Dermato &
Endocrinology

preiarymacn 01

Taylor & Francis

Taylor &Francis Group

EXS)
M ! # $ # $% && &) &*

[} # +
, H % - ) ., # /(0 )
1 # % Co#s #
% &$ '( % )$ #*+( L. R I
1 ) # %

8 | |

ﬁ "#$% % &

\NJ

G/ #$ # 1 % & %

il ) 16 ¢+

@ 104 + & 1%

H%% . / 0 ! # 1 $ 0#
0 % ! ! (# %10 2(# % 34


https://tandfonline.com/action/journalInformation?journalCode=kder20
https://tandfonline.com/loi/kder20
https://tandfonline.com/action/showCitFormats?doi=10.4161/derm.24494
https://doi.org/10.4161/derm.24494
https://tandfonline.com/action/authorSubmission?journalCode=kder20&show=instructions
https://tandfonline.com/action/authorSubmission?journalCode=kder20&show=instructions
https://tandfonline.com/doi/citedby/10.4161/derm.24494#tabModule
https://tandfonline.com/doi/citedby/10.4161/derm.24494#tabModule

REVIEW

Sunlight and Vitamin D
A global perspective for health

Matthias Wacker and Michael F. Holick*

Department of Medicine; Section of Endocrinology, Nutrition, andaBeétes; Vitamin D, Skin and Bone Research Laboratory; Boston Witivdtedical Center;
Boston, MA USA
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Vitamin D is the sunshine vitamin that has been produced on
this earth for more than 500 million years. During exposure to
sunlight 7-dehydrocholesterol in the skin absorbs UV B radiation
and is converted to previtamin Dwhich in turn isomerizes
into vitamin D,. Previtamin D and vitamin O also absorbsUV
B radiation and are converted into a variety of photoproducts
some of which have unique biologic properties. Sun induced
vitamin D synthesis is greatly inuenced by season, time
of day, latitude, altitude, air pollution, skin pigmentation,
sunscreen use, passing through glass and plastic, and aging
Vitamin D is metabolized sequentially in the liver and kidneys
into 25-hydroxyvitamin D which is a major circulating form
and 1,25-dihydroxyvitamin D which is the biologically active
form respectively. 1,25-dihydroxyvitamin D plays an important
role in regulating calcium and phosphate metabolism
for maintenance of metabolic functions and for skeletal
health. Most cells and organs in the body have a vitamin
D receptor and many cells and organs are able to produce
1,25-dihydroxyvitamin D. As a result 1,25-dihydroxyvitamin
D inuences a large number of biologic pathways which
may help explain association studies relating vitamin D
de ciency and living at higher latitudes with increased risk
for many chronic diseases including autoimmune diseases,
some cancers, cardiovascular disease,
schizophrenia and type 2 diabetes. A three-part strategy of
increasing food forti cation programs with vitamin D, sensible
sun exposure recommendations and encouraging ingestion of
a vitamin D supplement when needed should be implemented
to prevent global vitamin D de ciency and its negative health
consequences.

Prehistoric Perspective

photosynthesized glucose but also produced vitgiffiig Df).* CD
This phytoplankton produces a large amount of ergosterol th@
when exposed to sunlight absorbs ultraviolet B (UVB) radiatiQf
and undergoes a photolysis reaction to form prewtazn@mﬁie e
formed this thermodynamically unstable isomer is transform
into vitamin D, Similarly yeast and fungi also contain high>=
amounts of ergosterol and when exposed to sunlight produ
vitamin D, O

Although the functions of ergosterol and vitamjnai2 cC
ries there are at least three possible functions that have beer;g-
posed. Ergosterol can ef ciently absorb UVB radiation, whi
would make it an ideal natural sunscreen to protect UVB sensi -
tive macromolecules in the organism including its proteins, RNAD
and DNA Fig. 2.1

After absorbing UVB radiation previtamini® produced.
Its absorption spectrum with a wavelength maximum at 260 nr@
overlaps the UV absorption spectrum for both DNA and RNAO
and thus would be able to protect DNA and RNA from photo 2
damageKig. 2.> When previtamin Dis exposed to UVB radia .=
tion it is converted to tachystgrwhich has a UV absorption
spectrum with a wavelength maximum at 282 nm which over,

-unknown in these primitive unicellular photosynthe daatg-

infectious  disease |55 the UV absorption spectrum for amino acids in proteins thay)

have conjugated double bonds including tryptophan and tyrosingy
(Fig. 1 and 2¥* Thus early in evolution as organisms began to_
utilize solar energy for photosynthesis they needed a sun proté®
tion factor to absorb solar UVB radiation to minimize damage-
to UVB sensitive molecules. Ergosterol, previtagpiand its
photoproducts could have acted as an ideal UVB sunscreen siace
they could absorb UVB radiation and dissipate its energy by (&)
rearrangement of the double bohds. (q\|
The amount of previtamin Gand photoproducts produced

during sun exposure could also have been a photochemical signal

Life forms began to evolve in the oceans over 1 billion yeatimometer) to tell the organism that it has been exposed to
ago. They took advantage of sunlight and used it as an eeeoggh solar UVB radiation and to signal it to leave the surface
source to generate carbohydrates. Curiously some of theirgartieeper water where it would no longer be exposed to UVB
est phytoplankton including Emiliania huxleyi (which is-a cadiation due to the ocean’s ability to absorb this solar%nergy.
colithophore, i.e., has a calcium carbonate exoskeleton) whitthas also been speculated that if ergosterol was principally
has existed unchanged in the Sargasso Sea (Atlantic Ocepm@stmt in the plasma membrane and contained within the lipid
more than 500 million years when exposed to sunlight not bitdyer that this rigid planar structure after exposure to solar
UVB radiation would be transformed into a more exible vita

*Correspondence to: Michael F. Holick; Email: mfholick@bu.edu
Submitted: 03/15/13; Accepted: 03/28/13
http://dx.doi.org/10.4161/derm.24476

www.landesbioscience.com

Dermato-Endocrinology

min D, molecule that would likely be released into the extracel
lular space. This process could alter membrane perynaadilit
possibly open up a pore to permit the entrance and exit of ions
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Figure 1. Microscopic picture of Emiliana huxleyi, which is a cocolitho-
phore i.e., has a calcium carbonate exoskeleton. Holick, copyright 2013
Reproduced with permission.

including calcium. This could be the connection for why verte
brates including humans have depended on sun exposure for the
maintenance of their calcium metabofizm.

