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Vitamin D3 is associated with multiple functions, including bone mineralization, 

regulation of cell growth, and immune and neuromuscular functions. The current 

article focuses on the role of vitamin D in hormonal balance and how it influences the 

development of many health issues, including infertility. 
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Synthesis of vitamin D in humans 
Vitamin D was first identified as a vitamin in the 20th century and is now recognized 

as a prohormone.1 There are different types of vitamin D, including fat-soluble 

secosteroids, i.e., vitamin D1-D5. In humans, vitamin D2 (ergocalciferol) and vitamin 

D3 (cholecalciferol) are most important for biological functions.2 Vitamin D is mostly 

synthesized in the skin in the presence of sunlight, while some, particularly vitamin 

D2 and D3, are taken from food sources. 

When human skin is exposed to sunlight, 7-dehydrocholesterol is transformed into 

D3; subsequently, it is converted to 25-hydroxyvitamin D (25(OH)D, also known as 

calcidiol or calcifediol, in the liver.3 The active form of vitamin D3, which is also 

known as calcitriol, 1α,25-dihydroxy vitamin D3, or 1,25-dihydroxycholecalciferol, is 



synthesized in the kidney in the presence of the enzyme 1α-hydroxylase. Vitamin D 

levels are determined by estimation of serum 25(OH)D.4 

Diagram showing biosynthesis of active form of vitamin D - Calcitriol - via the kidneys 
and the liver - schematic molecular structure chemical illustration. Image Credit: 
Bass stock/Shutterstock.com 
Vitamin D regulates calcium-phosphate metabolism and enhances calcium levels via 

multiple pathways.2 For instance, it is associated with the stimulation of calcium 

absorption in the intestine, its reabsorption in the renal tubules, and activation of the 

RANK/RANKL (receptor activator for nuclear factor κ B/its ligand) pathway in 

osteoclasts.5 



Vitamin D and thyroid hormone 
Thyroid glands synthesize hormones that regulate the functioning of physiological 

systems. The hypothalamus-pituitary-thyroid (HPT) axis regulates thyroid hormone 

synthesis through a feedback mechanism.6 When thyroid hormone levels decrease 

beyond a threshold point, the hypothalamus synthesizes thyrotropin-releasing 

hormone (TRH). Subsequently, TRH triggers thyrocytes that enhance thyroid 

hormone synthesis. 

Vitamin D and parathyroid hormone (PTH) are involved in the regulation of calcium 

and bone formation. Vitamin D elevates calcium absorption from the small intestine, 

inhibits PTH, and decreases calcium excretion in the kidneys. This ultimately 

increases calcium concentration in the blood and promotes bone formation, growth, 

and maintenance.7 

Autoimmune thyroid diseases, such as Hashimoto’s thyroiditis (hypothyroidism) and 

Graves’ disease (hyperthyroidism), are characterized by thyroid lymphocytic 

infiltration.8 A meta-analysis observed a significant decrease in 25(OH)D levels in 

patients with Hashimoto’s thyroiditis. Similarly, another study revealed vitamin D 

deficiency is associated with the onset of Graves’ disease in older adults. Animal 

models of Graves’ disease and thyroiditis revealed the efficacy of vitamin D 

supplementation in alleviating these conditions.9 

Vitamin D modulates the activity of many immune cells and is involved in immune 

cell regulation. Mechanistically, vitamin D receptor (VDR) and 1α-hydroxylase are 

expressed in immune cells, i.e., T and B lymphocytes, monocytes, dendritic cells, 

and neutrophils, which entails the production of calcitriol. Vitamin D enhances the 

production of anti-inflammatory cytokines (e.g., IL-4, IL-5, and IL-10) and inhibits 

proinflammatory cytokines (e.g., IL-6, IL-8, IL-9, IL-12, IFN-γ, and TNF-α) production. 

Multiple in vitro and in vivo studies have shown the positive effect of vitamin D in 

thyroid cancer treatment.10 

https://www.news-medical.net/health/What-Does-Efficacy-Mean.aspx


Vitamin D and male hormones 
25(OH)D levels regulate multiple enzymes involved in the production of steroid 

hormones, such as adrenal steroid hormones, sex hormones, and sex hormone 

signaling. Vitamin D metabolizes enzymes in the human testis and ejaculatory tract 

and is also associated with spermatozoa maturity. 

How to make hybridoma-based antibody discovery more efficient 
eBook Sphere Bio showcases solutions to boost hybridoma-based antibody 
discovery. 

Download the latest edition 

Experimental findings have highlighted the possible role of vitamin D in male fertility 

through the synthesis of male reproductive hormones.11 A Mendelian Randomization 

analysis revealed the causal relationship between vitamin D deficiency and 

testosterone levels. This study linked a genetic decrease in 25(OH)D levels with 

lower testosterone levels. Another cross-sectional study supported this finding and 

highlighted a positive correlation between 25(OH)D levels and total/bioavailable 

testosterone levels. Men with lower serum 25(OH)D levels, particularly below 25 

nmol/L, had a lower testosterone level. 

The Connection Between Vitamin D and Mental Health 

These observations have drawn significant attention from the scientific community, 

which is seeking to understand better the potential impact of this vitamin on male 

reproductive function. Although more research is needed to understand how age, 

genetic variations, seasonal variations, and measurement timing influence 

testosterone levels, a recent study demonstrated that vitamin D supplementation 

enhances testosterone levels. Future research must also focus on the therapeutic 

potential of vitamin D in alleviating problems linked with male fertility. 

https://www.news-medical.net/industry-focus/How-to-make-hybridoma-based-antibody-discovery-more-efficient?src=content-embed
https://www.news-medical.net/health/The-Connection-Between-Vitamin-D-and-Mental-Health.aspx


Vitamin D and female hormones 
Vitamin D influences estrogen and progesterone levels that impact menstrual 

regularity, menopause, fertility, and pregnancy.12 Animal-based experiments 

revealed that 25(OH)D deficiency reduced fertility rates, compromised mating 

behavior, and impaired neonatal growth.   

Decreased maternal vitamin D levels have been associated with poor maternal and 

fetal outcomes, including gestational diabetes mellitus, low birth weight, 

preeclampsia, and small for gestational age. Many women experience polycystic 

ovary syndrome (PCOS), a heterogeneous endocrine disorder that causes female 

infertility and is associated with hyperandrogenism. Multiple studies have observed 

serum vitamin D deficiency in patients with PCOS. Mechanistically, vitamin D 

deficiency influences insulin secretion and insulin resistance, which could induce 

PCOS.13 

Research has established a link between vitamin D and reproductive hormone 

biosynthesis. 14 An inverse correlation between vitamin D levels and 

androstenedione and anti-Müllerian hormone, as well as follicle-stimulating hormone 

(FSH)/luteinizing hormone (LH), has also been found. One recent study 

recommended women with PCOS consume 400 IU of vitamin D supplementation 

and 1000 mg of calcium daily for three months to improve fertility and other PCOS 

symptoms. 

 

https://www.news-medical.net/health/What-is-Gestational-Diabetes.aspx


The Health Benefits of Vitamin D3 and Vitamin K2 for Women 

Vitamin D3, chemically known as cholecalciferol, is an essential fat-soluble 
vitamin that has taken center stage in recent health discussions. For women, 
maintaining optimal levels of this vitamin is crucial for a myriad of physiological 
processes. The interplay of Vitamin D3 and Vitamin K2 presents a fascinating 
case of how two nutrients can synergistically influence women's health. 

Here's why: 

1. Bone Health and Osteoporosis Prevention: 

One of the most celebrated benefits of vitamin D3 lies in its role in calcium 
metabolism. Vitamin D3 aids the intestines in absorbing calcium, which is vital 
for bone mineralization. For women, particularly post-menopausal women, 
there's a heightened risk of osteoporosis. Adequate levels of vitamin D3 can 
help mitigate this risk, ensuring bones remain dense and robust. 

2. Mood Regulation and Depression Prevention: 

Studies have suggested a relationship between vitamin D3 deficiency and 
mood disorders, including depression. While the mechanisms aren't fully 
understood, it's believed that vitamin D3 might play a role in the synthesis of 
serotonin, a neurotransmitter associated with mood regulation. 

3. Immune System Support: 

Vitamin D3 has been found to modulate both innate and adaptive immune 
responses. In simple terms, it helps keep the immune system balanced, which 
is crucial for fighting off infections and warding off illnesses. 

4. Heart Health: 



Vitamin D3 may play a protective role in heart health, especially hypertension, 
atherosclerosis, and chronic inflammation — all significant risk factors for 
heart disease in women. 

5. Support in Pregnancy: 

Adequate vitamin D3 levels are crucial during pregnancy. A deficiency might 
be linked to preeclampsia, gestational diabetes, and even bacterial vaginosis. 
Ensuring optimal levels can support both maternal and fetal health. 

6. Alzheimer's Prevention and Cognitive Health: 

Emerging research indicates a potential link between vitamin D3 and cognitive 
health. Here's why: 

Neuroprotection: Vitamin D3 possesses neuroprotective properties, possibly 
reducing the risk of neurodegenerative diseases. 

Amyloid Plaque Reduction: A hallmark of Alzheimer's is the buildup of amyloid 
plaques in the brain. Some studies suggest that vitamin D3 might help in 
reducing the formation of these plaques. 

Inflammatory Response Modulation: Chronic inflammation is believed to play 
a role in Alzheimer's progression. Vitamin D3 can modulate the body's 
inflammatory response, potentially offering protection against 
inflammation-driven cognitive decline. 

Recommended Dosages for Women: 

The recommended dosage of vitamin D3 varies based on several factors such 
as age, skin type, geographical location, and dietary habits. Here's a general 
guideline: Adults 800 IU - 5,000 IU per day. 



However, many experts believe that these recommended dosages are 
conservative and that higher doses might be required for optimal health, 
especially in regions with limited sunlight.  

In Conclusion: 

Vitamin D3 is undoubtedly a vital component of women's health. From 
maintaining bone density to supporting mood and immunity, its benefits are 
manifold. Women, especially those living in areas with limited sun exposure or 
those with specific dietary restrictions, should consider their vitamin D3 levels 
and consult with Complete Healthcare for Women for personalized advice. 

Remember, while supplements can be beneficial, natural sunlight remains one 
of the best sources of vitamin D3. Aim for 10-15 minutes of direct sunlight 
exposure several times a week to harness its benefits. 

 



 

How vitamin D can 
help with menopause 

Everything you need to know about vitamin D and menopause, 
including the causes and signs of vitamin D deficiency, the 
best types, how much to take and the symptoms it can help 
with. 

July 22, 2024 

Vitamin D is essential for good health during and after menopause. But lower levels 
of oestrogen at this time make your body less efficient at producing it and many 
menopausal women have a vitamin D deficiency. 



Taking a vitamin D supplement can prevent this and may also help with a range of 
other menopause symptoms, such as weak bones or osteoporosis, vaginal dryness 
and low mood. 

In this article, we’ll cover everything you need to know about vitamin D and 
menopause, including: 

●​ why your body needs vitamin D 
●​ the causes and signs of vitamin D deficiency 
●​ the best types of vitamin D 
●​ how it can help during menopause 
●​ how much you should take 
●​ whether you can use it alongside HRT 

Vitamin D3 is among the nutrients and herbal extracts in Better Night, an expert 
formulated supplement designed to help with anxiety, low mood and sleep during 
menopause. 

To find out more, visit The Better Menopause. And get 10% off your first order with 
the discount code WELCOME10. 

What is vitamin D and why 
does your body need it? 

Vitamin D, also known as calciferol, is essential for your overall health and 
wellbeing. It’s produced by your liver and kidneys when your skin is exposed to 
sunlight. Vitamin D is not naturally present in many foods, although you can get it 
from some oily fish like salmon and from mushrooms. 

https://thebettermenopause.com/products/better-night
https://thebettermenopause.com/products/better-night
https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/


Vitamin D is involved in a range of key functions around your body. It maintains 
bones and muscles – including by helping you to absorb calcium – supports your 
immune system, reduces inflammation and keeps the nerves that carry messages 
from your brain healthy. 

Scientists believe vitamin D may also impact how your body metabolises 
oestrogen. Changing levels of oestrogen are responsible for many of the most 
common symptoms of menopause. 

Because it can be hard to get enough vitamin D from diet and sunshine alone, the 
NHS suggests taking a daily vitamin D supplement. 

Menopause and vitamin D 
deficiency 

During perimenopause – the years leading up to menopause – your levels of 
reproductive hormones like oestrogen begin to change. After menopause, when your 
periods have stopped, oestrogen settles at its lowest point. 

Reduced levels of oestrogen make your skin and kidneys less efficient at producing 
certain forms of vitamin D, and your gut doesn’t absorb it as well. This may partly 
explain why vitamin D deficiency is very common among menopausal women. 

After menopause, women with low vitamin D are significantly more likely to have 
problems with their bone health, such as osteoporosis and fractures. 

https://pubmed.ncbi.nlm.nih.gov/24993517/
https://pubmed.ncbi.nlm.nih.gov/24993517/
https://thebettermenopause.com/blogs/the-better-gut-community/perimenopause-symptom-checker%20
https://www.nhs.uk/conditions/vitamins-and-minerals/vitamin-d/
https://pubmed.ncbi.nlm.nih.gov/3093024/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10291614/


As we’ll discuss later, getting enough vitamin D can reduce your risk of osteoporosis 
and help with a number of other menopause symptoms, including vaginal health 
issues and low mood. 

What are the signs of low 
vitamin D? 

For adults with low vitamin D, symptoms can sometimes be quite general and hard 
to pin down, such as: 

●​ tiredness / fatigue 
●​ aches and pains 
●​ muscle weakness 
●​ feeling generally unwell 

People with very severe vitamin D deficiency can develop osteomalacia, a softening 
of the bones. Symptoms include a throbbing pain caused by touch, in areas like the 
chest, lower back, thighs, hips or pelvis, and increased weakness that could lead to 
trouble climbing stairs or getting up from a seated position. 

Measurements of vitamin D deficiency 

If your doctor thinks you could have a vitamin D deficiency, they will give you a 
blood test. 

The form of vitamin D that circulates in your blood is known as 25-hydroxyvitamin 
D (25(OH)D) or calcitriol. The levels of calcitriol in your bloodstream are usually 

https://thebettermenopause.com/blogs/the-better-gut-community/.%20https:/patient.info/bones-joints-muscles/osteoporosis-leaflet/vitamin-d-deficiency
https://www.aafp.org/pubs/afp/issues/2009/1015/p841.html
https://www.ncbi.nlm.nih.gov/books/NBK551616/
https://www.nhs.uk/medicines/colecalciferol/about-colecalciferol/
https://ods.od.nih.gov/factsheets/VitaminD-Consumer/
https://ods.od.nih.gov/factsheets/VitaminD-Consumer/


measured in one of two ways: in nanograms per millilitre (ng/mL) or in nanomoles 
per litre (nmol/L). A nmol/L is approximately 2.5 times a ng/mL. 

There’s no definitive agreement on what levels constitute vitamin D deficiency, and 
lots of debate around the subject. 

The Endocrine Society has suggested that anything below 20 ng/mL of calcitriol 
should be considered vitamin D deficiency. 

However, the Institute of Medicine (now the National Academy of Medicine) says the 
right level will differ from person to person. It argues that 16 ng/mL is likely to be 
healthy for around half the population, with 12 ng/mL still a sufficient level for many. 

Your doctor will consider both the results of your blood test and your symptoms when 
deciding whether you have a deficiency. 

What's the best type of vitamin 
D for menopause? 

