1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Mol Aspects Med. 2008 December ; 29(6): 361-368. doi:10.1016/j.mam.2008.08.008.

The Vitamin D Deficiency Pandemic and Consequences for
Nonskeletal Health: Mechanisms of Action

Michael F. Holick, PhD, MD
Department of Medicine, Section of Endocrinology, Nutrition, and Diabetes Vitamin D, Skin and
Bone Research Laboratory Boston University Medical Center, Boston, MA

Abstract

Vitamin D, the sunshine vitamin, is important for childhood bone health. Over the past two decades,
it is now recognized that vitamin D not only is important for calcium metabolism and maintenance
of bone health throughout life, but also plays an important role in reducing risk of many chronic
diseases including type | diabetes, multiple sclerosis, rheumatoid arthritis, deadly cancers, heart
disease and infectious diseases. How vitamin D is able to play such an important role in health is
based on observation that all tissues and cells in the body have a vitamin D receptor, and, thus, respond
to its active form 1,25-dihydroxyvitamin D. However, this did not explain how living at higher
latitudes and being at risk of vitamin D deficiency increased risk of these deadly diseases since it
was also known that the 1,25-dihydroxyvitamin D levels are normal or even elevated when a person
is vitamin D insufficient. Moreover, increased intake of vitamin D or exposure to more sunlight will
not induce the kidneys to produce more 1,25-dihydroxyvitamin D. The revelation that the colon,
breast, prostate, macrophages and skin among other organs have the enzymatic machinery to produce
1,25-dihydroxyvitamin D provides further insight as to how vitamin D plays such an essential role
for overall health and well being. This review will put into perspective many of the new biologic
actions of vitamin D and on how 1,25-dihydroxyvitamin D is able to regulate directly or indirectly
more than 200 different genes that are responsible for a wide variety of biologic processes.

1. Introduction

Most humans throughout evolution have depended on the sun for their vitamin D requirement.
(Holick, 2007; Holick, 2003) When the skin is exposed to sunlight, the ultraviolet B radiation
(UVB; 290-315 nm) is absorbed by 7-dehydrocholesterol in the epidermis and dermis and is
converted to previtamin D3. (Fig 1) Once formed, previtamin D3 rapidly undergoes an
isomerization induced by the body’s temperature to form vitamin D3. The zenith angle of the
sun is critically important for the production of vitamin D3. Ozone efficiently absorbs the
vitamin D3 producing UVB radiation, and, thus, in the early morning and late afternoon and
evening, very few UVB photons reach the earth’s surface, thus, little, if any, vitamin D is
produced in the skin no matter where one lives on the globe. (Holick, 2004) During the winter
living above 35° latitude, the zenith angle is more oblique, and, thus, few, if any UVB photons
reach the earth’s surface minimizing or completely preventing the production of vitamin D3
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from October through March. Living at higher latitudes increases that period by as much as
six months from September through April. (Moan et al., 2008; Holick, 2003)

Very few foods naturally contain vitamin D3. These include oily fish, such as salmon, mackerel
and herring, and liver oils from cod, tuna and shark. (Holick, 2007) Sun-dried mushrooms also
contain variable amounts of vitamin D,. Few foods are fortified with vitamin D (D represents
D, or D3). In the United States, milk, breads, some yogurts and cheeses are fortified with
vitamin D. In Europe, some margarines, cereals, and in Sweden and Finland, milk is also
fortified with vitamin D. (Holick, 2007) However, the amount of fortification of 100 U per
serving will help prevent the development of rickets in children, but will not prevent vitamin
D deficiency either in children or adults. For every 100 IU of vitamin D ingested, the blood
level of the major circulating form of vitamin D, 25-hydroxyvitamin D [25(OH)D] increases
by 1 ng/ml. (Heaney et al., 2003; Holick et al, 2008) Thus, many experts have reported that at
least 1,000 — 2,000 of vitamin D/d is required to sustain a blood level of 25(OH)D of > 30 ng/
ml. Vitamin D deficiency has been defined as a 25(OH)D < 20 ng/ml; vitamin D insufficiency
as 21-29 ng/ml and vitamin D sufficiency as > 30 ng/ml. (Holick, 2007; Vieth et al., 2007)