Historical Perspective

As the industrial revolution swept across Northern Europe in the
1600s resulting in buildings built in close proximity aatl co
burning causing a pall of air pollutiig( 3 so too appeared a =5
bone deforming disease rickets in children that had devastatiig
health consequencegy( 4).5° @)

The rst insight into the possible relationship between thes—
industrialization of Northern Europe and rickets was made b
SniadecKi (Fig. 5A in 1822 when he concluded that children ==
who lived in the inner city of Warsaw had a high incidence o
rickets because of their lack of sun exposure. This was based=gn
his clinical observations that children living in rural areas outsi
of Warsaw did not suffer from rickets while children born an
raised in Warsaw were plagued with the disease. More than 7
later Palrit came to the same conclusion based on reports fr
his colleagues in third world countries including India and China «
that rickets was uncommon compared with the high prevalenw
of the disease in children living in London. Another 30 y woul
pass before Huldschin$k$(Fig. 5B would report that rachitic
children exposed to a mercury arc lamp had dramatic radiologgg
improvement of their rickets several months later. He clever
also realized that exposing one arm of a child with rickets h
the same dramatic radiologic improvement in the forearm of t
arm not exposed to the mercury arc lamp. He therefore corre
concluded that it was likely that something was being made i
the skin and entered into the circulation to improve the globaf])
bone health of the chiléi§. 6.2 Finally in 1921 Hess and O
Ungef* (Fig. 50 exposed rachitic children to sunlight on the C
roof of their hospital in New York City and demonstrated signi (O
cant radiologic improvement in the children’s ricketse phys ~ —
sicians also realized that children of color were at much hig
risk for rickets and concluded that they needed longer exposiug
to sunlight to both treat and prevent rickets.

By turn of the 20th century it was estimated that upwardé\]
of 80—90% of children living in Northern Europe and in
Northeastern United States had evidence of fcRetenbock
and Black (Fig. 5D) and Hess and Weinst&fokxposed various
foods including cotton seed oil, corn oil, and milk to UVB-radia
tion and demonstrated that this process imparted antirachitic
activity for rodents. This led to the addition of ergosterol to milk
followed by UVB irradiation or the addition of ergosterol that
had been previously exposed to UVB radiation or to the addition
of vitamin D to the milk Fig. 7.2

Figure 2. UV absorption spectra foA] previtamin D, @) tachysterol,
(C) provitamin O, (7-dehydrocholesterol),[¥) lumisterol, E) DNA, and
(F) albumin. Holick, copyright 2007. Reproduced with permission.
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This process was quickly embraced by the dairy processc

rs and

in the early 1930s essentially all milk in the United States and in

most industrialized countries including Great Britain and o

European countries had vitamin D forti ed milk. The United

States government also established an agency in 1931 who

her

se goal

was to promote sensible sun exposure of young children to pre

vent rickets and improve their bone hed&lidp @.°* Within a

few years these interventions essentially eradicatefitkets.

Vitamin D became so popular that in the 1930s and 19
a wide variety of foods and beverages as well as person
products were forti ed with vitamin®They included not only

40s
al care

milk and other dairy products but also soda pop, beer, kot dog

custard and even soap and shaving cFegsn §A-D)°
However in the early 1950s an outbreak of hypercalcem

iain

infants who had el n faces, heart problems, and mental+retarda

tion led to an investigation by the Royal College of Physic
The experts concluded that this was most likely due to vité
D intoxication since a similar presentation had been obse
in neonatal rodents born of mothers who were fed high dos
vitamin D222 | egislation quickly followed banning the ferti
cation of any food or personal use products with vitamin [
Great Britairf:}"22 This ban quickly spread across Europe ¢
for the most part remains in effect today with the exception
few foods including margarine and some cereals being fo
with vitamin D&°-22]t is however likely that these children h
Williams syndrome which is associated with el n faces, m
retardation, heart problems, and hypercalcemia due to-a h
sensitivity to vitamin B%. Sweden and Finland now permit mil
to be forti ed with vitamin %241t is worth noting that milk
has been forti ed with 100 IU vitamin D/8 oz for the past 8
years without any reports of toxicity in infants. In the past
juice products including orange juice have been forti ed in

ans.
amin

orved
es of

D in
and
ofa
ti ed
ad
ental

yper
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Figure 3. Photograph from Glasgow, Great Britain, in about 1870 show-

ing that the buildings are built in close proximity to each other. Holick
copyright 1994. Reproduced with permission.

United States with 100 1U vitamin D/8 oz without any reports

of toxicity??

Photochemistry of Provitamin D

3

During exposure to sunlight solar radi
tion with wavelengths of 290-315 n
penetrate into the skin and are absorbed
by proteins, DNA and RNA as well as
7-dehydrocholestefdl. Most of this
UVB radiation is absorbed in the-epi
dermis and as a result when exposed to
sunlight most of the vitamin Dhat

is produced in the skin is made in the
living cells in the epidermis. This is the
reason why after exposure to sunlight
vitamin D, remains in the skin eve
when the skin is washed with soap and
water immediately after the exposure|to

sunlight.