When it comes to food and dietary supplements, vitamin D comes in two main 
forms, vitamin D2, also known as ergocalciferol, and vitamin D3, known as 
cholecalciferol. 

Studies have shown that in single doses vitamin D3 is better than vitamin D2 at 
raising your levels of calcitriol, the form of vitamin D that circulates in your 
bloodstream. Vitamin D3 may also keep your levels higher for longer. However, if 
you take a daily supplement on a regular basis, there may be less difference 
between the effects of vitamin D2 and D3. 

https://www.sciencedirect.com/science/article/abs/pii/S1521690X1100073X
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5393439/
https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/
https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/
https://www.sciencedirect.com/science/article/pii/S0002916523028204
https://ods.od.nih.gov/factsheets/VitaminD-Consumer/


Although in food vitamin D2 comes from plant sources and vitamin D3 comes from 
animal sources, you can get vegetarian versions of both vitamin D2 and D3 
supplements. 

Vitamin D3 is one of the ingredients in Better Night, an expert blend of nutrients and 
herbal extracts designed to improve anxiety, mood and sleep during menopause. 

To find out more, visit The Better Menopause. 

How vitamin D could help with 
menopause symptoms 

There’s evidence that a higher intake of vitamin D could help to tackle some of these 
common menopause symptoms. 

Reduced bone density 

Decreased oestrogen levels due to menopause mean you’re less efficient at 
absorbing calcium from your gut. This can lead to reduced bone density and 
eventually osteoporosis, where bones become weak and more likely to fracture. 

One of the key functions of vitamin D is helping your body absorb calcium, so getting 
enough can keep bones strong and reduce the risk of osteoporosis. 

One large-scale, long-term study involving postmenopausal women found that 
those with a higher intake of vitamin D had a significantly lower risk of hip fractures 

https://thebettermenopause.com/products/better-night
https://thebettermenopause.com/products/better-night
https://www.nhs.uk/conditions/osteoporosis/
https://pubmed.ncbi.nlm.nih.gov/12540414/


due to osteoporosis. Interestingly, the study also showed that intake of calcium itself 
had no effect on this risk. 

Meanwhile, a review of clinical trials found that postmenopausal women who took a 
regular vitamin D supplement increased their bone density and reduced their risk of 
fracture.   

Vaginal dryness 

Another symptom of low oestrogen during perimenopause and after menopause is 
vaginal atrophy, a thinning of the walls of your vagina that leads to vaginal dryness. 
This can in turn cause soreness and itching, pain or discomfort during sex and an 
increased risk of infection. 

Vitamin D is involved in regulating the growth of the different types of cells inside 
your vagina, including those that produce moisture and maintain a protective barrier. 

One study involving postmenopausal women found that taking high-dose vitamin D 
supplements significantly improved several signs of vaginal atrophy after just 6 
weeks. 

Mood symptoms 

Mood issues including low mood and depression are common symptoms of 
perimenopause and menopause. 

Areas of your brain involved in processing emotions contain vitamin D receptors. 
Vitamin D is also integral to how your immune system responds to stress, as well 

https://academic.oup.com/edrv/article/23/4/560/2433278
https://www.ncbi.nlm.nih.gov/books/NBK559297/
https://www.ncbi.nlm.nih.gov/books/NBK559297/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10291614/
https://pubmed.ncbi.nlm.nih.gov/32967068/
https://thebettermenopause.com/blogs/the-better-gut-community/menopause-mood-swings-low-mood
https://pubmed.ncbi.nlm.nih.gov/24993517/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4420707/


as helping to regulate the mood hormone dopamine. People diagnosed with 
depression tend to have low levels of vitamin D.   

In a study involving postmenopausal women, those with the highest intakes of 
vitamin D were less likely to have depressive symptoms than those with the lowest. 
They also had a 20% reduced risk of developing symptoms after 3 years. 

Urinary tract infections 

Low oestrogen during menopause can make the protective linings of your bladder 
and urinary tract more permeable and prone to bacterial infection. 

Studies using infected tissues from postmenopausal women have shown that 
vitamin D increases the production of proteins that strengthen these linings. 

However, more research is needed to demonstrate how these findings might 
translate to symptoms in women. 

How much daily vitamin D 
should you take during 
menopause? 

Vitamin D is usually measured by weight in micrograms – abbreviated to either mcg 
or μg – or as IUs (International Units). 

https://pubmed.ncbi.nlm.nih.gov/21865327/
https://pubmed.ncbi.nlm.nih.gov/31930458/


IUs are based on how much of a substance it takes to produces a particular 
biological effect. 

The NHS says a daily 10 mcg/μg (400 IU) vitamin D supplement is enough for the 
average person and recommends not taking more than 100 mcg/μg (4,000 IU) per 
day. 

When it comes to treating vitamin D deficiency in menopausal women, experts have 
looked at the results of numerous studies to find the optimum dose. 

Researchers writing in the journal Menopause Review concluded that daily doses of 
over 2,000 IU were needed to raise levels to 20 ng/mL in the course of a year. 

How you take vitamin D is also relevant. Vitamin D is fat soluble, meaning it 
dissolves in fat rather than water. Although you can take vitamin D supplements on 
an empty stomach, you’ll absorb it more efficiently if you take it with food that 
contains some fat. 

Can you take too much vitamin D? 

Taking too much vitamin D in the form of supplements could cause a build-up of 
calcium in your body. Too much calcium is called hypercalcaemia and can actually 
weaken your bones, as well as damaging organs like your kidneys and heart.   

According to the NHS, a regular daily dose of more than 100 mcg/μg or 4,000 IU 
could be harmful. 

https://www.cancer.gov/publications/dictionaries/cancer-terms/def/iu
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6528036/
https://ods.od.nih.gov/factsheets/VitaminD-Consumer/
https://www.nhs.uk/conditions/vitamins-and-minerals/vitamin-d/


While you can’t get too much vitamin D from sunlight, it’s important to protect your 
skin with sunblock or clothing to reduce the risk of damage to your skin, and skin 
cancer. 

Can you take vitamin D with 
HRT? 

Hormone replacement therapy (HRT) replenishes reproductive hormones like 
oestrogen and progesterone lost during menopause. It’s an effective treatment for a 
range of common perimenopause and menopause symptoms. 

If you’re on HRT, you can still take a vitamin D supplement. According to the Royal 
Osteoporosis Society, your doctor may prescribe them at the same time. The NHS 
says everyone should consider taking a vitamin D supplement, especially during the 
autumn and winter. 

Summary 

Vitamin D is an essential nutrient for strong bones, immune function and a healthy 
nervous system. 

Lower levels of oestrogen during perimenopause and after menopause can make 
your body less efficient at producing and absorbing vitamin D and many menopausal 
women have a vitamin D deficiency. 

https://www.nhs.uk/medicines/hormone-replacement-therapy-hrt/
https://theros.org.uk/information-and-support/osteoporosis/treatment/hormone-replacement-therapy/
https://theros.org.uk/information-and-support/osteoporosis/treatment/hormone-replacement-therapy/
https://www.nhs.uk/conditions/vitamins-and-minerals/vitamin-d/


Signs of vitamin D deficiency can include tiredness, aches and pain and feeling weak 
and unwell. A severe deficiency can lead to osteomalacia, a softening of the bones. 

The main forms of vitamin D used by your body are vitamins D2 and D3. Vitamin D3 
can increase and maintain the levels in your blood for longer. 

Increasing your vitamin D intake could help with menopause symptoms including 
weak bones and osteoporosis, vaginal dryness and pain, and low mood and 
depression. There’s also some initial evidence that it could protect against urinary 
tract infections. 

The NHS recommends that most people take a vitamin D supplement, especially 
during the darker autumn and winter months. Studies suggest that daily doses of 
over 50 mcg/μg (2,000 IU) are the most effective for tackling vitamin D deficiency in 
menopausal women. 

Vitamin D3 is one of the ingredients in Better Night, an expert blend of herbal 
extracts and nutrients designed to improve anxiety, mood and sleep during 
perimenopause and after menopause. 

Visit The Better Menopause to find out more, and use the discount code 
WELCOME10 for 10% off your first order. 

 

https://thebettermenopause.com/products/better-night
https://thebettermenopause.com/products/better-night
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Vitamins D and K are both fat-soluble vitamins and play a central role in calciummetabolism. Vitamin D promotes the production
of vitamin K-dependent proteins, which require vitamin K for carboxylation in order to function properly. The purpose of this
review is to summarize available evidence of the synergistic interplay between vitamins D and K on bone and cardiovascular
health. Animal and human studies suggest that optimal concentrations of both vitamin D and vitamin K are beneficial for bone
and cardiovascular health as supported by genetic, molecular, cellular, and human studies. Most clinical trials studied vitamin D
and K supplementation with bone health in postmenopausal women. Few intervention trials studied vitamin D and K
supplementation with cardiovascular-related outcomes. These limited studies indicate that joint supplementation might be
beneficial for cardiovascular health. Current evidence supports the notion that joint supplementation of vitamins D and K might
be more effective than the consumption of either alone for bone and cardiovascular health. As more is discovered about the
powerful combination of vitamins D and K, it gives a renewed reason to eat a healthy diet including a variety of foods such as
vegetables and fermented dairy for bone and cardiovascular health.

1. Introduction

Worldwide, a large group of people is prescribed to a sup-
plemental regime of both vitamin D and calcium. In
Europe, depending on a country and sex, between 1 and
66% of the adult population use vitamin D supplements
[1, 2]. Over the last decade, large vitamin D supplementa-
tion is promoted to restore 25-hydroxyvitamin D
(25(OH)D) concentrations and is considered to be safe
with doses up to 4000 international units (IU) per day
[3]. However, little is known about potential long-term
high-dose vitamin D supplementation [2, 4].

Vitamin D is a fat-soluble vitamin that can be ingested by
foods such as fatty fish, dairy products, and eggs, but is
mainly synthesized by the human skin when exposed to
sunlight. In the liver, vitamin D is hydroxylated to
25(OH)D, the main circulating vitamin D metabolite that is
measured to assess and classify vitamin D status. Circulating
25(OH)D is further metabolized by the kidney for full biolog-
ical activity into its most active form 1,25-dihydroxyvitamin
D (1,25(OH)D) also known as calcitriol. Calcitriol is also
produced endogenously by extrarenal production through
peripheral 1-α-hydroxylase and has positive effects on
immune function and anticancer activity [5–7]. Vitamin D
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plays a main role in regulating calcium metabolism by
increasing intestinal calcium absorption [8]. Ample evidence
recommends vitamin D supplementation for the prevention
of falls and fractures [9, 10]; however, evidence suggests
calcium precipitation in the vasculature and other potential
side effects [4, 11–14].

Vitamin K is another fat-soluble vitamin that exists in
two forms of vitamin K: vitamin K1 (phylloquinone, mainly
found in green leafy vegetables) and vitamin K2 (menaqui-
none, mainly found in fermented dairy and produced by
lactic acid bacteria in the intestine) [15]. Vitamin K stores
are limited, but they can be recycled to a certain extent
[16]. Vitamin K1 is principally transported to the liver, regu-
lating the production of coagulation factors, while vitamin K2
is transported to extrahepatic tissues, such as bone and the
vascular wall, regulating the activity of matrix Gla protein
(MGP) and osteocalcin (bone Gla protein)—the main
vitamin K-dependent proteins. They require vitamin K for
carboxylation in order to function properly. When circulat-
ing concentrations of vitamin K are insufficient, a greater
proportion of MGP and osteocalcin remain uncarboxylated,
which is associated with unfavorable outcomes such as
cardiovascular disease, lower BMD, and osteoporosis [17].
The current recommendation for vitamin K1 intake is
70 μg/day for all adults defined by an adequate intake [18].
This amount is solely based on maintaining coagulation
function and might not be enough for optimal carboxylation
of other vitamin K-dependent proteins, which require higher
amounts of vitamin K [19].

The role of vitamin K in cardiovascular health has mainly
been studied in isolation [20]; however, a growing body of
evidence suggests a synergistic effect of vitamin K combined
with vitamin D [21–26]. Vitamin D promotes the production
of vitamin K-dependent proteins, as shown in rats by Karl
et al. already in 1985 [27]. These findings cannot be explained
by our current understanding of the biochemical role of
vitamin K, but suggest that vitamin D may influence vitamin
K-dependent proteins [28].

The purpose of this narrative review is to summarize
available evidence in the field of the synergistic interplay
between vitamins D and K on bone and cardiovascular
health. The primary focus is on the general population and
includes observational studies that investigated both vitamin
D and vitamin K status with outcome measures and supple-
mentation studies that administered both vitamins D and K.

2. Interaction of Vitamins D and K for
Bone Health

2.1. Experimental Studies. In experimental models, the explo-
ration of the interaction between vitamins D and K on
bone health is ongoing for decades and a fair amount of
literature is available. Recent understanding suggests that
vitamin D enhances vitamin K-dependent bone protein con-
centrations and induces bone formation in vitro [29–31] with
stimulation of osteoblast-specific gene expression [32].
Osteoblast-specific expression of osteocalcin is controlled at
the transcriptional level by 1,25(OH)D through the
1,25(OH)D-responsive element within the promoter of the

osteocalcin gene [32]. The underlyingmechanism ofmineral-
ization induced by vitamin K in the presence of 1,25(OH)D
was different from vitamin K alone [33]. In rats, 1,25(OH)D
receptor binding can undergo gamma-carboxylation in the
presence of vitamin K. This means that 1,25(OH)D receptor
carboxylation can potentially modify the intrinsic biochemi-
cal properties of the nuclear receptors andmodulates its bind-
ing to DNA [34].

The effect of 1,25(OH)D and warfarin—a vitamin K
antagonist—on the vitamin K cycle was studied in cultured
osteoblasts [26]. Epoxide reductase, one of the key enzymes
in the vitamin K cycle, was strongly inhibited by warfarin,
whereas it was not affected by 1,25(OH)D, meaning that
the vitamin K metabolic cycle functions normally in human
osteoblasts.

Human osteoblast cell cultures indicate that glycoxida-
tion interferes with the maturation of osteoblasts; however,
this process may be counterbalanced by adding vitamins D
and K, which reverses the detrimental glycoxidation on sev-
eral bone markers [35]. Therefore, the addition of vitamins
D and Kmay induce important biochemical changes in bone,
which may exert therapeutic effects on bone metabolic
diseases such as osteoporosis [36].

2.2. Animal Models. A growing body of evidence is also doc-
umenting the interaction between vitamins D and K in ani-
mal models. The effect of vitamin K of bone mineralization
is enhanced by plasma 25(OH)D concentration. Vitamin K
was administered to prevent osteoporosis in ovariecto-
mized rats, but bone loss was only prevented in rats fed
with a diet containing vitamin D or vitamin D supplemen-
tation [37, 38]. These findings suggest that combined
treatment with vitamins D and K is more effective than
vitamin K alone particularly in the early phase of estrogen
deficiency after menopause.

Vitamin K and vitamin D supplementation on calcium
balance was investigated in young rats fed with a normal or
low calcium diet, plus vitamin K and/or vitamin D [39].
Vitamin K supplementation promoted the reduction in
urinary calcium excretion and stimulated intestinal calcium
absorption in rats on a normal calcium diet. Vitamin D
supplementation stimulated intestinal calcium absorption
with prevention of the abnormal elevation of serum PTH
concentrations, prevented hypocalcemia in rats fed with a
low calcium diet, and stimulated intestinal calcium absorp-
tion in rats fed with a normal calcium diet. The stimula-
tion of intestinal calcium absorption was associated with
increased 1,25(OH)D concentrations. An additive effect
of vitamin K and vitamin D on intestinal calcium absorption
was only found in rats fed with a normal calcium diet. This
study shows the differential effects of vitamin K and vitamin
D supplementation on calcium balance in young rats fed with
a normal or low calcium diet.

