
70–90% Women, elderly [19] 

 

Figure 1 illustrates the biochemical pathway of 
vitamin D production and activation in the human 
body. The process initiates in the epidermis, where 7-
dehydrocholesterol is converted to vitamin D₃ 
(cholecalciferol) under the influence of UV-B 
radiation from sunlight. Dietary sources also 
contribute vitamin D₂ (ergocalciferol) and vitamin D₃, 
typically found in fortified foods, mushrooms, and oily 
fish. Once absorbed or synthesized, both forms are 
transported to the liver, where they undergo the first 
hydroxylation step via 25-hydroxylase enzymes, 
producing 25-hydroxyvitamin D [25(OH)D], the 
major circulating and storage form of the vitamin 
[20]. Subsequently, this metabolite is transported to 
the kidneys, where 1α-hydroxylase catalyzes a second 

hydroxylation, forming 1,25-dihydroxyvitamin D 
[1,25(OH)₂D], also known as calcitriol the biologically 
active, hormonal form of vitamin D. Calcitriol binds to 
vitamin D receptors (VDRs) in target tissues, playing a 
pivotal role in calcium and phosphate regulation, bone 
remodeling, immune modulation, and cell 
proliferation and differentiation [21]. 

This stepwise transformation highlights the necessity 
of functional skin, liver, and kidney systems for 
vitamin D to exert its biological effects, as disruptions 
at any stage may lead to clinical deficiency, even if sun 
exposure or dietary intake is adequate [22]. 

 

 
 

Figure 1: Pathway of Vitamin D Production. The vitamin D production pathway involves the conversion of 7-
dehydrocholesterol in the skin to vitamin D₃ via UV-B. Vitamin D₃ (and D₂ from food) is hydroxylated in the liver to 

25-hydroxyvitamin D₃ and then in the kidneys to 1,25-dihydroxyvitamin D₃, the biologically active form. 
 

1.1. Role of Vitamin D in Female Health across 
Life Stages 
Vitamin D plays a critical role in female health across 
all life stages, influencing skeletal development, 
reproductive function, immune balance, and chronic 
disease prevention. During childhood and 
adolescence, adequate vitamin D is essential for bone 
growth and mineralization, helping to prevent rickets 
and optimize peak bone mass. In reproductive years, 
it supports hormonal balance and fertility by 
modulating ovarian function and improving outcomes 
in conditions like polycystic ovary syndrome (PCOS). 
During pregnancy, sufficient vitamin D levels are 
linked to reduced risks of gestational diabetes, 
preeclampsia, low birth weight, and impaired fetal 
bone development [23]. In lactating mothers, it 

ensures adequate vitamin D transfer to the infant 
through breast milk. For postmenopausal women, 
who are at higher risk for osteoporosis due to 
declining estrogen levels, vitamin D is crucial in 
maintaining bone density and reducing fracture risk 
[24]. Additionally, vitamin D contributes to immune 
regulation and may reduce the risk of autoimmune 
diseases, cardiovascular disorders, and mood-related 
conditions such as depression throughout a woman‘s 
lifespan. Thus, maintaining optimal vitamin D status 
is vital for promoting long-term health and disease 
prevention in females at every stage of life [25]. 
 
Table 2 highlights the vital role of vitamin D at various 
stages of a woman‘s life, emphasizing its influence on 
development, immunity, hormonal balance, and long-
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term health outcomes. In infancy, vitamin D is crucial 
for bone mineralization and calcium absorption, 
helping prevent rickets and skeletal deformities. 
During childhood, it strengthens bones and supports 
immune function, thereby reducing infection risks 
and aiding brain development [26]. In adolescence, 
vitamin D contributes to the regulation of puberty, 
menstrual cycles, and mood, with deficiencies linked 
to delayed puberty, irregular menstruation, and 
increased risk of depression. In adulthood, it supports 

reproductive health and pregnancy, lowering the risk 
of conditions such as PCOS, gestational diabetes, and 
hypertension. For postmenopausal women, 
maintaining adequate vitamin D levels is essential to 
preserve bone density and muscle strength, while also 
protecting against osteoporosis, fractures, and age-
related cognitive decline. This table underscores the 
importance of lifelong vitamin D sufficiency for 
optimal female health [27]. 