When epidermal 7'dehy(_3I rQChOIG_ Figure 4. Skeletal deformities observed in ricket&)(Photograph from the 1930s of a sister (left)
terol absorbs solar UVB radiation wit and brother (right), aged 10 mo and 2.5y, respectively, showing enlargetof the ends of the
energies of 290-315 nrﬁiq, 1(), it bones at the wrist, carpopedal spasm, and a typical “Taylorwise” posturekéts. B) The same

causes an activation of the double bor Prother and sister 4y late

r, with classic knock-knees and bow legs, growthdaten, and other

skeletal deformities. Holick, copyright 2006. Reproduced wigrmission.
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Figure 5. Photographs of researchers who made crucial contributions to vitamin D aokiets researchA) J drzej Sniadecki,B) Kurt Huldschinsky,
(C) Alfred Hess[X) Harry Steenbock. Holick, copyright 2013. Reproduced with permissio

distribute.

for previtamin Qthat was produced
in the skin to convert to vitamin
D,. Studies of lizard skin exposed =
to simulated sunlight revealed that -
the conversion of previtamin, B
vitamin D, was 10 times faster when
compared with previtamin,Dn a
isotropic organic solutiofi¢. 12.°
A similar observation was made in CD
human skinFig. 137 O
This suggested that the skin GC)
had some property that accelerated- —

the conversion of previtamin, B O
Figure 6. UV radiation therapy for ricketsA) Photograph from the 1920s of a child with rickets being vitamin D. One possible explana 0]
exposed to UV radiationB) Radiographs demonstrating orid rickets of the hand and wrist (left) and tion was t?wat an enzyme existed that. C_D
the same wrist and hand taken after treatment with 1 h UV radiation 2 times a week fore&svéNote . . .
mineralization of the carpal bones and epiphyseal plates (right). Elglcopyright 2006. Reproduced Cata'yt_'ca”y Conve_rted previtamin
with permission. D, to vitamin D, Skin homogenates

incubated with previtamin ,Ddid
not result in an enhancement in its 5
causing them to rearrange and open up the B ring to forncomeersion to vitamin,DThus another explanation needed to be C
seco-steroid (split steroid) previtamjifAy. 19.% found. It was hypothe3|zed and nally proven with several studD
Previtamin Q when made in a test tube exists in twe caes that 7-dehydrocholesterol in the skin cell principatgd -l
fomeric forms, a 5,6-sec-cis-s-cis (czc) and a 5,6-sec-traris-theiplasma membrane and was incorporated within the fa
(czt) form. The czt conformer is the most thermodynamicadigl hydrocarbon side chain and polar head group of the triglyc
stable form and thus most of the previtamiwien produced erides Kigs. 11 and 14 The rigid planar structure of 7-dehy O
in a test tube exists as this conformer. This conformerhowieocholesterol sandwiched in between the triglyceride fatty a¢id]
being stable cannot isomerize to vitaminHowever the lesshydrocarbon tails could only be transformed into the planar ¢
thermodynamically stable conformer czc does undergo adaférmer of previtamin ipon exposure to solar UVB radia
antarafacial sigma shift of a hydrogen from C-19 to C-9 camrs (Fig. 17).5:26-28
ing rearrangement of the double bonds to form vitapiAD  Once formed, this unstable conformer rapidly converted to
a result it takes several days in a test tube at room tempevaéumén D,.>"°?To con rm this hypothesis studies were done
and even at body temperature for the czt conformer to isomeriggosomes that mimicked the plasma membrane and it was
to the czc conformer which then is converted to vitag(fidd demonstrated that adding double bonds to the triglyceride’s side
12).6:7.26.27 chain or shortening or lengthening of the side chain resulted in
From a physiologic perspective it made little sense for it toctaleerease in the kinetics for the conversion of previtatain D
several days for previtamint® convert to vitamin Din the vitamin D, (Fig. 19.7
skin as it does in a test tube. Furthermore this was a signi caBecause vitamin,bs thermodynamically more stable and
problem for poikilothermic (cold blooded) vertebrates sin@dsa more exible it is ejected out of the plasma membrane into
lower outside temperature would make it take a much longerttimextracellular space and diffuses into the capillary bed in the

. Do

es Bi
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dermis where it is bound to the vitamin
D binding protein (DBP) for transport to
the |iver2.,5,6,22,29,30

There has been a lot of discussion as
to whether ingesting vitamin D from
the diet or from a supplement is the
same as producing vitamin D the
skin. Because it takes approximately 8
h for previtamin Din the skin to fully
convert to vitamin P%*" and it takes
additional time for the vitamin ,0to
enter the dermal capillary bed there are
at least 2 of the explanations for why it
was observed that vitamig [oduced
in the skin last 2—3 times longer in the
circulation when compared with inges
ing it orally Fig. 16.2%%° Furthermore
when vitamin Dis produced in the skin
100% of it is potentially bound to the
vitamin D binding protein Kig. 17).
When vitamin D is ingested from the
diet or supplement it gets incorporated
into chylomicrons which are transported
into the lymphatic system and then into

—

the venous system were approxima
60% of the vitamin Dis bound to the
vitamin D binding protein and 40% is
rapidly cleared in the lipoprotein boun

Figure 7. (A) Seal of a milk bottle that denoted that the milk was irradiated with UV radiatiod a
contained vitamin D.B) Cap of a milk bottle stating that activated ergosterol has been added to
the milk. C) Cap of milk bottle stating that the milk had been forti ed with vitamin D) Seal of
a bottle of milk that denoted that the milk had been irradiated and containedaritin D. Holick,

fraction2® copyright 2013. Reproduced with permission.