2.3. Observational Evidence. Human evidence for the role of
1,25(OH)D in stimulating vitamin K-dependent proteins is
scarce. In hemodialysis patients, vitamin D analog users
had much higher concentrations of bone Gla protein (BGP)
than nonusers indicating that vitamin D administration
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may play a role in stimulating vitamin K-dependent protein
activity [40]. More research on the stimulating role of vita-
min D on vitamin K-dependent proteins is urgently needed
to study the underlying mechanisms.

Some observational studies support the hypothesis that
optimal concentrations of both vitamins D and K support
bone mineralization and lower fracture risk. In a cross-
sectional study among Japanese older men, lower 25(OH)D
and vitamin K1 concentrations were concomitantly associ-
ated with BMD, indicating a nonestrogen-dependent path-
way in men [41]. In a case-control study of 184 Norwegian
older adults, the combination of low vitamin K1 and low
25(OH)D was synergistically associated with hip fractures:
odds ratio 7.6 (95% CI 2.3, 26.7) [42]. In the NOREPOS
study, another Norwegian population study, similar results
were observed among 1318 older adults [43]. During 8.2-year
follow-up, the combination of both low vitamin D and K1
concentrations was associated with a greater hip fracture
risk, hazard ratio 1.41 (95% CI 1.09, 1.82), compared to
the high vitamin D and vitamin K category. No increased
risk was observed in the groups low in 1 vitamin only.
These results indicate that the combination of low concen-
trations of vitamin K1 and 25(OH)D is associated with
increased risk of hip fractures.

2.4. Human Intervention Studies. A small study among 15
healthy women indicated that 3 weeks of supplementation
of 20ml extra virgin olive oil enriched with vitamins D, K,
and B6 resulted in lower concentrations of uncarboxylated
osteocalcin [44]. This means that a vitaminized oil can influ-
ence vitamin K-dependent proteins within multiple weeks.

An increasing amount of randomized controlled trials
have demonstrated the combined effects of vitamins D
and K on postmenopausal osteoporosis mostly pursued in
Japan with a study duration between 8 weeks and 3 years
(Table 1). A randomized trial with 4 arms (diet, menaqui-
none-4, cholecalciferol, and menaquinone-4 + cholecalcif-
erol) showed that only the vitamin K plus vitamin D
arm increased BMD [45]. Similar results were found in
another trial with postmenopausal women with osteoporo-
sis≥ 5 years after menopause [46]. After 2 years of follow-up,
the longitudinal changes in BMD were significant com-
pared with those in the calcium lactate-, vitamin D-, and
vitamin K-only groups (P < 0 001). A modest synergistic
effect of vitamins D and K was found after 2 years in
healthy older women from nutritionally relevant intakes
of vitamin K1 together with supplements of calcium plus
vitamin D3 on bone mineral concentration compared to
either vitamin D or K alone or placebo [47]. The comple-
mentary effect of vitamin K1 (1mg/day) and a mineral +
vitamin D supplement (8μg/day) was most effective in
reducing bone loss at the femoral neck after 3 years
among postmenopausal women versus vitamin D alone
or placebo [48]. The addition of vitamin K to vitamin D
and calcium supplements compared to vitamin D and cal-
cium alone in postmenopausal Korean women increased
BMD and reduced uncarboxylated osteocalcin concentra-
tions after 6 months compared to vitamin D and calcium
alone [49]. In postmenopausal women, 1 year of oral

supplementation with extra virgin olive oil enriched with
vitamins D3, K1, and B6 or extra virgin olive oil reduced
uncarboxylated osteocalcin concentrations and increased
the T-score of BMD [50]. These findings indicate that
combined administration of vitamin D and vitamin K
appears to be useful in increasing BMD in postmenopausal
women. It should be noted that these studies found bene-
ficial effects at some but not all BMD sites measured.
Furthermore, treatment with vitamins D and K with
calcium increased BMD in older female patients with
Alzheimer’s disease and led to the prevention of nonvertebral
fracture odds ratio: 7.5 (95% CI 5.6, 10.1); however, no
placebo capsules were administered, hampering the inter-
pretation of the results [51].

Not all studies observed synergistic effects of vitamin D
and K supplementation. A small study among adults with
Crohn’s disease in Ireland showed generally no effect of com-
bined vitamin D and K supplementation versus placebo on
bonemass after 1 year, except a modest increase in bone mass
of the total radius [52]. Among healthy women, 1 year of
vitamin D and calcium+vitamin K supplementation either
by phylloquinone or menaquinone-4 supplementation had
no effect on BMD compared to calcium and vitamin D alone
[53]. This study does not support a combined role for vita-
min D+K supplementation in osteoporosis prevention;
however, the relatively short study duration and the inclusion
of healthy women could explain the null finding. It is how-
ever questionable if BMD can be improved in 12 months
since changes in BMD usually require at least 1 year of
follow-up time.

Among healthy older men and women, no difference
was observed between multivitamin and calcium and
vitamin D compared with the addition of vitamin K on
BMD after 3 years [19]. An additive effect was noticeable
for decreased percentage of uncarboxylated osteocalcin,
which indicates an improved vitamin K status in the
treatment group.

The ECKO trial among postmenopausal women with
osteopenia showed no beneficial effect of vitamin D and
calcium+vitamin K supplementation versus vitamin D and
calcium alone after 2 years of follow-up in vitamin D-
sufficient women [54]. However, the risk of fractures—a
clinically more meaningful endpoint—was lower in the vita-
min D and calcium+vitamin K groups: hazard ratio 0.41 (95
CI 0.1, 1.18) at 2 years and 0.45 (95% CI 0.20, 0.98) after 4
years of follow-up. This result on fracture risk indicates that
bone quality rather than quantity is more important as not
all trials showed synergistic effects of vitamin D and K
supplementation on bone mineral density.

The protective effect of vitamin D with K on
prednisolone-induced loss of BMD in patients with chronic
glomerulonephritis after 8 weeks of treatment was similar
in the vitamin D-only group [55], meaning that the addition
of vitamin K had no synergistic effect. The elevation in serum
calcium concentrations in the vitamin D group was, however,
attenuated in the vitamin D+K group.

Taken together the evidence for combined vitamin D and
K supplementation, the majority of the studies found benefi-
cial effects for BMD among postmenopausal women.

3International Journal of Endocrinology
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3. Interaction between Vitamins D and K for
Cardiovascular Health

Besides bone health, also, the interaction between vitamins
D and K with regard to cardiovascular health receives
growing research interest. MGP—the vascular marker of
vitamin K status—needs γ-glutamate carboxylation to
inhibit vascular calcification [56]. In an experimental rat
model, warfarin was administered to induce vitamin K
deficiency and caused arterial calcification [57], which
was accelerated when given toxic doses of vitamin D and
resulted in premature death.

The Czech MONICA study cross-sectionally observed
that subjects in the highest quartile of dephosphorylated-
uncarboxylated MGP (dp-ucMGP) plus the lowest quartile
of 25(OH)D concentrations had the highest pulse wave
velocity in middle-aged healthy adults [58]. Further, poten-
tial interaction between vitamin K status and polymorphisms
of the vitamin D receptors was investigated. Pulse wave
velocity was higher with the number of G-allele polymor-
phisms and highest in the top quartile of dp-ucMGP for the
GG vitamin D receptor genotype.

A Dutch prospective cohort indicates that the combina-
tion of low vitamin D< 50mmol/L and low K status≥ 323m-
mol/L dp-ucMGP was associated with increased systolic and
diastolic blood pressures and incident hypertension after 6
years of follow-up [59]. Up to now, no study investigated
the combination of optimal vitamin D and K status in rela-
tion to coronary artery calcification and cardiovascular
events after long-term follow-up. This would give valuable
insight if vitamins D and K are involved in developing car-
diovascular disease.

So far, two human intervention studies in healthy popu-
lations have investigated the combined effect of vitamins D
and K on vascular function and calcification (Table 2) [60,
61]. In postmenopausal women, after 3 years of supplemen-
tation (1000 μg/d vitamin K1+ 320 IU vitamin D), the vita-
min D+K group maintained vessel wall characteristics of
the carotid artery, whereas the control group and the vitamin
D-only group significantly worsened over 3 years of follow-
up [60]. However, vitamin K status was not measured as a
marker of compliance to investigate what would have
occurred following supplementation. Further, in a 3-year,
double-blind, randomized controlled trial in older men and
women free of clinical CVD, daily supplemental vitamin K
in amounts achievable by high dietary intake of green, leafy
vegetables (500 μg/day) combined with 600mg calcium car-
bonate and 10 μg (400 IU) vitamin D did not result in lower
coronary artery calcium progression as assessed by comput-
erized tomography compared to the calcium+vitamin D
group. In a subgroup analysis of participants who were
≥85% adherent to supplementation, there was less coronary
artery calcium progression in the vitamin K+calcium and
vitamin D groups than in the calcium and vitamin D group
alone [61]; however, MGP carboxylation status was not
determined. These data are hypothesis generating, and fur-
ther studies are warranted to clarify the mechanism.

Among overweight type 2 diabetic patients with coronary
heart disease, cosupplementation for 12 weeks of vitamins D

(10 μg) and K (180 μg) and calcium (1000mg) had beneficial
effects on maximum levels of left carotid intima-media thick-
ness and insulin metabolism markers [62]; however, no effect
on right intima-media thickness was found and the results
could be a chance finding. Unfortunately, circulating markers
of vitamin K concentrations and vitamin K-dependent
proteins were not taken into account to get a better mechanis-
tic understanding.

Two trials studied the effect of vitamin D versus vitamin
D+K in nondialyzed CKD patients on vascular calcification
and cardiovascular risk factors for 9 months [63, 64]. In 42
CKD patients, the increase in carotid intima-media thickness
(IMT) was significantly lower in the K (90 μg menaquinone-
7) +D (10 μg vitamin D) group compared with the D-only
group after 9 months [63]. Another small trial (n = 38) from
the same research group did not show differences between
the D versus D+K groups on cardiovascular risk markers
[64]. These few studies show some potential for the com-
bined effect of vitamins D+K versus D alone on subclinical
CVD risk markers. It should be noted that very few clinical
studies have been conducted in this field and that vitamin
D+K supplements have been often combined with different
micronutrients making it difficult to solely pinpoint the effect
of vitamin D+K. These limited studies indicate that joint
supplementation might benefit cardiovascular health.

4. Vitamins D and K with Glucose Metabolism
and Inflammation

Another pathway that might affect CVD risk is via disturbances
in glucose metabolism. Among Iranian vitamin D-deficient
women with polycystic ovary syndrome—a dysmetabolic
disorder—cosupplementation of calcium (1000mg) and vita-
mins D (400 IU) and K (180 μg) for 8 weeks improved
markers of insulin metabolism and lipid concentrations com-
pared to placebo [65]. The joint supplementation of vitamins
D and Kmight improve insulin metabolism through an effect
on upregulation of the insulin receptor genes, the regulation
of insulin secretion from the pancreatic beta-cell, the
enhancement of β-cell proliferation, and suppression of
parathyroid hormone [66–69].

Further, another feature in which both vitamins D and
K overlap is on inflammation, which is strongly related to
the development of CVD and osteoporosis [70]. In the same
Iranian clinical trial among vitamin D-deficient women
with polycystic ovary syndrome, the joint supplementation
of calcium with vitamins D and K had beneficial effects
on endocrine and oxidative stress markers, however no
effect on inflammatory markers [71].

5. Effects of Long-Term Vitamin D
Supplementation

A large group of people uses both vitamin D and calcium for
the prevention of falls and fractures. Given the fact that
25(OH)D is converted to 1,25(OH)D, vitamin D supplemen-
tation stimulates the production of 1,25(OH)D [72]. This
means that long-term vitamin D supplementation could
promote the production of large amounts of vitamin K-
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dependent proteins, which remain inactive because there is
not enough vitamin K to carboxylate (Figure 1). We propose
a new hypothesis that if vitamin D concentrations are
constantly high, there might not be enough vitamin K for
activation of vitamin K-dependent proteins. Consequently,
excess vitamin D diminishes the ability of vitamin K-
dependent proteins to function properly, to stimulate bone
mineralization, and to inhibit soft tissue calcification.

Further, increasing vitamin D intake through dietary or
supplemental source increases intestinal calcium absorption,
particularly when combined with calcium supplementation,
and promotes hypercalcemia [73]. In this context, a human
trial was performed in older women who received either
1200mg calcium or 1200mg calcium and 800 IU vitamin D
per day over a 12-week period [74]. At the end of the 12
weeks, neither group observed a change in calcium concen-
trations, meaning that calcium was either excreted or stored
somewhere. Increased calcium intake by itself may not be
problematic as long as there is a steady state between optimal
vitamin D and vitamin K concentrations. The disbalance
between vitamin D and vitamin K promotes an environment
in which excess calcium will be deposited into our vascular
tissue instead of bone. The migration of calcification into
the vascular tissue is described by the double burden of ath-
erosclerosis and osteoporosis [75–77]. Additionally, as vita-
min D increases calcium absorption, it might also promote
hypercalcemia as seen in the Women’s Health Initiative,
which found a 24% higher risk of myocardial infarction in
individuals taking calcium and vitamin D supplements and
a greater risk for urinary tract stone occurrence: hazard ratio
1.17 (95% CI 1.02, 1.34) [11, 13, 14]. One prospective study
found that higher 1,25(OH)D concentrations were strongly
associated with the incidence of hypertension, while
25(OH)D was inversely associated with hypertension risk
[78]. Higher 1,25(OH)D was associated with lower urinary
calcium excretion, which could mean that the calcium meant
for bone is stored somewhere else. Unfortunately, vitamin K
status was not measured which would have given valuable
insight into the association between vitamins D and K with
calcium excretion.

6. Calciphylaxis and Vitamin K Antagonist Use

Calciphylaxis is a syndrome of calcification of the blood
vessels, coagulopathy, and skin necrosis. It is seen mostly in
patients with end-stage kidney disease, but can occur in the
absence of kidney failure. Vitamin K antagonist use may con-
tribute to its development [79]. The syndrome may cause a
substantial morbidity and mortality. However, it should be
acknowledged that the term calciphylaxis refers to a hetero-
geneous disorder that is characterized by soft tissue and
vascular necrosis and has a clinical presentation from mild
to severe. The underlying causes of calciphylaxis are not well
understood; however, reported risk factors include female
sex, obesity, elevated calcium∗phosphate product, warfarin
use, and vitamin D derivatives, for example, calcitriol,
calcium-based binders, or systemic steroids, low blood albu-
min concentrations, and type 2 diabetes [80]. A recent study
among patients with hemodialysis with calciphylaxis versus
hemodialysis showed that cases had higher plasma uncar-
boxylated MGP concentrations than controls, which suggest
a role of MGP in the pathophysiology of calciphylaxis. The
fraction of total MGP that was carboxylated was also lower
in cases than in controls. Vitamin K deficiency-mediated
reduction in relative carboxylated MGP concentration may
play a role in the pathogenesis of calciphylaxis [81]. This
could be further mediated by the combined use of vitamin
D derivatives and warfarin. Further, another study indi-
cated that vitamin K antagonist use predisposes to the
development of calciphylaxis in end-stage renal disease
[82]. More evidence on the combined role of vitamin K
antagonist use and vitamin D on bone and cardiovascular
health is urgently needed.