2. The Vitamin D Deficiency Pandemic

It has been assumed that eating a balanced diet or living near the equator would be all that was
required to guarantee vitamin D sufficiency. Although it was well known that institutionalized
elderly were at very high risk of vitamin D deficiency, it has come as a surprise to many health
care professionals that essentially everyone who does not get an adequate amount of sun
exposure or who intentionally ingests at least 1,000 IU of vitamin D/d is at high risk for vitamin
D deficiency and its skeletal and non-skeletal health consequences. No one is immune from
vitamin D deficiency. Thus, high rates of vitamin D deficiency have been reported in children
and adults living in the United States, Europe, Middle East, India, Australia, New Zealand and
Asia. (Holick, 2007; Vieth et al., 2007; McKenna, 1992; Maalouf et al., 2008; Gordon et al.,
2008; Marwaha et al., 2005; Harris et al, 2000)

3. Antiproliferative Activity of Vitamin D and its Clinical Utility

There is strong epidemiologic data that living at higher latitudes and being at higher risk of
vitamin D deficiency or being vitamin D deficient increases risk of not only developing but
dying of deadly cancers including cancers of the colon, prostate, breast, esophagus among other
cancers. (Gorham et al., 2005; Grant 2002; Abbas et al., 2008; Giovannucci et al., 2006) These
epidemiologic studies have been supported by the observations of Woo et al (Woo et al,
2005) who reported that men who had metastatic prostate cancer and received 2,000 IU of
vitamin D/d either had a decrease or no chang in their prostate-specific antigen levels after 21
months. Lappe et al (Lappe et al, 2007) reported that women who ingested 1,100 U of vitamin
D/d along with 1,500 milligrams of calcium reduced risk of developing all cancers by 66%
after four years. Women in the Women’s Health Initiative who had a 25(OH)D of < 12 ng/ml
at baseline and who were ingesting an inadequate amount of 400 1U of vitamin D/d had a 253%
increase of developing colorectal cancer when compared to women who started out with a
baseline of > 23 ng/ml and followed for eight years. (Holick, 2006) These data are also
supported by Tangpricha et al (Tangpricha et al., 2005) who reported that mice who were
vitamin D deficient and received a mouse colon tumor subcutaneously had more aggressive
tumor growth of as much as 40% compared to mice that were receiving an adequate amount
of dietary vitamin D.

In the early 1980’s, it was first observed that malignant cells that had a vitamin D receptor
(VDR) responded to 1,25(0OH),D3 with marked inhibition of proliferation and induction of
terminal differentiation. (Tanaka et al., 1982) Since this initial observation, a wide variety of
genesthat regulate cellular proliferation and differentiation, have either been identified as target
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genes for 1,25(0OH),D because they have a vitamin D responsive element in their promotor
region or the gene is indirectly influenced by 1,25(0OH),D3. (Fig 2) These genes include P21,
P27 and genes responsible for differentiation, apoptosis and angiogenesis. (Nagpal et al.,
2005; Feldman et al., 2000; Chen et al., 2003; Mantell et al., 2000) (Fig 2)

Initially it was thought that 1,25(OH),D3 and its analogues could be the magic bullet for the
treatment of deadly cancers. However, it is recognized that tumors have developed several
strategies to prevent the antiproliferative activity of 1,25(0OH),D3. One example is that some
human prostate cancer cell lines have a marked up regulation of the 25-hydroxyvitamin D-24-
hydroxylase (CYP24R; 24-OHase). (Feldman et al., 2000; Chen et al., 2003) The enhanced
24-OHase activity results in the rapid degradation of 1,25(0OH),D3, thus, making it ineffective
in regulating genes for controlling cellular proliferation and differentiation. 1,25(0OH),D3 also
inhibits the Wnt/B-catenin pathway in colon cancer cells. 1,25(0OH),D3-VDR complex binds
B-catenin preventing it from inducing proliferation. Palmer et al (Palmer et al., 2004) observed
that SNAIL-1 which induces epithelial-to-mesenchymal transition does so by inhibiting the
expression of both VDR and E-cadherin which inhibit cellular proliferation.