 

Table 2: Role of Vitamin D in Female Health Across Life Stages. 
S. 

No. 

Life Stage Role of Vitamin D Health Impact References 

1.  Infancy (0-12 

months) 

Supports bone 

mineralization and 

calcium absorption 

Prevents rickets and skeletal 

deformities 

[28] 

2.  Childhood (1-12 

years) 

Strengthens bones and 

boosts immunity 

Reduces infection risk and 

supports brain development 

[29] 

3.  Adolescence (13-19 

years) 

Regulates puberty, 

menstrual cycles, and 

mood 

Deficiency may cause 

delayed puberty, irregular 

periods, depression 

[30] 

4.  Adulthood (20-50 

years) 

Supports fertility, 

pregnancy, and 

cardiovascular health 

Reduces risk of PCOS, 

gestational diabetes, and 

hypertension 

[31] 

5.  Postmenopause 

(50+ years) 

Maintains bone density 

and muscle strength 

Prevents osteoporosis, 

fractures, and cognitive 

decline 

[32] 

 

1.2. Symptoms of Vitamin D Deficiency 
Vitamin D deficiency can manifest through a variety of 
subtle and often overlooked symptoms. Individuals 
may experience persistent fatigue and low energy 
levels, even when getting enough sleep. Bone pain and 
muscle weakness, especially in areas like the lower 
back, hips, and legs, are common indicators. A 
weakened immune system can lead to frequent 
infections such as colds or respiratory illnesses. Many 
people with low vitamin D levels report mood 
disturbances, including depression, irritability, and 
anxiety [33]. Wound healing may become noticeably 
slower, as vitamin D is involved in controlling 
inflammation and supporting tissue repair. In some 
cases, hair loss occurs, particularly among women, 
and may be linked to autoimmune responses 
associated with deficiency.  

In children, a lack of vitamin D can impair bone 
growth, potentially resulting in rickets or skeletal 
deformities. Adults may develop osteomalacia, a 
condition characterized by soft, weakened bones and a 
higher risk of fractures. Because these symptoms are 
often non-specific, confirming vitamin D deficiency 
usually requires a blood test measuring serum 25-
hydroxyvitamin D levels [34]. 
 

Table 3 presents an overview of the diverse symptoms 
associated with vitamin D deficiency, highlighting its 
systemic impact across various body functions. 
General symptoms include fatigue, weakness, muscle 
aches, and joint pain, which are often the earliest 
signs of deficiency. In terms of skeletal health, 
insufficient vitamin D can lead to rickets in children, 
osteomalacia in adults, and increased risk of 
osteoporosis in the elderly due to impaired calcium 
metabolism [35].  

Immune system dysfunction is another critical 
consequence, with deficiency linked to greater 
susceptibility to infections and a heightened risk of 
autoimmune disease. Mental health may also be 
affected, as low vitamin D levels are associated with 
depression, anxiety, mood instability, and even 
cognitive decline in older adults [36]. Hormonal 
imbalances can result in menstrual irregularities, 
fertility issues, and worsened symptoms of PCOS. 
Lastly, hair and skin-related problems such as hair 
thinning, alopecia, and delayed wound healing are 
increasingly recognized as signs of deficiency. This 
table emphasizes the need for awareness and early 
detection of vitamin D deficiency to prevent long-term 
health complications [37]. 
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Table 3: Vitamin D deficiency can have widespread effects on the body, leading to various symptoms. 
S. 

No. 

Category Symptoms 

 

References 

1.  General Symptoms Fatigue, weakness, muscle pain, and joint discomfort [38] 

2.  Skeletal Issues Rickets (children), osteomalacia (adults), osteoporosis 

(elderly) 
[39] 

3.  Immune Dysfunction Increased susceptibility to infections, colds, and 

autoimmune diseases 
[40] 

4.  Mental Health Issues Depression, anxiety, mood swings, cognitive decline [41] 

5.  
Hormonal 

Imbalance   

 

Menstrual irregularities, PCOS, fertility issues 

[42] 

6.  Hair and Skin 

Problems 

 

Hair thinning, alopecia, slow wound healing 

[43] 