7. Vitamin D and K Supplementation

Based on the current body of evidence, there is not
enough evidence to recommend combined vitamin D
and K supplementation for the prevention and treatment
of osteoporosis. Most trials studied low-dose vitamin D
in isolation (400–800 IU daily), which demonstrated only

Carboxylation
Vitamin K-dependent proteinsOptimal

1,25-dihyroxyvitamin D

Optimal vitamin K

Osteocalcin
dp‐ucMGP

BMD
Fracture risk

Soft tissue

Calciphylaxis
Calcification

Vascular calcification

Figure 1: Simplified overview of potential synergy between vitamins D and K and bone and cardiovascular health. dp-ucMGP:
dephosphorylated-uncarboxylated matrix Gla protein: BMD: bone mineral density. Genetic, molecular, cellular, and human evidence
support that optimal concentrations of both vitamin D and vitamin K are beneficial for bone and cardiovascular health. Vitamin K is
needed for the carboxylation of vitamin K-dependent proteins such as osteocalcin and matrix Gla protein, while vitamin D promotes the
production of vitamin K-dependent protein concentrations. These vitamin K-dependent proteins are needed for extrahepatic organs such
as the bone and the vascular system. This will result in bone mineralization and will inhibit soft tissue calcification, which will ultimately
lead to lower risks of fractures and coronary heart disease.
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modest or null effects on BMD and fracture prevention in
mostly ≥65 years postmenopausal women [6–8]. Large
clinical trials of moderate–high dose (≥800 IU daily)
vitamin D supplementation (cholecalciferol) are currently
in progress.

The most widely used vitamin K form for supplemen-
tation is vitamin K2 and more specifically menaquinone-4
and menaquinone-7. Menaquinone-4 is more used in trials
with bone outcomes, while menaquinone-7 is more in
trials with cardiovascular outcomes with dosages between
90–360 μg. Menaquinone-7 has a higher bioavailability
and may be of particular importance for extrahepatic
tissue [83]. No cut-off value for vitamin K status nor
vitamin K supplementation is available yet. Future studies
are needed to determine whether vitamin D combined
with vitamin K rich foods or vitamin K supplementation
could improve bone and cardiovascular health.

8. Recommendations for Future Research

The recommendations for future research are as follows:

(i) Evaluate the role of vitamin D administration in
vitaminK-dependent proteins in human populations

(ii) Question the possible long-term consequences of
high-dose vitamin D supplementation

(iii) Assess the combined role of vitamin K antagonist
use and vitamin D in bone and cardiovascular
health

(iv) Investigate the joint supplementation of vitamins D
and K on hard clinical endpoints

9. Conclusion

Taken together, animal and human studies suggest that
optimal concentrations of both vitamin D and vitamin K
are beneficial for bone and cardiovascular health as sup-
ported by genetic, molecular, cellular, and some human
studies. However, vitamin D and calcium supplementation
along with vitamin K deficiency might also induce long-
term soft tissue calcification and CVD, particularly in
vitamin K antagonist users and other high-risk popula-
tions. At this moment, we should be careful about supple-
menting high-dose vitamin D, unless indicated differently.
More clinical data about the potential interplay between
vitamin D and vitamin K metabolism is urgently needed
before broader treatment recommendations can be given.

The consumption of a well-balanced diet is key for
population-based primary prevention of chronic diseases.
As more is discovered about the powerful combination of
vitamins D and K, it gives a renewed reason to eat a healthy
diet including a variety of foods such as vegetables and
fermented dairy for bone and cardiovascular health.
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Abstract: The active metabolites of vitamin D3 (D3) and lumisterol (L3) exert a variety of antiaging
and photoprotective effects on the skin. These are achieved through immunomodulation and include
anti-inflammatory actions, regulation of keratinocytes proliferation, and differentiation programs to
build the epidermal barrier necessary for maintaining skin homeostasis. In addition, they induce
antioxidative responses, inhibit DNA damage and induce DNA repair mechanisms to attenuate
premature skin aging and cancerogenesis. The mechanism of action would involve interaction
with multiple nuclear receptors including VDR, AhR, LXR, reverse agonism on RORα and -γ, and
nongenomic actions through 1,25D3-MARRS receptor and interaction with the nongenomic binding
site of the VDR. Therefore, active forms of vitamin D3 including its canonical (1,25(OH)2D3) and
noncanonical (CYP11A1-intitated) D3 derivatives as well as L3 derivatives are promising agents for
the prevention, attenuation, or treatment of premature skin aging. They could be administrated orally
and/or topically. Other forms of parenteral application of vitamin D3 precursor should be considered
to avoid its predominant metabolism to 25(OH)D3 that is not recognized by CYP11A1 enzyme.
The efficacy of topically applied vitamin D3 and L3 derivatives needs further clinical evaluation in
future trials.

Keywords: skin aging; photoaging; skin immune responses; vitamin D; vitamin D metabolites;
photoprotection

1. Introduction

Skin, like any other organs, undergoes progressive decline in its physiological, mor-
phological, and functional features during aging [1–4]. The phenomenon of aging is natural
and genetically predisposed. The functions of the skin are crucial for the homeostasis
and survival. As the largest organ in the human body, the skin, together with the hypo-
dermis (subcutaneous fat), is both the source and the target for several hormones and
neuromediators [5–17], making it an independent peripheral endocrine organ [5,18]. The
skin has also the capacity of producing the prohormone vitamin D and transforming it to
active metabolites [19–25], which can exert several different effects on the main skin cells
(keratinocytes and fibroblasts) [20,25–29] and immune cells [4,28,30,31] via the activation
of the nuclear vitamin D receptor (VDR) [29,32–35]. Vitamin D plays a pivotal role in skin
homeostasis contributing to its barrier function [20,29,36–38]. Moreover, as an essential
part of a functioning immune system, active forms of vitamin D modulate the cutaneous
immunity [8,30,39].

The gold standard of analyzing a vitamin D status is by measuring its major circulating
metabolite, 25-hydroxyvitammin D3 (25(OH)D3), via high-performance liquid chromatog-
raphy (HPLC) or liquid chromatography tandem–mass spectrometry (LC-MS/MS) [40–42].
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Recently, a novel sensitive and specific LC-MS/MS method of the simultaneous measure-
ment of 13 circulating metabolites of vitamin D3 and D2 was presented [43].

Importantly, subclinical (30–50 nmol/L) and clinical vitamin D deficiency (<30 nmol/L)
in the general population has become a global problem worldwide [44–48]. Several phys-
iological factors may influence vitamin D status, such as age, body mass index (BMI),
skin type, pregnancy, and exclusive breastfeeding [49–53]. The genetic polymorphisms of
some genes involved in skin pigmentation (TYR, TYRP1, EXOC2, and DCT) are also asso-
ciated with 25(OH)D3 serum concentration [54]. Many environmental factors contribute
to vitamin D deficiency, such as the winter season, inadequate sun exposure, and high
latitude location [55,56]. Sun avoidance and air pollution are the main factors leading to
insufficient UVB exposure. Moreover, ozone and particulate matter (PM) can directly affect
the cutaneous production of vitamin D [57]. Additionally, air pollutants, persistent organic
pollutants, and heavy metals can behave like endocrine-disrupting chemicals (EDCs),
which may cause vitamin D deficiency directly or indirectly. The latter would be secondary
to a weight gain, the dysregulation of parathyroid hormone and calcium homeostasis, and
a thyroid dysfunction [57,58]. Increasing evidence suggests that smoking can also decrease
the serum levels of 25(OH)D3 [57].

With advancing age, the capacity of the skin to produce vitamin D3 decreases (irrespec-
tive of the season), and the degradation of its active forms increases [59,60]. It was found
that the concentration of the precursor of vitamin D3 in the skin, 7-dehydrocholesterol
(7-DHC), declines approximately by 50% from age 20 to age 80 years [59]. Several other
factors contribute to the vitamin D deficiency state in accelerated age, including limited
sun exposure, insufficient dietary intake of vitamin D, or diseases causing malabsorption.
The vitamin D deficiency, which is common in advanced age, can decrease the important
physiological functions of the skin such as protection from the environment and prevention
of cancer development [25,39,61–66].

In this review, we aimed to discuss the significance of vitamin D in the skin aging process.

2. Skin Aging—Your Skin Can Reveal Stories

Skin aging is a complex process that is influenced by the total exposure of both intrin-
sic and extrinsic factors over the human lifespan (skin exposome), which is responsible
for the progressive morphological and functional alterations of the aged skin [1,67–69].
The main internal factors affecting the chronological (physiological) skin aging include
a hormonal decline and changes in gene expression with advancing age [1]. In addi-
tion, the cutaneous regenerative potential decreases with the age due to the excessive
senescence of keratinocytes, fibroblasts, and melanocytes over time, which contributes
to skin aging [70–72]. The aged skin is characterized by fine wrinkles and atrophy with
reduced elasticity. This chronological aging affects all skin areas but shows phenotypic
differences among different anatomical regions, and it varies significantly within different
populations [67,73]. The single nucleotide polymorphisms (SNPs) of the MC1R gene (main
regulator of melanin pigmentation [74]) are significantly linked to a perceived facial age,
providing a new molecular base of youthful looks [75].

The most prominent external stressors affecting skin and causing its premature aging
include ultraviolet (UV) radiation [76,77], ambient pollutants [78–82], and smoking [57,83].
The continuous exposure of the skin to these environmental insults stimulates the produc-
tion of reactive oxygen species (ROS) and generate oxidative stress [84,85]. The environ-
mental factors can also cause an impairment of the epidermal barrier function [69] and
alterations in skin microflora [86,87], leading to significant morbidity [2,88].

Ultraviolet radiation (UVR) is the most harmful external factor contributing to the
cutaneous photodamage on the sun-exposed areas. Photoaged skin is presented as a
dry, deep-wrinkled skin with rough texture, dyschromia and senile lentigines, vascular
complications, etc. [68,89]. UVR decreases the expression of filaggrin that contributes
to epidermal hydration, so its downregulation from UVR could explain the skin xerosis
in photoaging [90]. Both UVA (315–400 nm) and UVB (280–315 nm) have been shown
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to contribute to photoaging, either by imbalanced ROS production or by direct DNA
damage [83]. However, UVA is considered to play a major role in the aging process.
UVA represents more than 80% of total daily UV irradiation and can penetrate 5–10 times
deeper into the reticular dermis, where it can damage the extracellular matrix (ECM)
more significantly than UVB [91]. Moreover, UVA exposure increases the expression of
matrix metalloproteinases (MMPs), especially the expression of the collagenolytic enzyme
MMP-1 in dermal fibroblasts, which acts as an important regulator in photoaging [92,93].
Additionally, the chronic UVA irradiation inhibits hyaluronan synthesis, thus altering the
composition of proteoglycans in the dermis [94]. A long-term exposure of UVA is related
to photoaging and photocancer due to an overproduction of ROS and reactive nitrogen
species (RNS), which can disrupt both the nuclear and mitochondrial DNA [95,96]. UVB
can penetrate only through the epidermis but is biologically more active. It also induces the
transformation of 7-DHC to vitamin D3 [97,98]. UVB absorbed by DNA and RNA induces
a formation of cyclobutane pyrimidine dimers (CPDs) and other photoproducts [99],
thus inducing various solar signature mutations in specific genes, including the tumor
suppressor gene p53 [100,101]. UVR induces an accumulation of p53 protein in the nucleus
that in turn activates the transcription of genes responsible for cell cycle arrest allowing
DNA repair, as well as causing an induction of apoptosis of the cells with unrepaired
DNA damage [102,103]. Specific p53 mutations can be found in high rates, not only
in actinic keratosis (precancerous state) and squamous cell carcinomas (60–90%) with
typical UV signature, but also in the normal appearance of UV-exposed skin (about 75%),
compared with a much lower rate of such mutations in healthy sun-protected skin (5% of
all cases) [104].

Chronic sunlight exposure, together with the persistence of cellular senescence, can
drive an impaired regenerative capacity of the skin, chronic inflammation, and photoaging,
which correlates with enhanced cancer risk [77,105–107]. Thereby, photoaging results in
premature skin aging. Although some aging mechanisms share several similarities or
overlapping, photoaged skin differs from physiologically aged skin in the ECM changes.
Photoaged skin is characterized by degraded collagen and accumulated aberrant elastin
fibers and glycosaminoglycans, whereas physiologically aged skin is presented by the
atrophy of dermal structures [108].

The negative impact of ambient pollutants on human health and the human skin is
of growing concern [109]. Ozone (O3) from the smog and PM, primarily contacting with
the skin, is capable to stimulate ROS production and generate oxidative stress, leading
to phenotypic features of extrinsic aging [69]. It was found that chronic exposure to PM
leads to pigment spots and deep nasolabial folds [110,111]. Moreover, ultrafine particles
(<0.1 µm) can penetrate tissues and localize in the mitochondria, causing an aberrant
mitochondrial function because of the oxidative processes [112]. Additionally, the photo-
pollution exposure may aggravate UVR-mediated skin aging [113].

UVR, predominantly UVA, by the excessive amount of ROS activates the mitogen-
activated protein kinases (MAPKs) and transcription factors such as nuclear factor ery-
throid 2-like (Nrf2), c-Jun-N-terminal kinase (JNK), and nuclear factor-κβ (NF-κB), and
increases the transcription of MMPs [114]. Activated MMPs, together with the decreased
expression of MMP inhibitors (TIMP), cause a dysregulation of the ECM homeostasis
and a progressive damage of collagen and elastin [115]. Additionally, UVR impairs the
endogenous antioxidant enzymes, leading to an increased oxidative damage of collagen.
The destruction of ECM integrity is visualized as wrinkle appearance in photo-damaged
skin [93]. The activation of redox-sensitive transcription factors, the activator protein-1
(AP-1) and NF-κβ, involved in wrinkle formation and inflammation, plays crucial roles in
skin aging [88]. Both factors, NF-κβ and AP-1, are elevated within hours after cutaneous
exposure to low-dose UVB. The upregulation of AP-1 suppresses the transforming growth
factor β (TGF-β) receptors, which further blocks the synthesis of procollagen [116,117].
Additionally, activated AP-1 stimulates the degradation of collagen by MMPs and trig-
gers the main activator of the inflammatory response NF-κβ [118]. NF-κβ signaling is a
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well-known regulator of tissue homeostasis, and its central role in skin aging was recently
underlined [119]. The ROS-induced activation of NF-κβ drives an increase of proinflam-
matory cytokines and MMPs and decreases TGF-β and type I collagen synthesis [119]. The
proinflammatory cytokines (interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-α)
stimulate inflammatory responses and enhance the activation of NF-κβ [93]. It was found
that NF-κβ expression could increase in mitochondrial DNA (mtDNA)-depleter mice and
after restoring the mitochondrial function, the NF-κβ expression could be reduced. These
data confirm that NF-κβ signaling is a key mechanism contributing to the skin and hair fol-
licle pathologies [120]. Due to the longer wavelength, UVA reaches the dermal fibroblasts
in vivo with the activation of the Nrf2-mediated expression of antioxidant genes. Unlike
UVA, UVB does not activate Nrf2 in skin cells or even appears to have an inhibitory ef-
fect [121]. However, vitamin D3 derivatives, which are products of UVB action, do activate
Nrf2 signaling [122]. The endogenous Nrf2 is essential for the protection of skin cells
against oxidative insults and for regulating the redox balance during skin aging [123,124].
Many in vitro and in vivo studies confirmed the importance of the transcription factor Nrf2
and its downstream signaling in UV protection [125,126].