6XQ &RQWUROOHG &XWDQHRXYV 3U R ThXrEfdd sei@@iRIsienLewpDsRile @ produce previtgmiitaD
min D, and its photoproducts may have some additional ben
During exposure to sunlight after previtamjnsDproduced it e ts above and beyond simply taking a vitamsupplement or
will absorb solar UVB radiation and isomerize into two majgesting vitamin Dfrom dietary sources.
photoproducts, lumisteg@nd tachysterglFig. 17).3"% )
Neither of these two photoproducts has any effect-on cal J)DFWRUV WKDW ,QAXHQFH &XWITQF
cium metabolisift. Thus when the skin is exposed to sunlight Vitamin D , Synthesis (-
it can only convert approximately 15% of 7-dehydrocholesterol @®
to previtamin D (Fig. 1§.% Any further exposure will resula) Zenith angleOnly about one percent of solar UVB radia -l
in a photoequilibrium whereby previtamini®converted into tion ever reaches the earth’s surface even in the summer at
lumistero] and tachysterphs well as revert back to 7-dehydtame * The reason is that all of the UV C (200-280 nm) and alt—
cholesterolRig. 17). In addition when vitamin Ds made from of the UVB radiation up to approximately 290 nm is ef cientlyQ
previtamin D in the skin if it is exposed to solar UVB radiabsorbed by the stratospheric ozone3f&yén. addition the — QC\]
tion it will absorb UVB radiation and be converted into severane layer absorbs approximately 99% of the UVB radiati@
suprasterols and 5,6-trans-vitamjr{fdgs. 17, 19. In addition with wavelengths 291-320 nm. Therefore increasing the pat
previtamin Q) can also be converted to several toxistéigls (ength by which solar UVB has to travel through the ozone
20).%-% Therefore no matter how much sun a human is expdsger will result in a decrease in the number of UVB photons
to vitamin D intoxication will not occur because any excesstpat reach the earth’s surfdeig.(22.4° This is the explana
vitamin D, and vitamin DQis photodegraded into products thaton for why during the winter when living above and below
have no calcemic actiVits? approximately 33° latitude very little if any vitamjrcén be
This however does notmeanthatthese myriad of photoproguetiiced in the skin from sun exposure. People who dive far
don't have other biologic effects such as regulating epidermti@eNorth and South often cannot make any vitamimD
growth and reducing risk of skin cancer. One product, lumjstetfuir skin for up to 6 mo of the yéaFor example in Boston
if converted to 1,25-dihydroxylumistemlay have anti-tumorat 42° North essentially no vitamigdan be produced in the
effects in the skil.Some of the suprasterols also have argiin from November through February. Inhabitants living in
roliferative activity in cultured human keratinocygags ). Edmonton Canada at 52° North, Bergen Norway at 60° North,

Bioscience. Do not distribute.
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Figure 8. Brochure of the US Department of Labor promoting sensible sun exposure iidremn in 1931. ‘

©2013 Landes Bioscience. Do not distribute.

or Ushuaia Argentina at 55° South are unable to producer@suyit very little if any vitamin,an be produced in the skin
signi cant vitamin Q) for about 6 mo of the yediigs. 23 and before 10 a.m. and after 3 p.m. even in the summerHigse (
24) 23941 23 and 254
People who live in the far Northern and Southern-hemiAir pollution including nitrous oxide and ozone is common
spheres had apparently appreciated this fact and were ahlentmy large cities including Los Angeles and San Biggo (
satisfy their vitamin D requirement by eating vitamin D ri26) and will absorb solar UVB radiation and therefore reduce
foods including oily sh, seal blubber, polar bear liver and wtreeffectiveness of sun exposure in producing vitgmithB
blubber and liver all of which contain large amounts of vitagkim (ig. 27).44 The amount of UVB radiation available for
D43 cutaneous vitamin Dproduction is markedly reduced by the
In the early morning and late afternoon the zenith angleofease of sulfur dioxide in San Diego and Los Angeles, offset
the sun is also more oblique similar to winter sunlight andtagyahe fact that both cities are at lower latittides.

56 Dermato-Endocrinology Volume 5 Issue 1



Altitude can also have a dramatic in uence on the
amount of solar UVB that reaches the earth’s surface
because the higher the altitude the shorter the path
length that UVB has to travel through the atmo
sphere and thus the skin can produce more vitamin
D,. This was dramatically demonstrated in Agra
(169 M altitude), Katmandu (1400 M), and Mount
Everest base camp (5300 M), India (27° North).
An analysis of sun-induced vitamipsinthesis in
vitro was conducted at higher altitudes at the same
latitude during the same month. In November |in
Agra very little previtamin,vas produced during
exposure to the sun. It was observed that there was a
direct correlation with increased previtamiprd
duction with increased altitude. At Mt Everest base
camp (5300 M) there was almost a 5-fold increase in
previtamin Q) production compared with what was
observed in Agr&i@. 28.4¢ Since glass absorbs all
UVB radiation, exposure of the skin to sunlight that
passes through glass, plexiglass, and plastic will not
result in any production of vitamin, i the skin
(Fig. 29.3

Sunscreens were designed to absorb solar
radiationt” A sunscreen with a sun protection factor
(SPF) of 30 absorbs approximately 95-98% of solar

UVB radiation. Therefore the topical application of

a sunscreen with an SPF of 30 reduces the c¢ Figure 9. (&)
ity of the skin to produce vitamin, By the same | oil denoting
amount i.e., 95-98%. This was con rmed with | forti ed with
the report that the application of sunscreen witl.