The one clinical application for the antiproliferative activity of 1,25(0OH),D3 and it analogs is
for the treatment of hyperproliferative skin disease psoriasis. Human keratinocytes have a VDR
and produces 1,25(0OH),D3 which inhibits keratinocyte proliferation and induces their
differentiation. When 1,25(OH),D3 or one of its analogues is topically applied to psoriatic
skin, there is marked reduction in the proliferative activity of the epidermis and restoration of
normal differentiation. Thus, 1,25(0OH),D3 and its analogues have proven effective as a first
line treatment for psoriasis. (Perez et al., 1996; Kragballe, 1989)

Several thousand vitamin D analogues (Bouillon et al., 1995) and novel vitamin D receptor
modulators (Ma et al., 2006) have been synthesized. Some of these compounds have been
evaluated in vivo (Bouillon et al., 1995; Koeffler et al., 1985; Beer et al., 2007) and have
demonstrated some promise in cancer therapy although the calcemic activity continues to be
a concern. Novel 1,25(0OH),D3 analogues that have two side arms known as gemini analogues
have been designed to prevent 24-OHase degradation while increasing its binding activity
within the VDR and having minimal calcemic activity. (Spina et al 2006) These analogues
have potentially great promise either as primary or as adjunctive therapy for treating some
deadly cancers.

4. Non-renal Production of 1,25-dihydroxyvitamin D;

Bikle et al (Bikle, 2005) reported more than 20 years ago that cultured keratinocytes expressed
the 25-hydroxyvitamin D-1a-hydroxylase (CPY27B; 1-OHase). Since that initial observation,
it is now recognized that colon, prostate, breast, brain, B-islet cells, vascular smooth muscle
cells as well as macrophages are able to produce 1,25(0OH),D3. (Schwartz et al., 1998; Cross
et al., 2001; Holick, 2007) It is recognized that both normal and malignant cells including
keratinocytes, the human prostate cancer cell lines DU145 and PC-3 and a wide variety of other
human and mouse cell lines express the 1-OHase, and, thus, 25(OH)Dj is able to inhibit
proliferation similar to 1,25(OH),D3. (Feldman et al., 2000; Chen et al., 2003) However, to be
certain that the expression of the 1-OHase was important for the antiproliferative activity of
25(0OH)D3, the human prostate cancer cell line LNCaP which does not express the 1-OHase
did not respond to the antiproliferative activity of 25(OH)D were transfected with a plasmid
that contained the 1-OHase gene or its antisense counterpart. The LNCaP cells transfected with
the 1-OHase plasmid that contained a green fluorescent protein probe demonstrated that the
transfected cells expressed the gene and the fluorescent tagged 1-OHase was present in the
mitochrondia and was able to convert 25(OH)D3 to 1,25(0H),D3. (Whitlatch et al., 2002)
LNCaP cells transfected either with the green fluorescent protein plasmid or the anti-sense 1-
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OHase gene demonstrated no 1-OHase activity. When LNCaP cells transfected with 1-OHase
plasmid were exposed to 25(OH)D3, the antiproliferative activity was restored. (Fig 3b) This
data demonstrates at least in this cell line that restoration of 1-OHase restores the
antiproliferative activity of 25(OH)Ds3. These data are also supported by the observation that
human cultured keratinocytes that were transfected with the 1-OHase-plasmid had marked
increase antiproliferative activity when exposed to 25(OH)D3. (Flanagan et al., 1999)