Indeed, the human skin aging is mainly driven by oxidative events. An extensive ROS
production and insufficient scavenging activity or a mitochondrial dysfunction are crucial
events in oxidative stress-induced skin aging. The high levels of ROS lead to oxidative
damage of lipids, proteins, genomic, and mtDNA, and also can deplete and damage the
antioxidant defense systems of the skin (both non-enzymatic and enzymatic one) [85,127].

Accumulating evidence support a strong link between the mitochondrial dysfunction
and the aging process [126]. Many studies demonstrate a decrease in mtDNA content
and mitochondrial number during aging. It is thought that mitochondrial dysfunction
plays a role in accelerated cellular senescence, seen in advancing age [128–130]. Further-
more, mitochondria are believed to contribute to 90% of generated ROS in the cells [95].
mtDNA, as an important target for ROS, is highly vulnerable to the oxidative damage
and possesses inefficient DNA repair mechanisms [96,131]. The functional decline of the
mitochondria leads to vicious cycle effect contributing to further enhancement of ROS
production [127,132].

3. Effects of Vitamin D3 on the Skin
3.1. Impact Paths on the Skin

Excessive exposure to solar UVR accelerates skin aging and could trigger cutaneous
cancerogenesis [133]. However, UVR plays a beneficial role in the regulation of many skin
functions [56,77,134]. The same UVB, responsible for the increase of non-melanoma skin
cancer, is required for vitamin D3 production in the skin that supplies more than 90% of
the vitamin D3 body’s requirement [44,55,135]. In the skin, vitamin D3 is essential for the
formation of the epidermal barrier and hair follicles, and its deficiency has been linked to
many proliferative and inflammatory cutaneous disorders [20,29,44,136].

Upon the absorption of UVB, 7-DHC is transformed to vitamin D3 in the skin, a process
accelerated by thermal energy. Prolonged UVB exposure can also generate tachysterol
(T3) and lumisterol (L3) [24,97]. These reactions are non-enzymatic and dependent on the
UVB dose and the temperature. Vitamin D3 can be activated through canonical and non-
canonical pathways with similar activation of L3 to biologically active metabolites (Figure 1).
In the classical pathway, vitamin D3 is hydroxylated to 25-hydroxyvitamin D3 (25(OH)D3)
by CYP2R1 and/or CYP27A1 in the liver with further hydroxylation by CYP27B1 in the
kidney, skin, and other tissues to its biologically active metabolite 1,25(OH)2D3 [20,21,137].

In the alternative (non-canonical) pathway, vitamin D3 can be activated by CYP11A1
with further modification by other cytochrome enzymes leading to production of large
number of metabolites in humans [21,36,138–142] (Figure 1), some of which are non- or
low-calcemic at high, therapeutic, doses [143–146]. The major CYP11A1-derived vitamin
D3 products are 20(OH)D3 and 20,23(OH)2D3 [23,139,147,148]. In addition, 20(OH)D3 can
be defined also as a natural product because its presence in the honey [149]. The L3 can
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also be metabolized to biologically active derivatives [150–152], which are not recognized
by the 7-DHC reductase [153].

The main genomic effects and biological responses of vitamin D metabolites in the
skin are mediated through their binding to the nuclear VDR [32,61,154–156]. Notably, VDR
has been reported to regulate about 3% of mammalian genome due to its broad expression
in all tissues [4,34,157,158]. The skin also expresses the VDR and serves not only as a source
but also as a site for the action of vitamin D3 [28,39]. Additionally, the VDR activated
by classical 1,25(OH)2D3 can induce rapid response signaling through a non-genomic,
membrane-associated mechanism based on an alternative ligand-binding site [159] or
through action on 1,25D3-MARRS receptor [156,160,161]. Similar non-genomic activities
for CYP11A1-derived hydroxyderivatives are still not established. SNPs can affect VDR
activity favoring a development of melanoma and non-melanoma skin tumors [162,163].
VDR functions as a tumor suppressor [164] and a decrease in its expression is associated
with progression of cutaneous melanoma [165,166]. On the opposite, the nuclear VDR
expression has been found significantly elevated (moderate to strong) in squamous cell
carcinomas (SCCs) and basal cell carcinomas (BCCs) compared to in normal skin [167,168].
Thus, targeting VDR with vitamin D secosteroids (especially low calcemic ones) would be
rational in skin cancer prevention, attenuation, or therapy [62,64,169].
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Figure 1. Noncanonical pathways of vitamin D3 and lumisterol (L3) activation (reprinted from [61] with the permission
from Springer). D3, L3, and 7-DHC are substrates for CYP11A1 that produces the corresponding hydroxyderivatives. In the
case of L3 and 7-DHC, the side chain can be cleaved by CYP11A1 to produce 7DHP or pL that can be further metabolized by
steroidogenic enzymes (ES). In the skin, UVB acting on 5,7-dienes can lead to the production of D3, L3, and T3 derivatives
with a full-length side chain and pD, pL, and pT derivatives with a shortened side chain. While the cut-off for UVC/UVB
is 280 nm, we show the range of 290–315 nm because wavelengths below 290 nm are filtered by the ozone layer and no
additional pre-D3 is produced above 315 nm [170]. 7DHC, 7-dehydrocholesterol; 7DHP, 7-dehydropregnenolone; pD,
preganacalciferol; pL, preganalumisterol; D3, vitamin D3; L3, lumisterol; T3, tachysterol; OH, hydroxyl group; number
before OH, carbon number with OH; number in subscripts after (OH), number of hydroxyl groups.
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CYP11A1-derived hydroxyderivatives can regulate some skin functions through other
nuclear receptor such as retinoic acid-related orphan receptors (ROR) α and γ, which
expressed in the skin [171]. The endogenously produced nonclassical vitamin D3 hy-
droxyderivatives, 20(OH)D3 and 20,23(OH)2D3 can act as weak RORα and RORγ inverse
agonists [155,171,172]. Moreover, these hydroxyderivatives could exert anti-inflammatory
effect and could inhibit tumor progression in the skin via RORγ-mediated mechanism [173].

Alternative, the classical 1,25(OH)2D3 and CYP11A1-initiated vitamin D3 deriva-
tives can act as agonists on aryl hydrocarbon receptor (AhR) [174] and liver X recep-
tors (LXR) [175]. Moreover, the activation of AhR is the top canonical pathway for
20,23(OH)2D3 [174]. This receptor regulates cellular proliferation, inflammation, and
melanogenesis in the skin [176]. Although many different ligands can target AhR, some
functional studies and molecular modeling can predict that secosteroidal signal transduc-
tion further leads to the downregulation of proinflammatory responses [177], detoxification,
and antioxidative action [61,174].

Summarizing, the biologically active classical and novel vitamin D3 metabolites exert
different affinities to multiple receptors in the skin and through their modulation they
can influence different cutaneous pathologies. In addition to act on the VDR, the active
forms of vitamin D can act on alternative nuclear receptors including RORs, AhR, LXR, and
1,25D3-MARRS receptor. The active forms of vitamin D3 have various functions, which par-
tially overlap in their anti-inflammatory, antimicrobial, antiproliferative, prodifferentiation,
antifibrotic, and antioxidative effects on the skin [20,38,63,141,145,178]. Along with the
best characterized 1,25(OH)2D3, CYP11A1-derived products of vitamin D3 and L3 exhibit
photoprotective properties against UVR-induced skin damage (Figure 2) [37,61,179–183].
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3.2. Effects on the Cutaneous Immune Function

Vitamin D3 and its analogues and precursors play an important complex role in the reg-
ulation of both the innate and adaptive immune systems, including in the skin [8,184,185].
There is a clear connection between vitamin D deficiency and incidences of infections
and immune-mediated skin diseases [31,186–188]. The expression of the VDR has been
found in almost all immune cells including T- and B-lymphocytes (Lym), macrophages,
mast cells, natural killer (NK) cells, and regulatory T cells (Tregs), but it is differently
regulated [189]. Monocytes, for example, lose VDR expression levels during differentiation
towards macrophages and dendritic cells (DCs) [190,191]. Immunomodulatory actions of
active vitamin D3 metabolites include the induction of Tregs [192] and Thelper-2 (Th2)-
Lym, together with the downregulation of proinflammatory Th1/Th17/Th9-Lym [193].
1,25(OH)2D3 can have both direct and indirect effects on T-Lym [194]. The indirect ef-
fect is based on DC-derived cytokines, which modulate Th-Lym response [30]. Directly,
1,25(OH)2D3 can suppress the immune cell production of inflammatory cytokines such as
interferon gamma (IFN-γ), TNF-α, and IL-2 (Th1 cytokines), IL-17/21 (Th17 cytokines),
and Th9 cytokines [193,195,196], while it enhances either the levels of anti-inflammatory
IL-10 from Tregs [197] or Th2-derived IL-4 [198]. As a result, vitamin D shifts Th1 inflam-
matory response towards more tolerogenic Th2 response with an increase of CD4 + CD25 +
Tregs reflected to a change in cytokine profile in the skin [199]. Additionally, 1,25(OH)2D3
influences the activated B-Lym by inducing apoptosis [200], suppressing immunoglobulin
E (IgE)-dependent mast cell activation [201,202], and upregulating IL-10 production [203].
Enhanced IL-10 synthesis contributes to a suppressed mast cell-mediated inflammation
and IgE-related allergic reactions [201]. 1,25(OH)2D3 and its analogues directly regulate
antimicrobial peptide (AMP) gene expression in innate immune cells [204,205]. Moreover, it
has been found that vitamin D is able to induce essential for antimicrobial defense, produc-
tion of cathelicidin (LL37) [204] and to modulate the phagocytic activity of macrophages
and NK cells [193]. Additionally, vitamin D exerts immunosuppressive effects through
the modulation of epidermal Langerhans cells [206] and the proliferation of the Tregs
number [184,185,197].

CYP11A1 is expressed also in immune cells [207], where vitamin D can be further
metabolized to biologically active hydroxyderivatives [31,39]. Via the activation of VDR or
through the inhibition of RORγ-mediated activation, 20(OH)D3 and 20,23(OH)2D3, like
1,25(OH)2D3, can attenuate Th17 differentiation, as well as the formation and activity
of inflammatory cytokine IL-17 by immune cells [155,208,209]. Thus, Th17-related cuta-
neous inflammation could be successfully modulated via RORγ inverse agonists such as
CYP11A1-derived D3-hydroxyderivatives, causing the regulation of the immune system
and a resistance against autoimmunity [210,211]. The most recently inhibition of collagen-
induced autoimmune arthritis by CYP11A1-derived 20(OH)D3 was reported [212].

3.3. Impact on Skin Aging

The normal vitamin D3 status is important for a general prevention of premature aging
maintaining a healthful skin aging [213,214]. Vitamin D3 metabolites including its classical
(1,25(OH)2D3) and novel (CYP11A1-intitated) D3 hydroxyderivatives exert many beneficial
protective effects on the skin, which could influence the process of premature aging via
many different mechanisms, leading to a delay or attenuation of both chronological skin
aging and photoaging. Skin-resident cells (keratinocytes, fibroblasts, and sebocytes) are
capable of locally activating vitamin D3 [23,36,215] and exhibiting a diverse biological
effect such as photoprotection and immunosuppression, similar to the UVR-induced
one [179,216].

The process of chronological aging is associated with immunological alteration and the
imbalance between inflammatory and anti-inflammatory mechanisms, leading to a chronic
low-grade inflammation, known as “inflammaging” state [217,218]. The “inflammaging”
phenotype of the skin and hair follicles is a result of both chronic antigen stimulation and
continued exposure to oxidative stress caused by ROS and RNS [219,220]. With advancing
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age, skin is affected by the profound remodeling of the immune system, leading to a
decline in its adaptive capacity [221,222]. Th1- and Th17-related markers, together with the
number of epidermal DCs are increased as a function of age [223–225]. DCs during aging
appear to be functionally impaired, which contributes to an initiation of inflammatory and
autoimmune skin disorders and a loss of their protective role against cutaneous infections.
The active forms of vitamin D3 are able to decrease the proliferation and cytotoxicity of
T-Lym, as well as to suppress the differentiation of B-Lym and the maturation of DCs [193].
Therefore, vitamin D3 hydroxyderivatives exert potent anti-inflammatory activities includ-
ing the inhibition of TNF-α, INF-γ, and IL-1/6/9/17 production [4,38,185], suggesting
their implication in the modulation of skin inflammation. Moreover, the noncalcemic and
nontoxic 20(OH)D3 has shown a similar anti-inflammatory property in vivo to 1,25(OH)2D3
(hypercalcemic in high doses) through the suppression of the immune responses by T- and
B-lym [155,212].

Active vitamin D3 metabolites can protect skin against the hazardous effects of skin
aging-triggering agents, including UVR, pollution, and microbial infections [179,226–230].
It has been shown that the oral administration of high-dose vitamin D3 shortly after UVB
exposure could reverse rapidly the photo-induced cutaneous damage by decreasing the
inflammation and induction of the repair mechanisms of the epidermal barrier [38]. There is
strong experimental evidence that active vitamin D3 and L3 hydroxyderivatives can induce,
in a dose-dependent manner, antioxidative responses and reverse the UVB-mediated ROS
production in keratinocytes by the activation of Nrf2 that works for cytoprotection and
detoxification, thus attenuating photoaging [122]. Therefore, they serve as protective
agents against UVB-induced oxidative stress in cells, pre-treated with each of these active
metabolites for 24 h prior to UVB irradiation (50 mJ/cm2) [122]. These hydroxyderivatives
stimulate the expression of antioxidant-response genes downstream of Nrf2 (GR, HO-1,
CAT, SOD-1, and SOD-2) as well as the expression of HO-1, CAT, and MnSOD at the
protein level [122]. The transcription factor Nrf2 plays an important role in the detection of
excessive ROS and RNS and in the induction of mechanisms counteracting the oxidative
damage and skin pigmentations produced by UVA [121,125,231].

Chronic UVR irradiation, mainly UVB [232] and UVA [233], induces DNA damage
and the formation of CPDs that potentially lead to premature skin aging and carcinogenesis.
CYP11A1-derived D3 and L3 hydroxyderivatives, along with 1,25(OH)2D3, demonstrate
photoprotective and reparative properties by increasing the expression and phosphoryla-
tion of p53 with its translocation to the nucleus [61,229,234,235]. The P53 gene family, in
particular its isoform p63, might be an important molecular target for vitamin D action in
premature aging and cancer [236], which are promoted by similar mechanisms [237].

Moreover, 1,25(OH)2D3 and 1,25(OH)2L3 inhibit DNA damage and facilitate DNA
repair by the reduction of CPDs [182,235,238,239] and RNS [178,234]. The photoprotection
by 20(OH)D3 and 20,23(OH)2D3 is comparable to 1,25(OH)2D3 reduction of UVB-induced
CPDs and DNA fragmentation in vivo [181,182] and in vitro [178]. In addition, both
20(OH)D3 and 20,23(OH)2D3 stimulate differentiation, inhibit proliferation and downregu-
late proinflammatory responses in keratinocytes via the decrease of NFκβ activity [240,241].
It was shown recently that not only the pretreatment, but also the post-treatment of ker-
atinocytes with CYP11A1-derived D3 and L3 derivatives can reverse their UVB-induced
damage [37,230].

Additionally, 1,25(OH)2D3 can induce rapid and dose-dependent reduction in skin cell
apoptosis, and it can increase CPDs repair and decrease the oxidative DNA damage through
non-genomic energy-conserving autophagy and mitophagy [227], thus contributing to the
intrinsic skin photoprotection mechanism [242].