 

The recommended daily intake (RDI) of vitamin D 
varies according to age, life stage, and individual 
health status. For infants (0–12 months), 400 IU/day 
is advised. Children and adolescents (1–18 years) 
typically require 600 IU/day. Adults aged 19–70 years 
need 600–800 IU/day, while those over 70 may 
require up to 800–1,000 IU/day to maintain skeletal 
and immune health. Pregnant and lactating women 
are recommended 600–800 IU/day. Higher doses 
may be necessary for individuals with limited sun 
exposure, obesity, darker skin, or fat malabsorption 
disorders like celiac or Crohn‘s disease, as per clinical 
guidance [44]. 
 
Table 4 summarizes the recommended daily intake 
(RDI) of vitamin D across various age groups and 
physiological stages, as suggested by key health 

authorities and scientific literature. For infants (0–12 
months), 400 IU/day is considered adequate to 
support early skeletal development and immune 
function. Children aged 1–13 years and teenagers up 
to 18 years require 600 IU/day to sustain bone growth 
and support immune health [45]. Adults between 19–
50 years also need about 600 IU/day to maintain 
calcium balance and overall health. Pregnant and 
lactating women are advised to consume between 
600–800 IU/day to support fetal bone development 
and maternal well-being. Older adults (51 years and 
above), due to reduced skin synthesis and absorption, 
are recommended a higher intake of 800–1000 
IU/day to prevent osteoporosis, fractures, and 
immune decline. These guidelines serve as a baseline, 
with adjustments often required based on individual 
health status, lifestyle, and sun exposure [46]. 

 
Table 4: The recommended daily intake (RDI) varies based on age, gender, and health status. 

S. No. Age Group Recommended Daily Intake (IU/day) References 

1.  Infants (0-12 months) 400 IU [47] 

2.  Children (1-13 years) 600 IU [48] 

3.  Teenagers (14-18 years) 600 IU [49] 

4.  Adults (19-50 years) 600 IU [50] 

5.  Pregnant & Lactating Women 600-800 IU [51] 

6.  Older Adults (51+ years) 800-1000 IU [52] 

 

1.3. Best Sources of Vitamin D 
In situations where sun exposure and dietary intake 
are insufficient, vitamin D supplementation becomes 
a vital tool to achieve and maintain adequate serum 
levels. Supplements are available primarily in two 
forms: vitamin D2 (ergocalciferol) and vitamin D3 

(cholecalciferol). Studies suggest that vitamin D3 is 
more effective than D2 in raising serum 25-
hydroxyvitamin D concentrations and sustaining 
those levels over time. Therefore, cholecalciferol is 
generally preferred in clinical and public health 
settings [53]. Certain groups such as individuals with 
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limited sunlight exposure, people with darker skin 
pigmentation, those with obesity, elderly populations, 
and patients with fat malabsorption syndromes (e.g., 
celiac disease, Crohn's disease) often require 
supplementation beyond dietary sources. 
Additionally, because vitamin D is fat-soluble, taking 
supplements with meals that contain dietary fat 
significantly enhances absorption [54]. 
For individuals with diagnosed deficiency, high-dose 
regimens such as 50,000 IU weekly for 6 to 8 weeks 
may be medically recommended, followed by a 
maintenance dose ranging from 800 to 2,000 IU 
daily, depending on clinical evaluation. However, 
long-term intakes exceeding the Upper Safe Limit of 
4,000 IU/day should only be followed under medical 
supervision to avoid toxicity-related outcomes like 
hypercalcemia, vascular calcification, 
nephrocalcinosis, and renal failure [55]. This multi-
modal approach combining sensible sunlight 
exposure, nutrient-rich diet, and evidence-based 
supplementation is the most reliable strategy for 
optimizing vitamin D levels and preventing 

deficiency-related disorders [56].  
 