5. Autoimmune Diseases

There is a latitudinal association risk of many autoimmune diseases including multiple
sclerosis, rheumatoid arthritis, Crohn’s disease and type | diabetes. (Ponsonby et al., 2002;
Mohr et al., 2008). Hypponen et al (4Hypponen et al., 2001) observed that 10,366 children in
Finland who received on average 2,000 1U of vitamin D/d in the 1960’s and followed for 31
years had a 78% reduced risk of developing type | diabetes. Living above 35° latitude for the
first 10 years of life increased risk of developing multiple sclerosis by 100%. (Ponsonby et al.,
2002; Embry et al., 2000) Women who ingested more than 400 U of vitamin D/d had a 42%
reduced risk of developing MS (Munger et al., 2004) and a 40% reduced risk of developing
rheumatoid arthritis (Merlino et al, 2004) and osteoarthritis. (McAlindon et al., 1996)

Resting T and B lymphocytes do not have a VDR, but when activated, both induce the
expression of VDR. (Tsoukas et al., 1984) Dendritic cells which are important for
immunosurveillance have a VDR and respond to 1,25(0OH),Ds3. (Gauzzi et al., 2005) 1,25
(OH),D3 regulates the expression and production of several cytokines including IL-2, TGF-
B1 (Mathieu et al., 2002) and enhances immunoglobin synthesis in activated B cells. (Adams
et al., 1986) Thus, 1,25(0OH),D3 is a potent immunomodulator. (Fig 4)

It is also recognized that the macrophage expresses the 1-OHase. (Adams et al., 1986; Adams
et al., 2006) Thus, patients with chronic granulomatous disorders that have activated
macrophages produce an excess of 1,25(0OH),D4 that causes hypercalcuria and hypercalcemia.
(Holick, 2007; Adams etal., 2006) Only recently is it understood why the macrophage produces
1,25(0OH),D3. Liu et al (Liu et al., 2006) observed that when a macrophage is infected with
Microbacterium tuberculosis (TB), toll-like receptors respond with a signal transduction to the
nucleus to increase the expression not only of the 1-OHase but also the VDR. The macrophage
production of 1,25(0OH),D3 results in expression of the cathelicidin gene. Cathelicidin, one of
the defensin proteins, is responsible for killing infective agents such as TB within the
macrophage. (Fig 4) Liu et al (Liu et al., 2006) also demonstrated that macrophages incubated
in serum with a 25(OH)D of 8 ng/ml were unable to mount an immune response when infected
with TB and were quickly killed. However, when macrophages were incubated in serum that
contained 25(OH)D at 18 ng/ml, the macrophages were able to produce 1,25(0OH),D3 resulting
in an increase in the cathelicidin production causing the destruction of the TB. It has also been
speculated that the increase production of 1,25(0OH),D3 in the macrophage is also released and
acts in a paracrine fashion to interact with activated T and B lymphocytes to induce local
immunomodulation. (Holick, 2007) It’s been suggested that both type I diabetes and multiple
sclerosis may be caused by a viral infection early in life. (Ponsonby et al., 2002; Mohr et al.,
2008; Cannell et al., 2006) Thus, by macrophages producing 1,25(0OH),D3, they can destroy
infective agents including viruses as well as modulate both T and B lymphocyte activity. These
mechanisms may be responsible for why vitamin D sufficiency decreases risk of developing
these autoimmune diseases. In addition, vitamin D deficiency has been associated with increase
risk of being infected with TB (Liu et al., 2006) and having more invasive disease as well as
increase risk of developing upper respiratory tract infections, (Aloia et al., 2007) influenza
(Cannell et al., 2006) and wheezing disorders (Camargo et al., 2006).
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6. Cardiovascular Disease