4. Conclusions and Future Perspectives

Vitamin D3 and its active metabolites exert a variety of antiaging and (photo) pro-
tective effects on the skin. These are achieved through immunomodulation that include
anti-inflammatory actions and regulation of keratinocytes proliferation and differentiation
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program to build the epidermal barrier necessary to maintain skin homeostasis. In addi-
tion, they induce antioxidative responses, inhibit DNA damage and induce DNA repair
mechanisms to attenuate premature skin aging and cancerogenesis. Similar actions can
be assigned to lumisterol metabolites. Therefore, active forms of vitamin D3 including its
canonical (1,25(OH)2D3) and noncanonical (CYP11A1-intitated) D3-hydroxyderivatives as
well as L3-derivatives are promising agents for the prevention, attenuation, or treatment
of premature skin aging, when applied topically. It is expected that they will attenu-
ate photoaging and perhaps repair the existing damage induced by external stressors.
The mechanism of action would involve interaction with nuclear receptors including
VDR, AhR, LXR, reverse agonism on RORα and RORγ, and nongenomic actions through
1,25D3-MARRS receptor and interaction with the nongenomic binding site of the VDR. The
regulatory mechanism affected by D3 and L3 derivatives would include the activation of
Nrf2 and p53 and the downregulation of NFκβ signaling pathways or the regulation of
mitochondrial functions. To prevent skin aging, vitamin D3 and lumisterol or their deriva-
tives could be administrated orally and/or topically. Other forms of parenteral application
of the vitamin D3 precursor should be considered to avoid channeling its metabolism to
25(OH)D3, which is not recognized by CYP11A1 enzyme [243]. The efficacy of topically
applied vitamin D3 and L3 derivatives needs further clinical evaluation in future trials.

Funding: We acknowledge the support of NIH grants (1R01AR073004 and R01AR071189), a VA merit
grant 1I01BX004293 to A.T.S., a grant R21 AI152047 to A.T.S. and C.R., and a grant R21 MD015319
to C.R.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Carlton Philips and Craig Elmets from the department of dermatology,
UAB, for the pictures of BCC and SCC.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bocheva, G.; Slominski, R.M.; Slominski, A.T. Neuroendocrine Aspects of Skin Aging. Int. J. Mol. Sci. 2019, 20, 2798. [CrossRef]

[PubMed]
2. Bocheva, G.S.; Slominski, R.M.; Slominski, A.T. Immunological Aspects of Skin Aging in Atopic Dermatitis. Int. J. Mol. Sci. 2021,

22, 5729. [CrossRef]
3. Zouboulis, C.C.; Adjaye, J.; Akamatsu, H.; Moe-Behrens, G.; Niemann, C. Human skin stem cells and the ageing process. Exp.

Gerontol. 2008, 43, 986–997. [CrossRef]
4. Reichrath, J.; Zouboulis, C.C.; Vogt, T.; Holick, M.F. Targeting the vitamin D endocrine system (VDES) for the management

of inflammatory and malignant skin diseases: An historical view and outlook. Rev. Endocr. Metab. Disord. 2016, 17, 405–417.
[CrossRef]

5. Slominski, A.; Wortsman, J. Neuroendocrinology of the skin. Endocr. Rev. 2000, 21, 457–487. [CrossRef] [PubMed]
6. Slominski, A.T.; Zmijewski, M.A.; Skobowiat, C.; Zbytek, B.; Slominski, R.M.; Steketee, J.D. Sensing the environment: Regulation

of local and global homeostasis by the skin’s neuroendocrine system. Adv. Anat. Embryol. Cell Biol. 2012, 212, 1–115.
7. Slominski, A.T.; Zmijewski, M.A.; Zbytek, B.; Tobin, D.J.; Theoharides, T.C.; Rivier, J. Key role of CRF in the skin stress response

system. Endocr. Rev. 2013, 34, 827–884. [CrossRef] [PubMed]
8. Slominski, A.; Zbytek, B.; Nikolakis, G.; Manna, P.R.; Skobowiat, C.; Zmijewski, M.; Li, W.; Janjetovic, Z.; Postlethwaite, A.;

Zouboulis, C.C.; et al. Steroidogenesis in the skin: Implications for local immune functions. J. Steroid Biochem. Mol. Biol. 2013, 137,
107–123. [CrossRef] [PubMed]

9. Slominski, A.; Wortsman, J.; Tuckey, R.C.; Paus, R. Differential expression of HPA axis homolog in the skin. Mol. Cell. Endocrinol.
2007, 265–266, 143–149. [CrossRef] [PubMed]

10. Slominski, A.; Ermak, G.; Hwang, J.; Chakraborty, A.; Mazurkiewicz, J.E.; Mihm, M. Proopiomelanocortin, corticotropin releasing
hormone and corticotropin releasing hormone receptor genes are expressed in human skin. FEBS Lett. 1995, 374, 113–116.
[CrossRef]

11. Slominski, A.; Wortsman, J.; Pisarchik, A.; Zbytek, B.; Linton, E.A.; Mazurkiewicz, J.E.; Wei, E.T. Cutaneous expression of
corticotropin-releasing hormone (CRH), urocortin, and CRH receptors. FASEB J. 2001, 15, 1678–1693. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms20112798
http://www.ncbi.nlm.nih.gov/pubmed/31181682
http://doi.org/10.3390/ijms22115729
http://doi.org/10.1016/j.exger.2008.09.001
http://doi.org/10.1007/s11154-016-9353-4
http://doi.org/10.1210/er.21.5.457
http://www.ncbi.nlm.nih.gov/pubmed/11041445
http://doi.org/10.1210/er.2012-1092
http://www.ncbi.nlm.nih.gov/pubmed/23939821
http://doi.org/10.1016/j.jsbmb.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23435015
http://doi.org/10.1016/j.mce.2006.12.012
http://www.ncbi.nlm.nih.gov/pubmed/17197073
http://doi.org/10.1016/0014-5793(95)01090-2
http://doi.org/10.1096/fj.00-0850rev
http://www.ncbi.nlm.nih.gov/pubmed/11481215


Int. J. Mol. Sci. 2021, 22, 9097 10 of 18

12. Slominski, A.; Szczesniewski, A.; Wortsman, J. Liquid chromatography-mass spectrometry detection of corticotropin-releasing
hormone and proopiomelanocortin-derived peptides in human skin. J. Clin. Endocrinol. Metab. 2000, 85, 3582–3588. [CrossRef]
[PubMed]

13. Ito, N.; Ito, T.; Betterman, A.; Paus, R. The human hair bulb is a source and target of CRH. J. Investig. Dermatol. 2004, 122, 235–237.
[CrossRef] [PubMed]

14. Slominski, A.; Wortsman, J.; Luger, T.; Paus, R.; Solomon, S. Corticotropin releasing hormone and proopiomelanocortin
involvement in the cutaneous response to stress. Physiol. Rev. 2000, 80, 979–1020. [CrossRef] [PubMed]

15. Kono, M.; Nagata, H.; Umemura, S.; Kawana, S.; Osamura, R.Y. In situ expression of corticotropin-releasing hormone (CRH) and
proopiomelanocortin (POMC) genes in human skin. FASEB J. 2001, 15, 2297–2299. [CrossRef]

16. Slominski, A.; Wortsman, J.; Tobin, D.J. The cutaneous serotoninergic/melatoninergic system: Securing a place under the sun.
FASEB J. 2005, 19, 176–194. [CrossRef]

17. Slominski, A.; Pisarchik, A.; Semak, I.; Sweatman, T.; Wortsman, J.; Szczesniewski, A.; Slugocki, G.; McNulty, J.; Kauser, S.; Tobin,
D.J.; et al. Serotoninergic and melatoninergic systems are fully expressed in human skin. FASEB J. 2002, 16, 896–898. [CrossRef]
[PubMed]

18. Zouboulis, C.C. Human skin: An independent peripheral endocrine organ. Horm. Res. 2000, 54, 230–242. [CrossRef]
19. Reichrath, J.; Lehmann, B.; Carlberg, C.; Varani, J.; Zouboulis, C.C. Vitamins as hormones. Horm. Metab. Res. 2007, 39, 71–84.

[CrossRef]
20. Bikle, D.D. Vitamin D: Newer Concepts of Its Metabolism and Function at the Basic and Clinical Level. J. Endocr. Soc. 2020, 4,

bvz038. [CrossRef]
21. Tuckey, R.C.; Cheng, C.Y.S.; Slominski, A.T. The serum vitamin D metabolome: What we know and what is still to discover. J.

Steroid Biochem. Mol. Biol. 2019, 186, 4–21. [CrossRef]
22. Slominski, A.; Kim, T.K.; Zmijewski, M.A.; Janjetovic, Z.; Li, W.; Chen, J.; Kusniatsova, E.I.; Semak, I.; Postlethwaite, A.; Miller,

D.D.; et al. Novel vitamin D photoproducts and their precursors in the skin. Dermatoendocrinology 2013, 5, 7–19. [CrossRef]
23. Slominski, A.T.; Kim, T.K.; Li, W.; Tuckey, R.C. Classical and non-classical metabolic transformation of vitamin D in dermal

fibroblasts. Exp. Dermatol. 2016, 25, 231–232. [CrossRef] [PubMed]
24. Holick, M.F. Vitamin D: A millenium perspective. J. Cell Biochem. 2003, 88, 296–307. [CrossRef] [PubMed]
25. Reichrath, J.; Saternus, R.; Vogt, T. Endocrine actions of vitamin D in skin: Relevance for photocarcinogenesis of non-melanoma

skin cancer, and beyond. Mol. Cell Endocrinol. 2017, 453, 96–102. [CrossRef] [PubMed]
26. Bikle, D.D. Vitamin D and the skin. J. Bone Miner. Metab. 2010, 28, 117–130. [CrossRef]
27. Luderer, H.F.; Demay, M.B. The vitamin D receptor, the skin and stem cells. J. Steroid Biochem. Mol. Biol. 2010, 121, 314–316.

[CrossRef]
28. Bikle, D.D. Vitamin D and the skin: Physiology and pathophysiology. Rev. Endocr. Metab. Disord. 2012, 13, 3–19. [CrossRef]
29. Oda, Y.; Hu, L.; Nguyen, T.; Fong, C.; Zhang, J.; Guo, P.; Bikle, D.D. Vitamin D Receptor Is Required for Proliferation, Migration,

and Differentiation of Epidermal Stem Cells and Progeny during Cutaneous Wound Repair. J. Investig. Dermatol. 2018, 138,
2423–2431. [CrossRef]

30. Martens, P.J.; Gysemans, C.; Verstuyf, A.; Mathieu, A.C. Vitamin D’s Effect on Immune Function. Nutrients 2020, 12, 1248.
[CrossRef]

31. Hewison, M. Vitamin D and immune function: An overview. Proc. Nutr. Soc. 2012, 71, 50–61. [CrossRef]
32. Lin, Z.; Chen, H.; Belorusova, A.Y.; Bollinger, J.C.; Tang, E.K.Y.; Janjetovic, Z.; Kim, T.K.; Wu, Z.; Miller, D.D.; Slominski, A.T.; et al.

1α,20S-Dihydroxyvitamin D3 Interacts with Vitamin D Receptor: Crystal Structure and Route of Chemical Synthesis. Sci. Rep.
2017, 7, 10193. [CrossRef]

33. Pike, J.W.; Meyer, M.B.; Bishop, K.A. Regulation of target gene expression by the vitamin D receptor—An update on mechanisms.
Rev. Endocr. Metab. Disord. 2012, 13, 45–55. [CrossRef]

34. Bouillon, R.; Marcocci, C.; Carmeliet, G.; Bikle, D.; White, J.H.; Dawson-Hughes, B.; Lips, P.; Munns, C.F.; Lazaretti-Castro, M.;
Giustina, A.; et al. Skeletal and Extraskeletal Actions of Vitamin D: Current Evidence and Outstanding Questions. Endocr. Rev.
2018, 40, 1109–1151. [CrossRef]

35. Bikle, D.D. The vitamin D receptor: A tumor suppressor in skin. Adv. Exp. Med. Biol. 2014, 810, 282–302.
36. Slominski, A.T.; Kim, T.K.; Li, W.; Yi, A.K.; Postlethwaite, A.; Tuckey, R.C. The role of CYP11A1 in the production of vitamin D

metabolites and their role in the regulation of epidermal functions. J. Steroid Biochem. Mol. Biol. 2014, 144PA, 28–39. [CrossRef]
[PubMed]

37. Chaiprasongsuk, A.; Janjetovic, Z.; Kim, T.K.; Schwartz, C.J.; Tuckey, R.C.; Tang, E.K.Y.; Raman, C.; Panich, U.; Slominski, A.T.
Hydroxylumisterols, Photoproducts of Pre-Vitamin D3, Protect Human Keratinocytes against UVB-Induced Damage. Int. J. Mol.
Sci. 2020, 21, 9374. [CrossRef]

38. Scott, J.F.; Das, L.M.; Ahsanuddin, S.; Qiu, Y.; Binko, A.M.; Traylor, Z.P.; Debanne, S.M.; Cooper, K.D.; Boxer, R.; Lu, K.Q. Oral
Vitamin D Rapidly Attenuates Inflammation from Sunburn: An Interventional Study. J. Investig. Dermatol. 2017, 137, 2078–2086.
[CrossRef] [PubMed]

39. Bikle, D.; Christakos, S. New aspects of vitamin D metabolism and action—Addressing the skin as source and target. Nat. Rev.
Endocrinol. 2020, 16, 234–252. [CrossRef] [PubMed]

http://doi.org/10.1210/jc.85.10.3582
http://www.ncbi.nlm.nih.gov/pubmed/11061505
http://doi.org/10.1046/j.1523-1747.2003.22145.x
http://www.ncbi.nlm.nih.gov/pubmed/14962114
http://doi.org/10.1152/physrev.2000.80.3.979
http://www.ncbi.nlm.nih.gov/pubmed/10893429
http://doi.org/10.1096/fj.01-0254fje
http://doi.org/10.1096/fj.04-2079rev
http://doi.org/10.1096/fj.01-0952fje
http://www.ncbi.nlm.nih.gov/pubmed/12039872
http://doi.org/10.1159/000053265
http://doi.org/10.1055/s-2007-958715
http://doi.org/10.1210/jendso/bvz038
http://doi.org/10.1016/j.jsbmb.2018.09.003
http://doi.org/10.4161/derm.23938
http://doi.org/10.1111/exd.12872
http://www.ncbi.nlm.nih.gov/pubmed/26440881
http://doi.org/10.1002/jcb.10338
http://www.ncbi.nlm.nih.gov/pubmed/12520530
http://doi.org/10.1016/j.mce.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28526240
http://doi.org/10.1007/s00774-009-0153-8
http://doi.org/10.1016/j.jsbmb.2010.01.015
http://doi.org/10.1007/s11154-011-9194-0
http://doi.org/10.1016/j.jid.2018.04.033
http://doi.org/10.3390/nu12051248
http://doi.org/10.1017/S0029665111001650
http://doi.org/10.1038/s41598-017-10917-7
http://doi.org/10.1007/s11154-011-9198-9
http://doi.org/10.1210/er.2018-00126
http://doi.org/10.1016/j.jsbmb.2013.10.012
http://www.ncbi.nlm.nih.gov/pubmed/24176765
http://doi.org/10.3390/ijms21249374
http://doi.org/10.1016/j.jid.2017.04.040
http://www.ncbi.nlm.nih.gov/pubmed/28576736
http://doi.org/10.1038/s41574-019-0312-5
http://www.ncbi.nlm.nih.gov/pubmed/32029884