Table 5 presents a summary of common dietary 
sources of vitamin D along with their approximate 
content per serving. Among these, cod liver oil stands 
out as the richest source, providing approximately 
1,360 IU of vitamin D per tablespoon. Fatty fish such 
as salmon and tuna are also excellent sources, offering 
600–1,000 IU and 200–400 IU per 3.5-ounce 
serving, respectively. Egg yolks, though consumed in 
smaller quantities, contribute 40–50 IU per large egg. 
Fortified milk, a widely accessible dietary staple, 
provides 100–150 IU per cup, making it a significant 
contributor to daily vitamin D intake in many 
populations. Additionally, sun-exposed mushrooms 
serve as a plant-based source, delivering 200–400 IU 
per half-cup, particularly valuable for individuals 
following vegetarian or vegan diets. This table 
highlights the importance of incorporating a variety of 
these foods to help maintain optimal vitamin D levels 
[57]. 

 

Table 5: Common Dietary Sources of Vitamin D and Their Approximate Content per Serving. 
S. No. Food Source Vitamin D Content (IU per serving) Referencing 

1.  Cod liver oil (1 tbsp) 1,360 IU [58] 

2.  Salmon (3.5 oz) 600-1000 IU [59] 

3.  Tuna (3.5 oz) 200-400 IU [60] 

4.  Egg yolk (1 large) 40-50 IU [61] 

5.  Fortified milk (1 cup) 100-150 IU [62] 

6.  Mushrooms (sun-exposed, ½ cup) 200-400 IU [63] 

 

1.4. Supplements 
Vitamin D supplements are widely used to help 
individuals maintain adequate levels, especially when 
natural sources are insufficient. There are two main 
types of vitamin D supplements: vitamin D2 
(ergocalciferol), which is plant-based, and vitamin D3 
(cholecalciferol), which is derived from animal 
sources and is generally considered more effective in 
raising and maintaining vitamin D levels in the body. 
Supplementation is particularly important for people 
who have limited sun exposure, such as those living in 
northern latitudes or those who spend most of their 
time indoors [64]. It is also essential for individuals 
with certain digestive disorders like inflammatory 
bowel disease (IBD) or celiac disease, which impair 
nutrient absorption. Additionally, people with 
osteoporosis, pregnant women, and the elderly are 
often advised to take vitamin D supplements to 
support bone health and overall well-being [65].  
 
1.5. Health Benefits Beyond Bones 
Vitamin D is widely recognized for its role in 
maintaining bone health, but its benefits extend far 
beyond the skeletal system. One major advantage is its 
role in enhancing immune function it helps lower the 
risk of infections like colds, influenza, and respiratory 
illnesses by modulating immune responses. 
Additionally, vitamin D offers protection against 
autoimmune disorders such as multiple sclerosis, 
rheumatoid arthritis, and type 1 diabetes by regulating 

immune tolerance [66]. It also contributes to 
cardiovascular health by reducing inflammation and 
supporting blood pressure regulation, with deficiency 
linked to an increased risk of hypertension and heart 
disease. In reproductive health, sufficient vitamin D 
levels are associated with improved fertility, 
regulation of ovulation, and reduced risk of 
complications like gestational diabetes and 
preeclampsia. Collectively, these findings highlight 
that vitamin D functions as a hormone-like regulator 
in numerous physiological systems, reinforcing the 
importance of maintaining optimal levels for overall 
well-being [67].  
 
1.6. Additional Health Benefits of Vitamin D 
1.6.1. Strengthens the Immune System 
Vitamin D plays a crucial role in supporting the 
immune system. It has been shown to reduce the risk 
of infections by lowering the chances of developing 
common illnesses such as colds, flu, and other 
respiratory diseases. Additionally, vitamin D may 
offer protection against autoimmune disorders by 
modulating immune responses. Research suggests 
that adequate levels of vitamin D may help in 
preventing conditions such as multiple sclerosis, 
rheumatoid arthritis, and type 1 diabetes [68]. 
 
1.6.2. Supports Mental Health 
Vitamin D also plays a significant role in supporting 
mental health. It has been associated with reduced 
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symptoms of depression and anxiety, partly due to its 
involvement in regulating neurotransmitters such as 
serotonin and dopamine, which are crucial for mood 
balance. Moreover, sufficient vitamin D levels have 
been linked to a lower risk of cognitive decline and 
may help in preventing neurodegenerative conditions 
such as Alzheimer‘s disease [69]. 