Rostand (Rostand, 1997) reported that living at higher latitudes increase risk of having
hypertension. This was followed by the observation that hypertensive patients exposed to UVB
radiation who had on average an 180% increase in their circulating 25(OH)D level reduced
their systolic and diastolic by blood pressure 6 mm Hg into the normal range. A similar group
of subjects exposed to ultraviolet A radiation under the similar circumstances had no change
in their circulating 25(0OH)D level and there was no benefit for their hypertension. (Krause, et
al., 1998) Li et al (Li et al., 2002) reported in a mouse model that 1,25(0OH),D3 was a potent
regulator of renin production helping to explain the antihypertensive activity of 1,25
(OH),D3. (Fig 4) These observations have been supported by the recent reports that vitamin
D deficiency increases risk of developing first myocardia infarction by more than 50% (Wang
et al., 2008) and that vitamin D deficiency increases risk of dying from a cardiovascular event.
(Dobnig et al., 2008) In addition, it is recognized that vitamin D deficiency increases risk of
developing type Il diabetes which can exacerbate lipoprotein disorders increasing risk of a
cardiac event. (Pittas et al., 2006; Carbone et al., 2008; Scragg et al., 1990; Poole et al.,
2006; Cigolini et al., 2006; Melamed et al., 2008; Martins et al., 2007; Scragg et al., 2007)
Recently, it was reported that exposure to UVB radiation raising blood levels of 25(OH)D >
30 ng/ml decreased low density lipoprotein levels and improved high density lipoprotein levels
(Carbone et al., 2008). Adults with no history of cardiovascular disease followed for 5.4 years
found that the rate of fatal or nonfatal myocardial infarction, ischemia stroke or heart failure
was 53-80% higher in people with low 25(0OH)D levels of < 20 ng/ml. (Scragg et al., 2007) It
is also recognized that patients with chronic kidney disease (CKD) are at much higher risk of
dying of a cardiovascular event. Vitamin D deficiency has been associated with increased
mortality rates in CKD patients and repleating their vitamin D improves outcomes. (Wolf et
al., 2007) Besides 1,25(0OH),D3 reducing renin production, it also decreases the proliferation
of myocardial and vascular smooth muscle cells (Fig 4) which may play a role in reducing risk
of congestive heart failure and atherosclerosis (Zitterman, 2006).

7. Conclusion

There is a great need globally to make health care professionals and regulatory agencies
responsible for the overall health and welfare of their populations to be aware of the vitamin
D deficiency pandemic and insidious consequences for non-skeletal health. It is been estimated
that the body can use up to 5,000 1U of vitamin D/d. (Heaney et al., 2003) The likely reason
for such a high requirement is because every tissue and cell in the body has a vitamin D receptor,
and if supplied with enough 25(OH)D3 can locally produce 1,25(0OH),D3 in order to carry out
its important health-promoting biologic functions. From an evolutionary perspective, it has
been estimated that vitamin D has been synthesized on this earth in the earliest phytoplankton
and zooplankton life forms for more than 0.5 billion years. (Holick, 2003) Vitamin D became
critically important in early evolution for calcium metabolism and continues this role in most
vertebrates including humans. There appears to be a hierarchy in the utilization of vitamin D
by the body. First and foremost is that the body maintains its extracellular ionized calcium
within the physiologic range in order to maintain signal transduction and most metabolic
functions. To accomplish this, 25(OH)D is converted in the kidneys to 1,25(0OH),D which in
turn acts as a hormone to increase the efficiency of intestinal calcium absorption. If this is
inadequate to sustain the blood levels of calcium, then 1,25(0OH),D acts on the bone to increase
the number of osteoclasts to mobilize precious calcium from the skeleton. (Holick, 2007) Only
when the body’s extracellular ionized calcium requirement is satisfied, will 25(OH)D be used
by other tissues and cells in the body and be converted locally to 1,25(0OH),D3. 1,25
(OH),D3 produced in non-calcium regulating tissues such as the prostate and breast helps to
maintain normal cell proliferation and differentiation. It prevents malignancy by inducing
apoptosis to prevent the cell from becoming malignant and metastasizing. It also has a strategy
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to prevent angiogenesis so that if a cell becomes malignant it has little nutrition to support its
rapid proliferative activity. Once 1,25(0OH),D3 carries out is autocrine functions, it then induces
its own destruction by increasing the expression of the 24-OHase. Thus, it never leaves the
non-calcemic tissues into the blood stream to influence calcium metabolism. This is the likely
explanation for why increasing exposure to sunlight or raising blood levels of 25(OH)D has
been associated with reduced risk not only of developing deadly cancers but dying from them.
Knight et al (Knight et al., 2007) observed that young women who had the most sun exposure
were less likely to develop breast cancer.