Int. J. Mol. Sci. 2021, 22, 9097 11 of 18

40. Binkley, N.; Dawson-Hughes, B.; Durazo-Arvizu, R.; Thamm, M.; Tian, L.; Merkel, J.M.; Jones, J.C.; Carter, G.D.; Sempos, C.T.
Vitamin D measurement standardization: The way out of the chaos. J. Steroid Biochem. Mol. Biol. 2017, 173, 117–121. [CrossRef]
[PubMed]

41. Schöttker, B.; Jansen, E.H.; Haug, U.; Schomburg, L.; Köhrle, J.; Brenner, H. Standardization of misleading immunoassay based
25-hydroxyvitamin D levels with liquid chromatography tandem-mass spectrometry in a large cohort study. PLoS ONE 2012, 7,
e48774. [CrossRef]

42. Jenkinson, C. The vitamin D metabolome: An update on analysis and function. Cell Biochem. Funct. 2019, 37, 408–423. [CrossRef]
43. Jenkinson, C.; Desai, R.; Slominski, A.T.; Tuckey, R.C.; Hewison, M.; Handelsman, D.J. Simultaneous measurement of 13

circulating vitamin D3 and D2 mono and dihydroxy metabolites using liquid chromatography mass spectrometry. Clin. Chem.
Lab. Med. 2021. [CrossRef]

44. Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. [CrossRef]
45. Palacios, C.; Gonzalez, L. Is vitamin D deficiency a major global public health problem? J. Steroid Biochem. Mol. Biol. 2014, 144,

138–145. [CrossRef] [PubMed]
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62. Slominski, A.T.; Brożyna, A.A.; Skobowiat, C.; Zmijewski, M.A.; Kim, T.K.; Janjetovic, Z.; Oak, A.S.; Jozwicki, W.; Jetten, A.M.;
Mason, R.S.; et al. On the role of classical and novel forms of vitamin D in melanoma progression and management. J. Steroid
Biochem. Mol. Biol. 2018, 177, 159–170. [CrossRef] [PubMed]

63. Slominski, A.T.; Janjetovic, Z.; Kim, T.K.; Wright, A.C.; Grese, L.N.; Riney, S.J.; Nguyen, M.N.; Tuckey, R.C. Novel vitamin D
hydroxyderivatives inhibit melanoma growth and show differential effects on normal melanocytes. Anticancer Res. 2012, 32,
3733–3742. [PubMed]
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90. Tončić, R.J.; Kezić, S.; Hadžavdić, S.L.; Marinović, B. Skin barrier and dry skin in the mature patient. Clin. Dermatol. 2017, 36,
109–115. [CrossRef]

91. Marionnet, C.; Tricaud, C.; Bernerd, F. Exposure to non-extreme solar UV daylight: Spectral characterization, effects on skin and
photoprotection. Int. J. Mol. Sci. 2014, 16, 68–90. [CrossRef]

92. Battie, C.; Jitsukawa, S.; Bernerd, F.; Del Bino, S.; Marionnet, C.; Verschoore, M. New insights in photoaging, UVA induced
damage and skin types. Exp. Dermatol. 2014, 23, 7–12. [CrossRef]

93. Chung, J.H.; Seo, J.Y.; Choi, H.R.; Lee, M.K.; Youn, C.S.; Rhie, G.; Cho, K.H.; Kim, K.H.; Park, K.C.; Eun, H.C. Modulation of skin
collagen metabolism in aged and photoaged human skin in vivo. J. Investig. Dermatol. 2001, 117, 1218–1224. [CrossRef] [PubMed]

94. Tigges, J.; Krutmann, J.; Fritsche, E.; Haendeler, J.; Schaal, H.; Fischer, J.W.; Kalfalah, F.; Reinke, H.; Reifenberger, G.; Stühler, K.;
et al. The hallmarks of fibroblast ageing. Mech. Ageing Dev. 2014, 138, 26–44. [CrossRef] [PubMed]

95. Baier, J.; Maisch, T.; Maier, M.; Landthaler, M.; Bäumler, W. Direct detection of singlet oxygen generated by UVA irradiation in
human cells and skin. J. Investig. Dermatol. 2007, 127, 1498–1506. [CrossRef] [PubMed]

96. Birch-Machin, M.A.; Bowman, A. Oxidative stress and ageing. Br. J. Dermatol. 2016, 175, 26–29. [CrossRef]
97. Holick, M.F.; MacLaughlin, J.A.; Doppelt, S.H. Regulation of cutaneous previtamin D3 photosynthesis in man: Skin pigment is

not an essential regulator. Science 1981, 211, 590–593. [CrossRef]

http://doi.org/10.3389/fphar.2020.00249
http://doi.org/10.1111/j.1468-2494.2007.00415.x
http://doi.org/10.1001/archderm.138.11.1462
http://doi.org/10.1016/j.jdermsci.2016.09.015
http://doi.org/10.3390/cells7120268
http://doi.org/10.1038/nature13193
http://doi.org/10.1146/annurev-physiol-030212-183653
http://www.ncbi.nlm.nih.gov/pubmed/23140366
http://doi.org/10.1046/j.1365-2133.146.s61.3.x
http://doi.org/10.1152/physrev.00044.2003
http://www.ncbi.nlm.nih.gov/pubmed/15383650
http://doi.org/10.1016/j.cub.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/27133870
http://doi.org/10.1016/S1568-1637(02)00024-7
http://doi.org/10.1210/en.2017-03230
http://doi.org/10.3389/fphar.2019.00759
http://doi.org/10.1111/dth.13171
http://doi.org/10.1016/j.pbiomolbio.2011.08.010
http://doi.org/10.1046/j.1523-1747.2003.12092.x
http://doi.org/10.1111/exd.13257
http://www.ncbi.nlm.nih.gov/pubmed/27892609
http://doi.org/10.3390/cosmetics4010004
http://doi.org/10.1016/j.arr.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25653189
http://doi.org/10.3390/nu12061795
http://doi.org/10.1111/exd.13854
http://doi.org/10.1038/sj.jid.5700340
http://doi.org/10.3390/ijms16047753
http://doi.org/10.1016/j.clindermatol.2017.10.002
http://doi.org/10.3390/ijms16010068
http://doi.org/10.1111/exd.12388
http://doi.org/10.1046/j.0022-202x.2001.01544.x
http://www.ncbi.nlm.nih.gov/pubmed/11710936
http://doi.org/10.1016/j.mad.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24686308
http://doi.org/10.1038/sj.jid.5700741
http://www.ncbi.nlm.nih.gov/pubmed/17363921
http://doi.org/10.1111/bjd.14906
http://doi.org/10.1126/science.6256855


Int. J. Mol. Sci. 2021, 22, 9097 13 of 18

98. Holick, M.F.; Clark, M.B. The photobiogenesis and metabolism of vitamin D. Fed. Proc. 1978, 37, 2567–2574.
99. Setlow, R.B.; Carrier, W.L. Pyrimidine dimers in ultraviolet-irradiated DNA’s. J. Mol. Biol. 1966, 17, 237–254. [CrossRef]
100. Hussein, M.R. Ultraviolet radiation and skin cancer: Molecular mechanisms. J. Cutan. Pathol. 2005, 32, 191–205. [CrossRef]
101. Brash, D.E. UV signature mutations. Photochem. Photobiol. 2015, 91, 15–26. [CrossRef]
102. Decraene, D.; Agostinis, P.; Pupe, A.; de Haes, P.; Garmyn, M. Acute response of human skin to solar radiation: Regulation and

function of the p53 protein. J. Photochem. Photobiol. B 2001, 63, 78–83. [CrossRef]
103. Ouhtit, A.; Muller, H.K.; Davis, D.W.; Ullrich, S.E.; McConkey, D.; Ananthaswamy, H.N. Temporal events in skin injury and the

early adaptive responses in ultraviolet-irradiated mouse skin. Am. J. Pathol. 2000, 156, 201–207. [CrossRef]
104. Nakazawa, H.; English, D.; Randell, P.L.; Nakazawa, K.; Martel, N.; Armstrong, B.K.; Yamasaki, H. UV and skin cancer: Specific

p53 gene mutation in normal skin as a biologically relevant exposure measurement. Proc. Natl. Acad. Sci. USA 1994, 91, 360–364.
[CrossRef]

105. Fitsiou, E.; Pulido, T.; Campisi, J.; Alimirah, F.; Demaria, M. Cellular Senescence and the Senescence-Associated Secretory
Phenotype as Drivers of Skin Photoaging. J. Investig. Dermatol. 2021, 141, 1119–1126. [CrossRef]

106. Wendt, J.; Schanab, O.; Binder, M.; Pehamberger, H.; Okamoto, I. Site-dependent actinic skin damage as risk factor for melanoma
in a central European population. Pigment Cell Melanoma Res. 2012, 25, 234–242. [CrossRef]

107. Reichrath, J.; Rass, K. Ultraviolet damage, DNA repair and vitamin D in nonmelanoma skin cancer and in malignant melanoma:
An update. Adv. Exp. Med. Biol. 2014, 810, 208–233.

108. Scharffetter-Kochanek, K.; Brenneisen, P.; Wenk, J.; Herrmann, G.; Ma, W.; Kuhr, L.; Meewes, C.; Wlaschek, M. Photoaging of the
skin from phenotype to mechanisms. Exp. Gerontol. 2000, 35, 307–316. [CrossRef]

109. Mancebo, S.E.; Wang, S.Q. Recognizing the impact of ambient air pollution on skin health. J. Eur. Acad. Dermatol. Venereol. 2015,
29, 2326–2332. [CrossRef]

110. Vierkötter, A.; Schikowski, T.; Ranft, U.; Sugiri, D.; Matsui, M.; Krämer, U.; Krutmann, J. Airborne particle exposure and extrinsic
skin aging. J. Investig. Dermatol. 2010, 130, 2719–2726. [CrossRef] [PubMed]

111. Peng, F.; Xue, C.H.; Hwang, S.K.; Li, W.H.; Chen, Z.; Zhang, J.Z. Exposure to fine particulate matter associated with senile lentigo
in Chinese women: A cross-sectional study. J. Eur. Acad. Dermatol. Venereol. 2017, 31, 355–360. [CrossRef] [PubMed]

112. Li, N.; Sioutas, C.; Cho, A.; Schmitz, D.; Misra, C.; Sempf, J.; Wang, M.; Oberley, T.; Froines, J.; Nel, A. Ultrafine particulate
pollutants induce oxidative stress and mitochondrial damage. Environ. Health Perspect. 2003, 111, 455–460. [CrossRef] [PubMed]

113. Soeur, J.; Belaïdi, J.P.; Chollet, C.; Denat, L.; Dimitrov, A.; Jones, C.; Perez, P.; Zanini, M.; Zobiri, O.; Mezzache, S.; et al. Photo-
pollution stress in skin: Traces of pollutants (PAH and particulate matter) impair redox homeostasis in keratinocytes exposed to
UVA1. J. Dermatol Sci. 2017, 86, 162–169. [CrossRef] [PubMed]

114. Chung, J.H.; Kang, S.; Varani, J.; Lin, J.; Fisher, G.J.; Voorhees, J.J. Decreased extracellular-signal-regulated kinase and increased
stress-activated MAP kinase activities in aged human skin in vivo. J. Investig. Dermatol. 2000, 115, 177–182. [CrossRef] [PubMed]

115. Christensen, L.; Suggs, A.; Baron, E. Ultraviolet photobiology in dermatology. Adv. Exp. Med. Biol. 2017, 996, 89–104.
116. Quan, C.; Cho, M.K.; Perry, D.; Quan, T. Age-associated reduction of cell spreading induces mitochondrial DNA common deletion

by oxidative stress in human skin dermal fibroblasts: Implication for human skin connective tissue aging. J. Biomed. Sci. 2015,
2822, 62. [CrossRef]

117. Quan, T.; He, T.; Kang, S.; Voorhees, J.J.; Fisher, G.J. Solar ultraviolet irradiation reduces collagen in photoaged human skin by
blocking transforming growth factor-beta type II receptor/Smad signaling. Am. J. Pathol. 2004, 165, 741–751. [CrossRef]

118. Poljšak, B.; Dahmane, R. Free radicals and extrinsic skin aging. Dermatol. Res. Pract. 2012, 2012, 135206. [CrossRef]
119. Haustead, D.J.; Stevenson, A.; Saxena, V.; Marriage, F.; Firth, M.; Silla, R.; Martin, L.; Adcroft, K.F.; Rea, S.; Day, P.J.; et al.

Transcriptome analysis of human ageing in male skin shows mid-life period of variability and central role of NF-κB. Sci. Rep.
2016, 6, 26846. [CrossRef]

120. Singh, B.; Schoeb, T.R.; Bajpai, P.; Slominski, A.; Singh, K.K. Reversing wrinkled skin and hair loss in mice by restoring
mitochondrial function. Cell Death Dis. 2018, 9, 735. [CrossRef]

121. Schäfer, M.; Werner, S. Nrf2—A regulator of keratinocyte redox signaling. Free Radic. Biol. Med. 2015, 88, 243–252. [CrossRef]
122. Chaiprasongsuk, A.; Janjetovic, Z.; Kim, T.K.; Jarrett, S.G.; D’Orazio, J.A.; Holick, M.F.; Tang, E.K.Y.; Tuckey, R.C.; Panich,

U.; Li, W.; et al. Protective effects of novel derivatives of vitamin D3 and lumisterol against UVB-induced damage in human
keratinocytes involve activation of Nrf2 and p53 defense mechanisms. Redox Biol. 2019, 24, 101206. [CrossRef]

123. Battino, M.; Giampieri, F.; Pistollato, F.; Sureda, A.; de Oliveira, M.R.; Pittalà, V.; Fallarino, F.; Nabavi, S.F.; Atanasov, A.G.; Nabavi,
S.M. Nrf2 as regulator of innate immunity: A molecular Swiss army knife! Biotechnol. Adv. 2018, 36, 358–370. [CrossRef]

124. Hirota, A.; Kawachi, Y.; Yamamoto, M.; Koga, T.; Hamada, K.; Otsuka, F. Acceleration of UVB-induced photoageing in nrf2
gene-deficient mice. Exp. Dermatol. 2011, 20, 664–668. [CrossRef] [PubMed]

125. Chaiprasongsuk, A.; Lohakul, J.; Soontrapa, K.; Sampattavanich, S.; Akarasereenont, P.; Panich, U. Activation of Nrf2 Reduces
UVA-Mediated MMP-1 Upregulation via MAPK/AP-1 Signaling Cascades: The Photoprotective Effects of Sulforaphane and
Hispidulin. J. Pharmacol. Exp. Ther. 2017, 360, 388–398. [CrossRef] [PubMed]

126. Rojo de la Vega, M.; Krajisnik, A.; Zhang, D.D.; Wondrak, G.T. Targeting NRF2 for Improved Skin Barrier Function and
Photoprotection: Focus on the Achiote-Derived Apocarotenoid Bixin. Nutrients 2017, 9, 1371. [CrossRef] [PubMed]