 
1.6.3. Improves Heart Health 
Vitamin D contributes to cardiovascular and 
reproductive health in several important ways. A 
deficiency in vitamin D has been associated with an 
increased risk of hypertension and heart disease, 
suggesting that adequate levels may help lower blood 
pressure and support overall cardiovascular function. 
In terms of reproductive health, vitamin D plays a 
vital role during pregnancy, with low levels being 
linked to complications such as gestational diabetes, 
preeclampsia, and low birth weight. Additionally, 
vitamin D may benefit women with polycystic ovary 
syndrome (PCOS) by improving ovulation and 
reducing insulin resistance, thereby enhancing 
fertility outcomes [70]. 

2. Mechanism of Action of Vitamin D 
Vitamin D is a fat-soluble secosteroid that plays a 
crucial role in calcium homeostasis, bone metabolism, 
immune function, and gene regulation. Its mechanism 
of action involves metabolic activation, receptor 
binding, and modulation of gene expression [71]. 
 
2.1. Metabolic Activation of Vitamin D 
Vitamin D is biologically inactive when it is first 
synthesized in the skin through exposure to ultraviolet 
B (UVB) radiation or obtained from dietary sources. It 
must undergo two hydroxylation steps to become 
active. First, it is hydroxylated in the liver by vitamin 
D-25-hydroxylase (CYP2R1) to form 25-
hydroxyvitamin D [25(OH)D], the primary circulating 
form [68]. Then, in the kidneys, 1α-hydroxylase 
(CYP27B1) converts it into 1,25-dihydroxyvitamin D 

[1,25(OH)₂D] (calcitriol), the active hormonal form 
responsible for regulating calcium, phosphate, and 
other physiological processes [72]. 
2.2. Binding to the Vitamin D Receptor (VDR) 
Calcitriol enters target cells and binds to the Vitamin 
D Receptor (VDR), a nuclear receptor expressed in 
various tissues including the bone, intestines, kidneys, 
and immune cells such as T and B lymphocytes and 
macrophages. This receptor-ligand complex forms a 
heterodimer with the Retinoid X Receptor (RXR), 
initiating transcriptional activation of vitamin D-
responsive genes [73]. 
 
3. Gene Transcription and Regulation 
The VDR-RXR complex binds to Vitamin D Response 
Elements (VDREs) in the promoter regions of target 
genes to modulate their transcription. These genes 
play critical roles in calcium/phosphate metabolism, 
immune modulation, and cellular differentiation [74]. 
 
Table 6 highlights several key target genes regulated 
by vitamin D and outlines their crucial biological 
functions. Notably, vitamin D upregulates genes such 
as TRPV6 and CALB1, which play a vital role in 
increasing calcium absorption in the intestines, 
thereby contributing to the enhancement of serum 
calcium levels. Additionally, the regulation of RANKL 
by vitamin D facilitates osteoclast activation, a process 
essential for bone resorption and the subsequent 
release of calcium into the bloodstream [75]. Vitamin 
D also influences FGF23, a gene responsible for 
maintaining phosphate balance by controlling 
phosphate excretion in the kidneys. Moreover, 
vitamin D modulates the immune system by 
regulating IL-10 and TGF-β, two anti-inflammatory 
cytokines that help suppress excessive immune 
responses and maintain immune homeostasis. 
Collectively, these gene targets underscore the 
multifaceted role of vitamin D in maintaining mineral 
balance, bone health, and immune regulation [76]. 

 
Table 6: Key Target Genes Regulated by Vitamin D and Their Biological Functions. 

S. 

No. 

Target 

Gene 

Function Biological Effect Reference 

1.  TRPV6, 

CALB1 

Increases calcium absorption in 

intestines 

Enhances serum calcium levels 
[77] 

2.  RANKL Stimulates osteoclast activation Bone resorption for calcium 

release 
[78] 

3.  FGF23 Regulates phosphate 

metabolism 

Controls phosphate excretion 

in kidneys 
[79] 

4.  IL-10, TGF-

β 

Modulates immune response Suppresses inflammation 
[80] 

 