Seal denoting that this product was forti ed with vitamin DB) Bottle of
that it contained irradiated ergosterolQ) Beer can denoting that it was
vitamin D. (D) Advertisement denoting that Bird’s custard contained

vitamin D. Holick, copyright 2013. Reproduced with permission.

SPF of only 8 dramatically reduced the blood level of
vitamin D, after exposure to simulated sunlight in a tanning

ed

(Fig. 30.4“8 Farmers in the Midwest who had a history of non-
melanoma skin cancer and who wore a sunscreen all the time
before going outdoors for more than a year demonstrated that at
the end of the summer their blood levels were signi cantly lower
(most were vitamin D de cient) than the levels of the control

group Fig. 3).48

b) Skin pigmentHumans evolved at the equator. They were
constantly exposed to sunlight and developed an ef cient natu

ral sunscreen melafinyhich has an absorption spectrum
290-700 nm and thus can effectively absorb solar UVB r
tion (Fig. 32.% However even though Africans have extren
dark heavily pigmented skin a small amount of UVB radiatic
able to penetrate into the epidermis to produce vitamirhi3

was demonstrated when adult whites (skin type 2) and b
(skin type 5) were exposed to the same amount of UVB rad
in a tanning bed. Whereas the white adults raised their

of

adia
ely
n is

lacks
ation

1 !
100U

levels of vitamin Pmore than 30 fold the black adults dem
strated no signi cant increase in their blood levels of vitamir
However when the black adults were exposed to 5 times

UVB radiation, they increased their blood level by about 15-

to previtamin D, in human skin. Holick, copyright 2007. Reproduced
with permission.

Figure 10. Action spectrum for the conversion of 7-dehydrocholestero

101U

(Fig. 33.5° This was con rmed when surgically obtained white
and black skin was exposed to sunlight in Boston in summitereas only about 0.3% of 7-dehydrocholesterol was converted

After 30 min approximately 3% of cutaneous 7-dehydrechdtegrevitamin D in the black skinFg. 34" These ndings

©2013 Landes Bioscience. Do not distribute.

terol was converted to previtamipithe white skin samplecould explain the positive association between skin lightness and
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Skin pigmentation or the lack
thereof was important in the evo
lution of humans as they migrated
North and South of the equator.
Africans such as the Maaddg.(
37) living outdoors exposed to sun
light daily throughout the year have
robust circulating concentrations of
the major circulating form of wita
min D, 25(OH)D, in the range of
46 ng/mL%

Although there have been -sev
eral explanations for why skin-pig
ment devolved as humans migrated =5
North and South of the equator one O
of the most likely explanations is
as humans migrated farther North
and South of the equator the zenith ==
angle of the sun increased resulting
in a decrease in the amount of solar 3=
UVB radiation reaching the earth
thereby reducing vitamin,Bynthe

stribute.

d

sis. A decrease in the amount of skin

copyright 1995. Reproduced with permission.

Figure 11. Photolysis of provitamin D(pro-D,, 7-dehydrocholesterol) into previtamin Xpre-D) and its
thermal isomerization to vitamin Din hexane and in lizard skin at 25°C. In hexane pgasiphotolyzed
to s-cis,s-cis-pre-pOnce formed, this energetically unstable conformation undergoes afcomational h ’ )
change to the s-trans,s-cis-pre;DOnly the s-cis,s-cis-pre;Dan undergo thermal isomerization to the epidermal cells. This provided c
vitamin D,. The s-cis,s-cis conformer of pre-B stabilized in the phospholipid bilayer by hydrophilic an evolutionary advantage by being )
interactions between the 3-hydrox| group and the polar head of the lipids, as well as by the vander|  mgre ef cient in producing vitamin

Waals interactions between the steroid ring and side-chain structure anel blydrophobic tail of the lip-
ids. These interactions signi cantly decrease the conversion of thesssecis conformer to the s-trans,s-
cis conformer, thereby facilitating the thermal isomerization of is;s-cis-pre-Dto vitamin D,. Holick,

pigment resulted in a decrease in theD
sun screening protection permitting -
more of the UVB radiation to reach

D.* It had long been speculated 8
that our Neanderthal ancestors were
heavily pigmented hairy creatures..—

Figure 12. Thermal isomerization of previtamin o vitamin D, as a
function of time in lizard skin p) and in hexane {) at 25°C (left) and
5°C (right). Each point represents the mean value from three separat
analyses. Holick, copyright 1995. Reproduced with permission.

This however did not make a lot of
sense since having heavy pigmenta N
tion and excessive hair would markedly reduce cutaneous prodgp
tion of vitamin O which was essential for maximizing skeletais
health throughout life thereby reducing risk of life-threatening—
fractures. However, more important is the fact that vitamin D(O
de ciency in utero and during the rst few years of life would—
have caused infantile rickets resulting in a at deformed pel\('re)
with a small pelvic outlet. Furthermore vitamin D is important—|
for muscle function which is also crucial for birthitfgilhese O
conditions caused by vitamin D de ciency would have made (N\]
dif cult for females to give birth. Therefore in order to surviv
and procreate skin pigmentation had to markedly decrease in
order to permit more UVB photons to enter the skin to produce
suf cient amounts of previtamin_ B Recent evidence has
suggested that Neanderthals had a mutation of their melanocyte
stimulating hormone receptor resulting in them being redheaded
and having Celtic-like fair sk’ This is the likely explanation
for why people in Northern Europe have skin types 1 and 2.