1,25(0OH),D3 enhances renin, insulin, cytokine, immunoglobin, neurotransmitter and
cathelicidin synthesis. These well documented functions of 1,25(0OH),D3 may help explain
why vitamin D deficiency has now been recognized to be associated with many chronic diseases
that plagued humans throughout their lives. There needs to be a reevaluation of vitamin D
fortification not only to increase the amount per serving but to increase the number of foods
fortified with vitamin D to help increase vitamin D intake in diverse populations. In addition,
an appreciation for sensible sun exposure as a major source of vitamin D needs to be
reinstituted. Most children and adults have the serum 25(OH)D reach their maximum level at
the end of the summer and their nadar at the end of the winter. (Holick et al., 2007; Brot et al.,
2001) Even in the skin capital of the world, Australia, it is now recognized that vitamin D
deficiency is a common problem as a result of the campaign to encourage people to avoid all
direct sun exposure without either wearing a sunscreen or sun protection from clothing.
(Holick, 2007) A sunscreen with a sun protection factor of 15 reduces the production of vitamin
D3 in the skin by 99%. (Matsuoka et al., 1987) The Australian Council for Dermatology and
the Australian Cancer Council have now recommended that their needs to be an appreciation
for some exposure to ultraviolet radiation to enhance vitamin D production while preventing
excessive exposure with increased risk of non-melanoma skin cancer.
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Once vitamin D is made in the skin or ingested from the diet, it travels to the liver where it is
converted to 25-hydroxyvitamin D [25(OH)D]. This major circulating form of vitamin D is
then converted in the kidneys to its active form 1,25-dihydroxyvitamin D [1,25(OH),D]. The
renal production of 1, 25(OH),D is for regulating calcium and phosphorus metabolism. 25
(OH)D is also converted in many tissues including prostate, colon, breast, lung, immune cells
including monocytes and macrophages to 1, 25(0OH),D. The local production of 1, 25(OH),D
is to regulate cell growth, control immune function as well as affect up to 200 different genes
responsible for health. Reproduced with permission. Holick copyright 2008.
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Figure 2.

Colon, prostate, skin, monocytes among other tissues and cells can convert 25-hydroxyvitamin
D [25(OH)D] to 1, 25-dihydroxyvitamin D [1,25(OH),D]. Once formed within the cell, it can
induce a wide variety of genes by interacting with its vitamin D receptor (VDR) in the nucleus
to regulate proliferation, differentiation and apoptosis. Once it completes this process, it then
induces its own destruction by enhancing the 24-hydroxylase activity (24-OHase). Reproduced
with permission. Holick copyright 2008.
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Figure 3a. Prostate cells that have 25-hydroxyvitamin D-1-hydroxylase activity when

incubated with either 25(0OH)D3 or 1,25(0OH),D3 are able to inhibit proliferation in a dose
dependent fashion. Reproduced with permission. Holick copyright 2008.

Figure 3b. Panel A, effect of 25(0H)D5 (10-8M) on 3H-thymidine incorporation into DNA of
LNCaP cells with or without transient transfection with PCR 3.1 vector, anti-sense (AS) or
sense PCR 3.1-1a-OHase cDNA (S). Panel B, effect of 25(OH)D3 (10-8M) on 3H-thymidine
incorporation into DNA of LNCaP cells stably transfected with vector PCR 3.1 or with sense
PCR 3.1-10-OHase cDNA. Bars indicate the standard deviation of eight determinations, *P <
0.05. Reproduced with permission. Whitlatch, et. al, 2002.
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Figure 4.

When the 25(OH)D is > 30 ng/ml, it is believed to have a multitude of effects including
regulating activated T and B cell activity, enhancing the destruction of infectious agents by
increasing the production of cathelicidin (CD). It alters smooth muscle cell proliferation,
decreases low density lipoproteins (LDL) and increases high density lipoproteins (HDL) as
well as decreasing renin production and enhancing insulin production all for helping preventing
cardiovascular disease. Reproduced with permission. Holick copyright 2008.
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