4. Biological Effects of Vitamin D 
Vitamin D exerts a wide range of biological effects that 
extend far beyond its classical role in bone health. It is 
essential for calcium and phosphate homeostasis, 
facilitating their absorption in the intestines and 

reabsorption in the kidneys to maintain adequate 
serum levels necessary for bone mineralization. In 
bones, vitamin D stimulates the activity of osteoblasts 
and osteoclasts, promoting remodeling and 
maintaining skeletal integrity [81].  
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It also modulates the immune system by enhancing 
innate immunity through the production of 
antimicrobial peptides such as cathelicidin and 
defensins, while simultaneously downregulating pro-
inflammatory cytokines like IL-6 and TNF-α to 
prevent excessive immune responses. Furthermore, 
vitamin D supports cellular differentiation and 
regulates the cell cycle, thereby playing a protective 
role against certain cancers by inhibiting tumor 
growth and promoting apoptosis. It also contributes 
to neurological and reproductive health, supporting 
neurotransmitter synthesis, cognitive function, and 
hormonal balance. These diverse actions illustrate 
vitamin D‘s role as a pleiotropic hormone essential for 
maintaining systemic physiological stability and 
overall health [82]. 
 
4.1. Calcium and Phosphate Homeostasis 
Vitamin D plays a vital role in maintaining calcium 
and phosphate homeostasis by acting on multiple 
organs. In the intestines, it enhances the absorption of 
calcium and phosphate by upregulating the expression 
of transport proteins such as TRPV6 and CALB1. In 
bones, vitamin D promotes remodeling by stimulating 
the activity of both osteoblasts and osteoclasts, 
primarily through the regulation of RANKL signaling. 
In the kidneys, it helps regulate calcium reabsorption 
and phosphate excretion by modulating the actions of 
fibroblast growth factor 23 (FGF23) and parathyroid 
hormone (PTH), ensuring mineral balance and 
skeletal integrity [83]. 
 
4.2. Immune System Modulation 
Vitamin D significantly contributes to immune system 
modulation through various mechanisms. It enhances 
the production of antimicrobial peptides such as 
cathelicidin and defensins, which play a crucial role in 
the body‘s defense against infections. Additionally, 
vitamin D helps suppress excessive immune responses 
by reducing the levels of pro-inflammatory cytokines 
like IL-6 and TNF-α, thereby lowering the risk of 
autoimmune diseases. It also modulates T-cell 
differentiation, promoting the development of 
regulatory T cells that maintain immune tolerance and 
prevent overactivation of the immune system [84]. 
 

4.3. Cell Growth & Differentiation 
Vitamin D plays an important role in regulating cell 
growth and differentiation by influencing the 
expression of genes involved in the cell cycle, 
apoptosis, and cellular maturation. Through these 
mechanisms, it helps maintain normal tissue 
development and prevent uncontrolled cell 
proliferation. This regulatory function has significant 
implications in cancer prevention, as vitamin D has 
been shown to inhibit tumor growth and promote the 
differentiation of cancerous cells, thereby reducing 
malignancy potential [85]. 
 
Table 7 outlines the intricate interactions between 
vitamin D and various essential nutrients, 
emphasizing their collective impact on biological 
functions. Vitamin A works synergistically with 
vitamin D in regulating immune function and gene 
expression; however, excessive intake of vitamin A 
may diminish the positive effects of vitamin D, 
highlighting the need for a balanced intake to support 
bone health and immunity. Vitamin K complements 
vitamin D by activating proteins such as osteocalcin 
and matrix Gla-protein (MGP), which are crucial for 
calcium metabolism [86]. This interaction prevents 
arterial calcification and promotes bone 
mineralization. Vitamin C contributes to collagen 
synthesis—an essential component of the bone matrix 
and cooperates with vitamin D in modulating immune 
responses, thereby enhancing bone strength and 
reducing oxidative stress. Vitamin E, known for its 
antioxidant properties, protects vitamin D from 
oxidative degradation, thereby amplifying its immune 
and anti-inflammatory benefits. The B vitamins—
particularly B6, B12, and folate—play a vital role in 
homocysteine metabolism, which intersects with 
vitamin D pathways, supporting both cardiovascular 
and neurological health. Lastly, magnesium is 
indispensable for the activation and optimal 
functioning of vitamin D, especially in maintaining 
calcium homeostasis. A deficiency in magnesium can 
severely impair vitamin D metabolism, underscoring 
its fundamental role in ensuring the vitamin‘s efficacy. 
These nutrient interactions collectively demonstrate 
the complex yet harmonious interplay required for 
maintaining health and preventing disease [87]. 