127. Burke, K.E. Mechanisms of aging and development-A new understanding of environmental damage to the skin and prevention
with topical antioxidants. Mech. Ageing Dev. 2018, 172, 123–130. [CrossRef] [PubMed]

http://doi.org/10.1016/S0022-2836(66)80105-5
http://doi.org/10.1111/j.0303-6987.2005.00281.x
http://doi.org/10.1111/php.12377
http://doi.org/10.1016/S1011-1344(01)00204-4
http://doi.org/10.1016/S0002-9440(10)64720-7
http://doi.org/10.1073/pnas.91.1.360
http://doi.org/10.1016/j.jid.2020.09.031
http://doi.org/10.1111/j.1755-148X.2011.00946.x
http://doi.org/10.1016/S0531-5565(00)00098-X
http://doi.org/10.1111/jdv.13250
http://doi.org/10.1038/jid.2010.204
http://www.ncbi.nlm.nih.gov/pubmed/20664556
http://doi.org/10.1111/jdv.13834
http://www.ncbi.nlm.nih.gov/pubmed/27593207
http://doi.org/10.1289/ehp.6000
http://www.ncbi.nlm.nih.gov/pubmed/12676598
http://doi.org/10.1016/j.jdermsci.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28153538
http://doi.org/10.1046/j.1523-1747.2000.00009.x
http://www.ncbi.nlm.nih.gov/pubmed/10951233
http://doi.org/10.1186/s12929-015-0167-6
http://doi.org/10.1016/S0002-9440(10)63337-8
http://doi.org/10.1155/2012/135206
http://doi.org/10.1038/srep26846
http://doi.org/10.1038/s41419-018-0765-9
http://doi.org/10.1016/j.freeradbiomed.2015.04.018
http://doi.org/10.1016/j.redox.2019.101206
http://doi.org/10.1016/j.biotechadv.2017.12.012
http://doi.org/10.1111/j.1600-0625.2011.01292.x
http://www.ncbi.nlm.nih.gov/pubmed/21569103
http://doi.org/10.1124/jpet.116.238048
http://www.ncbi.nlm.nih.gov/pubmed/28011874
http://doi.org/10.3390/nu9121371
http://www.ncbi.nlm.nih.gov/pubmed/29258247
http://doi.org/10.1016/j.mad.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29287765


Int. J. Mol. Sci. 2021, 22, 9097 14 of 18

128. Zhang, R.; Wang, Y.; Ye, K.; Picard, M.; Gu, Z. Independent impacts of aging on mitochondrial DNA quantity and quality in
humans. BMC Genom. 2017, 18, 890. [CrossRef] [PubMed]

129. Bowman, A.; Birch-Machin, M.A. Age-Dependent Decrease of Mitochondrial Complex II Activity in Human Skin Fibroblasts. J.
Investig. Dermatol. 2016, 136, 912–919. [CrossRef]

130. Bratic, A.; Larsson, N.G. The role of mitochondria in aging. J. Clin. Investig. 2013, 123, 951–957. [CrossRef] [PubMed]
131. Birch-Machin, M.A.; Russell, E.V.; Latimer, J.A. Mitochondrial DNA damage as a biomarker for ultraviolet radiation exposure

and oxidative stress. Br. J. Dermatol. 2013, 169, 9–14. [CrossRef] [PubMed]
132. Naidoo, K.; Hanna, R.; Birch-Machin, M.A. What is the role of mitochondrial dysfunction in skin photoaging? Exp. Dermatol.

2018, 27, 124–128. [CrossRef]
133. Kennedy, C.; Bajdik, C.D.; Willemze, R.; De Gruijl, F.R.; Bouwes Bavinck, J.N. The influence of painful sunburns and lifetime

of sun exposure on the risk of actinic keratoses, seborrheic warts, melanocytic nevi, atypical nevi and skin cancer. J. Investig.
Dermatol. 2003, 120, 1087–1093. [CrossRef]

134. Skobowiat, C.; Dowdy, J.C.; Sayre, R.M.; Tuckey, R.C.; Slominski, A. Cutaneous hypothalamic-pituitary-adrenal axis homolog:
Regulation by ultraviolet radiation. Am. J. Physiol. Endocrinol. Metab. 2011, 301, 484–493. [CrossRef]

135. Bikle, D.D. Vitamin D: An ancient hormone. Exp. Dermatol. 2011, 20, 7–13. [CrossRef]
136. Reichrath, J.; Saternus, R.; Vogt, T. Challenge and perspective: The relevance of ultraviolet (UV) radiation and the vitamin

D endocrine system (VDES) for psoriasis and other inflammatory skin diseases. Photochem. Photobiol. Sci. 2017, 16, 433–444.
[CrossRef]

137. Bikle, D.D. Vitamin D metabolism and function in the skin. Mol. Cell Endocrinol. 2011, 347, 80–99. [CrossRef]
138. Guryev, O.; Carvalho, R.A.; Usanov, S.; Gilep, A.; Estabrook, R.W. A pathway for the metabolism of vitamin D3: Unique

hydroxylated metabolites formed during catalysis with cytochrome P450scc (CYP11A1). Proc. Natl. Acad. Sci. USA 2003, 100,
14754–14759. [CrossRef] [PubMed]

139. Slominski, A.; Semak, I.; Zjawiony, J.; Wortsman, J.; Li, W.; Szczesniewski, A.; Tuckey, R.C. The cytochrome P450scc system opens
an alternate pathway of vitamin D3 metabolism. FEBS J. 2005, 272, 4080–4090.

140. Slominski, A.T.; Kim, T.K.; Li, W.; Postlethwaite, A.; Tieu, E.W.; Tang, E.K.Y.; Tuckey, R.C. Detection of novel CYP11A1-derived
secosteroids in the human epidermis and serum and pig adrenal gland. Sci. Rep. 2015, 5, 14875. [CrossRef] [PubMed]

141. Slominski, R.M.; Raman, C.; Elmets, C.; Jetten, A.M.; Slominski, A.T.; Tuckey, R.C. The Significance of CYP11A1 Expression in
Skin Physiology and Pathology. Mol. Cell Endocrinol. 2021, 530, 111238. [CrossRef] [PubMed]

142. Slominski, A.T.; Kim, T.K.; Shehabi, H.Z.; Semak, I.; Tang, E.K.; Nguyen, M.N.; Benson, H.A.; Korik, E.; Janjetovic, Z.; Chen, J.;
et al. In vivo evidence for a novel pathway of vitamin D3 metabolism initiated by P450scc and modified by CYP27B1. FASEB J.
2012, 26, 3901–3915. [CrossRef]

143. Chen, J.; Wang, J.; Kim, T.K.; Tieu, E.W.; Tang, E.K.; Lin, Z.; Kovacic, D.; Miller, D.D.; Postlethwaite, A.; Tuckey, R.C.; et al. Novel
vitamin D analogs as potential therapeutics: Metabolism, toxicity profiling, and antiproliferative activity. Anticancer Res. 2014, 34,
2153–2163. [PubMed]

144. Slominski, A.T.; Janjetovic, Z.; Fuller, B.E.; Zmijewski, M.A.; Tuckey, R.C.; Nguyen, M.N.; Sweatman, T.; Li, W.; Zjawiony, J.;
Miller, D.; et al. Products of vitamin D3 or 7-dehydrocholesterol metabolism by cytochrome P450scc show anti-leukemia effects,
having low or absent calcemic activity. PLoS ONE 2010, 5, e9907. [CrossRef] [PubMed]

145. Slominski, A.T.; Janjetovic, Z.; Tuckey, R.C.; Nguyen, M.N.; Bhattacharya, K.G.; Wang, J.; Li, W.; Jiao, Y.; Gu, W.; Brown, M.; et al.
20S-hydroxyvitamin D3, noncalcemic product of CYP11A1 action on vitamin D3, exhibits potent antifibrogenic activity in vivo. J.
Clin. Endocrinol. Metab. 2013, 98, 298–303. [CrossRef] [PubMed]

146. Wang, J.; Slominski, A.; Tuckey, R.C.; Janjetovic, Z.; Kulkarni, A.; Chen, J.; Postlethwaite, A.E.; Miller, D.; Li, W. 20-hydroxyvitamin
D3 inhibits proliferation of cancer cells with high efficacy while being non-toxic. Anticancer Res. 2012, 32, 739–746.

147. Slominski, A.T.; Kim, T.K.; Chen, J.; Nguyen, M.N.; Li, W.; Yates, C.R.; Sweatman, T.; Janjetovic, Z.; Tuckey, R.C. Cytochrome
P450scc-dependent metabolism of 7-dehydrocholesterol in placenta and epidermal keratinocytes. Int. J. Biochem. Cell Biol. 2012,
44, 2003–2018. [CrossRef]

148. Tuckey, R.C.; Li, W.; Zjawiony, J.K.; Zmijewski, M.A.; Nguyen, M.N.; Sweatman, T.; Miller, D.; Slominski, A. Pathways and
products for the metabolism of vitamin D3 by cytochrome P450scc. FEBS J. 2008, 275, 2585–2596. [CrossRef]

149. Kim, T.K.; Atigadda, V.; Brzeminski, P.; Fabisiak, A.; Tang, E.K.Y.; Tuckey, R.C.; Slominski, A.T. Detection of 7-Dehydrocholesterol
and Vitamin D3 Derivatives in Honey. Molecules 2020, 25, 2583. [CrossRef]

150. Tuckey, R.C.; Slominski, A.T.; Cheng, C.Y.; Chen, J.; Kim, T.K.; Xiao, M.; Li, W. Lumisterol is metabolized by CYP11A1: Discovery
of a new pathway. Int. J. Biochem. Cell Biol. 2014, 55, 24–34. [CrossRef]

151. Slominski, A.T.; Kim, T.K.; Hobrath, J.V.; Janjetovic, Z.; Oak, A.S.W.; Postlethwaite, A.; Lin, Z.; Li, W.; Takeda, Y.; Jetten, A.M.;
et al. Characterization of a new pathway that activates lumisterol in vivo to biologically active hydroxylumisterols. Sci. Rep. 2017,
7, 11434. [CrossRef]

152. Tuckey, R.C.; Li, W.; Ma, D.; Cheng, C.Y.S.; Wang, K.M.; Kim, T.K.; Jeayeng, S.; Slominski, A.T. CYP27A1 acts on the pre-vitamin
D3 photoproduct, lumisterol, producing biologically active hydroxy-metabolites. J. Steroid Biochem. Mol. Biol. 2018, 181, 1–10.
[CrossRef] [PubMed]

http://doi.org/10.1186/s12864-017-4287-0
http://www.ncbi.nlm.nih.gov/pubmed/29157198
http://doi.org/10.1016/j.jid.2016.01.017
http://doi.org/10.1172/JCI64125
http://www.ncbi.nlm.nih.gov/pubmed/23454757
http://doi.org/10.1111/bjd.12207
http://www.ncbi.nlm.nih.gov/pubmed/23786615
http://doi.org/10.1111/exd.13476
http://doi.org/10.1046/j.1523-1747.2003.12246.x
http://doi.org/10.1152/ajpendo.00217.2011
http://doi.org/10.1111/j.1600-0625.2010.01202.x
http://doi.org/10.1039/C6PP00280C
http://doi.org/10.1016/j.mce.2011.05.017
http://doi.org/10.1073/pnas.2336107100
http://www.ncbi.nlm.nih.gov/pubmed/14657394
http://doi.org/10.1038/srep14875
http://www.ncbi.nlm.nih.gov/pubmed/26445902
http://doi.org/10.1016/j.mce.2021.111238
http://www.ncbi.nlm.nih.gov/pubmed/33716049
http://doi.org/10.1096/fj.12-208975
http://www.ncbi.nlm.nih.gov/pubmed/24778017
http://doi.org/10.1371/journal.pone.0009907
http://www.ncbi.nlm.nih.gov/pubmed/20360850
http://doi.org/10.1210/jc.2012-3074
http://www.ncbi.nlm.nih.gov/pubmed/23295467
http://doi.org/10.1016/j.biocel.2012.07.027
http://doi.org/10.1111/j.1742-4658.2008.06406.x
http://doi.org/10.3390/molecules25112583
http://doi.org/10.1016/j.biocel.2014.08.004
http://doi.org/10.1038/s41598-017-10202-7
http://doi.org/10.1016/j.jsbmb.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/29452159


Int. J. Mol. Sci. 2021, 22, 9097 15 of 18

153. Tuckey, R.C.; Tang, E.K.Y.; Chen, Y.A.; Slominski, A.T. Selective ability of rat 7-Dehydrocholesterol reductase (DHCR7) to act
on some 7-Dehydrocholesterol metabolites but not on lumisterol metabolites. J. Steroid Biochem. Mol. Biol. 2021, 212, 105929.
[CrossRef]

154. Haussler, M.R.; Whitfield, G.K.; Kaneko, I.; Haussler, C.A.; Hsieh, D.; Hsieh, J.C.; Jurutka, P.W. Molecular mechanisms of vitamin
D action. Calcif. Tissue Int. 2013, 92, 77–98. [CrossRef] [PubMed]

155. Lin, Z.; Marepally, S.R.; Goh, E.S.Y.; Cheng, C.Y.S.; Janjetovic, Z.; Kim, T.K.; Miller, D.D.; Postlethwaite, A.E.; Slominski, A.T.;
Tuckey, R.C.; et al. Investigation of 20S-hydroxyvitamin D3 analogs and their 1α-OH derivatives as potent vitamin D receptor
agonists with anti-inflammatory activities. Sci. Rep. 2018, 8, 1478. [CrossRef]

156. Zmijewski, M.A.; Carlberg, C. Vitamin D receptor(s): In the nucleus but also at membranes? Exp. Dermatol. 2020, 29, 876–884.
[CrossRef] [PubMed]

157. Bikle, D.D.; Oda, Y.; Tu, C.L.; Jiang, Y. Novel mechanisms for the vitamin D receptor (VDR) in the skin and in skin cancer. J.
Steroid Biochem. Mol. Biol. 2015, 148, 47–51. [CrossRef] [PubMed]

158. Carlberg, C. Vitamin D Genomics: From In Vitro to In Vivo. Front. Endocrinol. (Lausanne) 2018, 9, 250. [CrossRef]
159. Mizwicki, M.T.; Keidel, D.; Bula, C.M.; Bishop, J.E.; Zanello, L.P.; Wurtz, J.M.; Moras, D.; Norman, A.W. Identification of an

alternative ligand-binding pocket in the nuclear vitamin D receptor and its functional importance in 1alpha,25(OH)2-vitamin D3
signaling. Proc. Natl. Acad. Sci. USA 2004, 101, 12876–12881. [CrossRef] [PubMed]

160. Nemere, I.; Garbi, N.; Hammerling, G.; Hintze, K.J. Role of the 1,25D3-MARRS receptor in the 1,25(OH)2D3-stimulated uptake of
calcium and phosphate in intestinal cells. Steroids 2012, 77, 897–902. [CrossRef]

161. Nemere, I.; Garbi, N.; Winger, Q. The 1,25D3 -MARRS receptor/PDIA3/ERp57 and lifespan. J. Cell. Biochem. 2015, 116, 380–385.
[CrossRef]

162. Denzer, N.; Vogt, T.; Reichrath, J. Vitamin D receptor (VDR) polymorphisms and skin cancer: A systematic review. Dermatoen-
docrinology 2011, 3, 205–210. [CrossRef]

163. Köstner, K.; Denzer, N.; Koreng, M.; Reichrath, S.; Gräber, S.; Klein, R.; Tilgen, W.; Vogt, T.; Reichrath, J. Association of genetic
variants of the vitamin D receptor (VDR) with cutaneous squamous cell carcinomas (SCC) and basal cell carcinomas (BCC): A
pilot study in a German population. Anticancer Res. 2012, 32, 327–333. [PubMed]

164. Bikle, D.D. The Vitamin D Receptor as Tumor Suppressor in Skin. Adv. Exp. Med. Biol. 2020, 1268, 285–306. [PubMed]
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