¢) Aging.lt was observed that 7-dehydrocholesterol concen

25-hydroxyvitamin D [25(OH)D] levels as found by Armastedtions in human epidermis were inversely related tbigge (
al’? (Fig. 39. The associations between skin lightness, 38R The effect of aging on the cutaneous production ef vita

dose and 25(OH)D are documenteéigure 36

min D, was demonstrated in a study that exposed healthy young
adults and older adults to the same amount of UVB radiation

58 Dermato-Endocrinology Volume 5 Issue 1



in a tanning bed. The increase in
the blood level of vitamin,Dn six
young adults aged 20—30 was at least
3-fold higher compared with the six
older adults aged 62—80 demonstrat
ing that aging signi cantly decreased
the capacity of the skin to produce
vitamin D, (Fig. 39> With this
marked age-related decrease in the
cutaneous production of vitamin D
could the elderly bene t from being
exposed to sunlight or UVB radia
tion? The skin has a large capacity
to produce vitamin D Exposure of
a young adult in a bathing suit to on
minimal erythemal dose (MED) o
UV radiation in a tanning bed wa
equivalent to ingesting approx
mately 20,000 IUs of vitamin,D
(Fig. 40.% When a healthy 75 y old
male in a bathing suit was exposed
to UVB radiation in a tanning be
three times a week for 7 weeks he was

able to raise and maintain his bloc Figure 13. Thermoconversion of pre-Dto vitamin D, as a function of time in human skin and in n-
levels of 25(OH)D into the healthy hexane at 37°C. The inset depicts the thermoconversion of preelvitamin D, in human skin in vivo ()

and compares them with those in n-hexand Y and in human skin in vitro § at 37°C. Reproduced with
permission from’.

D

"M

normal range of ~50 ng/mFig.
41C). The percent increase in circu
lating 25(OH)D concentrations was
similar to what was observed in healthy young degltd1B. (~30ng/mL) and the nadir was observed in February (~14 ng/m
Ampoules containing 7-DHC that were also irradiated serve&itp 44.5 A similar observation was made in postmenopaus
demonstrate the ef cacy of the tanning bed in producing pr&@eimen in Denmark. Those who had regular sun exposur
tamin D, (Fig. 41A° A study in elderly in a nursing home thaichieved a blood level of 25(OH)D of ~45 ng/mL compared=
had an activity room with an UVB emitting lamps on the ceilimigh women who avoided direct sun exposure had a 25(OH)
(Fig. 42 reported that this was effective in raising and maintain-23 ng/mL. This was also supported by the fact that hours
ing 25(0OH)D levels in these residehtg.(43.5° sun exposure was directly related to circulating concentrations(@f
25(0OH)D (Fig. 45.%
,QAXHQFH RI /IDWLWXGH DQG 6HDVRQ
RQ 9LWDPLQ ' 6WDWXYV

nce. Do not distribute.
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It is well documented that seasonal differences in cutaneous
vitamin D, production have a dramatic in uence on both chil
dren’s and adults’ vitamin D status (D represents vitamin D
or vitamin 0).?> A study of 7437 Caucasian men and women
from the 1958 British birth cohort at age 45 y revealed that the
peak blood levels for 25(OH)D were observed in September

©2013 Land

Figure 14. Proposed theoretical structural model for the localization
of the cZc-previtamin Din the phospholipids of a membrane. Based
on the amphipathic nature and conformational mobility of previtamin
D,, we proposed the following model to show the spatial relationship
between previtamin Q and phospholipids. We postulated that in the
membrane, the cholesterol like cZc-previtamin, i aligned parallel to
its neighboring phospholipids, with its polar 3-hydroxy interacting
with the polar head groups of the phospholipids through hydrogen
bonding, and the hydrophobic rings and side chain interacting with
the nonpolar acyl chains of the lipids through hydrophobic and van
der Waals interactions. A, phosphatidylcholine; B, cZc-previtamjn D
Reproduced with permission from ref. 27.
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Historical perspectivé2eople have a feeling of wellbeing when
exposed to sunlight. This may be due to the fact that kerati
nocytes produce-endorphin when exposed to UV radiation.
In the early 1900s Finselfid. 47) observed that exposure to
sunlight Fig. 48 dramatically improved cutaneous skin lesions
caused by a tuberculosis infection (lupus vulgaris) and received
the Nobel Prize in 1903 for his enlightening observations.
This led to the use of solariums as a way to treat patients with
tuberculosis and gave rise to the use of heliotherapy to improve
health'®t¢ Heliotherapy was used to treat a wide variety _-
of chronic illnesses in the early 1900s and it is still practic
throughout the world and especially in Northern Eufépe. S
. - : _ The rise in the use of pharmaceuticals to treat acute and chra(i@
Figure 15. E ects of phospholipid carbon chain length and saturation diseases led to the demise of heliotherapy especially in United
on the rate of pre-Dto vitamin D, isomerization in liposomes. k, rate

S
constant; n, carbon number of phospholipid chain. Reproduced with Stated?068:6973 (7p)
permission from ref. 27.

6XQOLJKW DQG 9LWDPL
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One of the rst association studies
relating sun exposure with reduced
risk for cancer was reported in 1916 D
by Hoffman’* who found that liv

ing at a higher latitude was asso
ciated with an increased risk for
mortality from cancer. He cem
pared cancer mortality between .
1908 and 1912 and observed that ©
cancer mortality increased with

increasing distance from the equa -—
Figure 16. The same healthy 31 year old female received a whole body exposure (in a bikihiry suit) tor (Fig. 49. In 1937 Peller and

to 0.75 MED of ultraviolet B radiation and 4 weeks later received 50,000 |Us wiiviB28. Blood samples Steph & | d the inci
were collected for 168 hours and the blood was measured for vitamin D3 by highfgrmance chroma- ephens ana _yze € IRcl

tography. Reproduced with permission; Holick copyright 2013. dence of cancer in navy personnel @)
in the United States Navy who 5