 

Table 7: Nutrient Interactions with Vitamin D and Their Biological Significance. 
S. 

No. 
Nutrient Interaction with Vitamin D Biological 

Significance 
References 

1.  Vitamin A Works together to regulate immune 
function and gene expression but 

excessive vitamin A may counteract 
vitamin D benefits. 

Balances bone health and 
immune function. 

[88] 

2.  Vitamin K Enhances calcium metabolism by 
activating proteins like osteocalcin 

and matrix Gla-protein (MGP). 

Prevents arterial 
calcification and supports 

bone mineralization. [89] 

3.  Vitamin C Supports collagen synthesis, essential 
for bone matrix formation. Works 

with vitamin D to regulate immune 
function. 

Improves bone strength 
and reduces oxidative 

stress. [90] 
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4.  Vitamin E Acts as an antioxidant, protecting 
vitamin D from oxidative 

degradation. 

Enhances immune and 
anti-inflammatory 

benefits of vitamin D. [91] 

5.  B Vitamins 
(B6, B12, 
Folate) 

Important for homocysteine 
metabolism, which interacts with 

vitamin D pathways. 

Supports cardiovascular 
health and neurological 

function. 
[92] 

6.  Magnesium Essential for vitamin D activation 
and function in calcium homeostasis. 

Deficiency impairs 
vitamin D metabolism. [93] 

 

5. Scientific Explanation of Coaction 
Vitamin D interacts synergistically with several other 
nutrients to perform its biological functions 
effectively. For instance, vitamin D enhances calcium 
absorption in the gut, while vitamin K plays a crucial 
role in directing this calcium into bones by activating 
proteins like osteocalcin, thereby preventing calcium 
deposition in soft tissues such as arteries. Magnesium 
is another essential cofactor, as it is required for the 
enzymatic hydroxylation steps that activate vitamin D 
in the liver and kidneys, enabling it to exert its 
physiological effects [94]. Although vitamin A and 
vitamin D both regulate gene expression, an excess of 
vitamin A can interfere with vitamin D‘s positive 
impact on bone health by disrupting this balance. 
Additionally, B vitamins particularly B6, B12, and 
folate are involved in homocysteine metabolism. 
Elevated homocysteine levels, often due to B vitamin 
deficiency, are associated with reduced bone density 
and impaired cognitive function, highlighting the 
importance of their interaction with vitamin D in 
maintaining skeletal and neurological health [95]. 

6. Future Importance 
As awareness of vitamin D‘s broad physiological 
impact continues to grow, its future importance in 
public health, clinical nutrition, and preventive 
medicine will only increase. Advancements in 
nutrigenomics may further clarify the genetic factors 
influencing vitamin D metabolism, allowing for more 
personalized supplementation strategies [96]. 
Moreover, with a global shift toward indoor lifestyles 
and urban living, future health policies may focus 
more on routine screening, food fortification 
programs, and targeted supplementation for high-risk 
groups, especially women. Enhanced public education 
and technology-driven monitoring (like wearable UV 
exposure trackers) could also play pivotal roles in 
tackling deficiency at a population level. Ensuring 
optimal vitamin D status may ultimately become a 

cornerstone of proactive, lifespan-oriented healthcare 
for women worldwide [97]. 

Conclusion 
Vitamin D plays an indispensable role in maintaining 
optimal health across various stages of a woman‘s life 
from infancy to postmenopause. It is vital not only for 
bone health and calcium metabolism but also for 
immune regulation, mental well-being, hormonal 
balance, and reproductive function. Despite its 
importance, vitamin D deficiency remains alarmingly 
common, especially among women, due to limited sun 
exposure, dietary insufficiency, and physiological 
changes during pregnancy, menstruation, and 
menopause. The health implications of deficiency are 
far-reaching, contributing to musculoskeletal 
disorders, compromised immunity, psychological 
disturbances, and chronic conditions like PCOS and 
osteoporosis. 
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