were documented to have increased C
Latitude also has a dramatic in uence on the cutaneous prexposure to solar UV radiation with age matched controls ar@
tion of vitamin O and therefore on a person’s vitamin D stateported that the rate of skin cancer was eight times higher-ial
(Fig. 46.3*% Mean circulating 25(OH)D in children, adolescerttse navy personnel while the total number of deaths from other)
and adults at various latitudes revealed that there was a sigiazzogrs was 60% less than the civilian popufation.
inverse relationship with the highest levels for those living near theur years later, Appétigompared total cancer mortality in (O
equator with blood levels of 25(OH)D ~40 ng/mL compared vilte populations studied with the percentage of Americans a4
those living far North and South of the equator with blood leveBaofadians in the same population who were engaged in agri
25(0OH)D ~15 ng/mL Fig. 4.5 ture. He concluded that cancer mortality was highest in farmers
However another study reported that those living at the Higing in the Northeast compared with those living in the South
est latitudes in Europe had higher circulating concentratior{§igf 50.° He also reported that farmers living in the South
25(0OH)D.% exposed to more sunlight were at a higher risk for nonmelanoma
The likely explanation is that some people living far North skith cancer which he noted was easy to detect and easy to treat.
South of the equator who could not make any signi cant amdtmiconcluded that the fact that these Southern farmers had non
of vitamin D in their skin for more than half of the y&#&g.(24 melanoma skin cancer resulted in them developing an immunity
adapted by eating foods rich in vitamin D including oifj“5i to the skin cancer which also resulted in an immunity to-all can
while others did ngt:#46¢ cers including those with high mortality fate.
These observations essentially went unnoticed and the curi
ous relationship of increased sun exposure and living at a lower
latitude reducing risk of cancer mortality was buried in the

ience.

Blos
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Figure 17. A schematic representation of the photochemical and thermal eventsttresult in the synthesis of vitamin Dn the skin, and the photo-
degradation of previtamin Qand vitamin DO to biologically inert photoproducts. 7-dehydrocholesterol (7-DH@)the skin is converted to previtamin
D, by the action of solar UV B radiation. Once formed, previtamjimsRransformed into vitamin Dby a heat-dependent (H) process. Vitamin [Exits
the skin into the dermal capillary blood system and is bound to a speci ¢ vitamin iDeling protein (DBP). When previtamin,[and vitamin D are ex-
posed to solar UV B radiation, they are converted to a variety of photoproductsliaae little or no activity on calcium metabolism. Holick, copyrigh
1995. Reproduced with permission.
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literature. Forty years would pass before Garlandrejpalited connection with the association with latitude and cancer-mortal
that there was a strong signi cant negative correlation with dojarould be linked to an inverse relationship with cancer-mortal
cancer mortality and mean daily solar radiation in the Unitgdand vitamin D statu&.Even in California where there is a
StatesKig. 5J. large difference in latitude there was a positive association with
They followed up these ndings with an eight-year prospatorectal cancer prevalence with latitiide %2 .%°
tive case-control study of adults living in Washington CountyA multitude of epidemiologic studies followed these ini
and reported that the risk of getting colon cancer decreigeledbservations not only in the United States and Canada but
3-fold in people with a serum 25(OH)D > 20 ng/ml. Thes®rldwide. Grart reported a dramatic inverse relationship
results together suggested that living at higher latitudes rbeameen premature mortality due to cancer with UV exposure
less exposure to vitamin D producing sunlight and thereforéntheth men and womefrigy. 53. In the United States, inverse
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sun exposure lost the bene t since their risk was no different than
those who had the least sun exposure.

The observational and epidemiologic studies relating
increased latitude with increased risk for cancers suggest a pos
sible role of sun induced vitamip €ynthesis as the bene cial
factor responsible for these observatitiis.known that expo
sure to sunlight also has other physiologic effects on the skin
including altering the immune syst&fijncreasing production
of endorphif” and nitric oxid& There are however a variety
of studies including interventional studies and association stud
ies supporting the notion that improvement in vitamin b sta
tus reduced risk of many deadly cart®f8%“Woo et al® .
reported that more than 50% of men with completed local trea
ment of prostate cancer and rising PSA levels in the absence pf
symptoms had a decrease in their PSA serum levels when c@m
mencing the supplementation of 2000 IUs vitamipdd day = "s=
had a statistically signi cant decrease in the rate of P&#grise ("(T-)
57). " —

Lappe et &P! reported a more than 60% reduction in theT:5
development of all cancers in a small study of postmenopau
women who received calcium supplementation (1500 mg) anr&
with 1100 IUs of vitamin Ddaily compared with women who
Figure 18. An analysis of the photolysis of 7-dehydrocholesterol received placebdrig. 59. The Women’s Health Initiative

(7-DHC) in the basal-cell layer and the appearance of the photoprod- s
ucts previtamin Q (Pre-D), lumistero] (L), and tachysterg(T) with (WHI) initially reported that women who took 1000 mg of

increasing time of exposure to equatorial simulated solar UV radiation. calcium a_nd 400 1Us of Vltamms Ba”y for up to 8y h‘tid nf)
Bars above data points show the standard error of the mean of three| ~ reduced risk for colorectal cafféddowever the women in this

determinations. Holick, copyright 1981. Reproduced with permissio study who had a baseline 25(OH)D <12 ng/mL had a 253%
increased risk for developing colorectal cancer compared w

associations with exposure to solar UVB radiation and cavmeen who had a baseline 25(OH)D of at least 23 ng/mL—
risk and mortality were reported for ovdtiand breast can Further scrutiny of the data from the WHI revealed that onlyo
cer®! cancers of the digestive sy$§t@mnd prostate cancét* 60% of the women admitted taking their calcium and vitaminm
A meta-analysis of studies reporting cancer incidence ratBssiguplement at least 80% of the time. However those WomeQ
more than 100 countries including Australia, China, Japet,on personal calcium and or vitamin D supplementation b
Spain among others revealed an inverse relationship withvdasatook 400 IUs of vitamin iaily along with calcium sup

UVB exposure for 15 types of cancer including bladder, brpstentation as part of the WHI study for 8 y had a 14-20%()
cervical, colon, endometrial, esophageal, gastric, lung), ovesthuced risk for developing breast cancer and a 17% reskuced 15
pancreatic, rectal, renal and vulvar cancer as well as Hodigkidsveloping colorectal cari€efhe importance of vitamin
and non-Hodgkin’s lymphoniaBoscoe and Schymiifound D in reducing risk of colorectal cancer has also been support€d
that the relative risk of cancer incidence and mortality for-nutnethe observation that the vitamin D receptor polymorphisms—
ous malignancies was strongly related to solar UVB expesueeassociated with colorectal cdhaed a quantitative meta-

(Fig. 54. Giovannucci et &l.conducted a prospective study @nalysis on the optimal status for colorectal cancer prevention
men relating predictors of vitamin D status and cancer incidshnowed that a 25(OH)D level of 34 ng/ml was associated wifh
and also found an inverse associafign $9. Luscombe et a 50% reduced risk of developing colorectal ¢&nsanther (q\|
al® reported men who worked outdoors had a 3-y hiatus befiordy showed that the 25(OH)D level and the risk for developi
developing prostate cancer compared with indoor wdtkers ¢olorectal adenoma were inversely correlated and that the associa
56). It was also reported that adults who developed lymphiionavas modi ed by the Tagl polymorphism of the VBRhe

had a decreased risk for mortality if they had more sun édpited States Preventative Services Task Force evaluated vitamin
sure as a teenagfdtnight et af® asked women in Canada whb supplementation and risk for colorectal cancer and concluded
had breast cancer how much sun exposure they had duringhbefor every 4 ng/ml increase in circulating concentrations of
teenage and young adult life and compared this sun expos2bsé@b1)D was associated with a 6% (95% CIl 3—-9%) reduced
women matched for age, ethnicity and place of residenceriskHer colorectal canégr.

concluded that women who had the most sun exposure from ages

10 to 19 y reduced their risk of developing breast cancerby mor6 XQOLJKW DQG 9LWDPLQ ' ,QQDWH ,PF
than 60% when comparing the highest quartile of outdoer activ

ities with the lowest. Also women over 40 y who had the r@ostliver oil was used in the mid-1800s to treat tubercéiesis.
In the early 1900s heliotherapy was promoted for treating both
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Figure 19. When vitamin Qis irradiated, it is converted to 5,6-trans-vitamin) &d at least 6 photoproducts known as suprasterols. Holick, copyrigh
2013. Reproduced with permission.

©2013 Landes Bioscience. Do not distribute.

Figure 20. Once previtamin Dis formed, it has the ability to rotate around the 6—7 bond. Relaxation via rotasibout the 6—7 bond followed by UV
irradiation can give rise to a wide variety of toxisterols and tachysterol. Holopyright 2013. Reproduced with permission.

skin and pulmonary tuberculd$ié!It was also recognized thdikely to die of therfhi!#115116Therefore sun exposure and vitamin
young children with rickets had a much higher risk of developivgere used in the early 1900s to treat and prevent tuberculo
pneumonia and upper respiratory tract infections and were sigé'*'’and upper respiratory tract infectitns.
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by 42%'% A study of 156 neonates revealed
that the risk for acquiring respiratory syncytial
virus (RSV), a pathogen causing severe lower
respiratory tract infection, was 6-fold higher
in infants who had a blood level of 25(OH)D
< 20 ng/mL compared with infants who had a
blood level of 25(0OH)D > 30 ng/ntt2
Macrophages play an important role in
ghting infectious diseases by ingesting and
then destroying thelf.When a macrophage
ingests an infectious agent like tuberculo
sis toll-like receptors are activated to initiate
an innate immune respoi¥eOne of the
rst responses is signal transduction to the =5
nucleus to increase the expression of the VDEO
and the 25-hydroxyvitaminD-1-hydroxylase "=—
(CYP27B1). This results in the conversion
of 25(OH)D to 1,25(OH)D. 1,25(0H),D 6
interacts with the VDR and increases the
expression of cathelicidfwhich is a member 3=
of the defensin proteins and rapidly permeal
izes susceptible infectious agents resulting in
their destructionFig. 60. This is one of the
mechanisms believed to be responsible f
vitamin D reducing risk of infectious diseases.
Liu et al® also reported that the extent of
antimicrobial activity of a monocyte exposed
to Mycobacterium tuberculosis depended on
the 25(OH)D levels of the medium in which .
the monocytes were cultured. Monocytes
cultured in serum of African-American 4ndi
viduals who were vitamin D de cient (mean -
~8 ng/mL) mounted an ineffective catheli
cidin mRNA response upon exposure to M.

tuberculosis, however the supplementation ofQ)
Figure 21. (A) Proliferation of human keratinocytes after incubation with di erentipraster- the sera with 25(OH)D (mean ~30 ng/mL) ®)
ols compared with negative control (100%). Suprasterols 5 and 6 show a strotigratifera- . . .

restored the toll-like receptor mediated induc C

tive activity as well as the positive control 1,25(QBi) @) Dose dependent antiproliferative . . . CU
activity of suprasterols 5 and 6 compared with 1,25(Qip)in keratinocytes. Mean + SEM *p tion of cathelicidin mMRNA. This was substan

< 0.01, **p < 0.001 compared with control 100%. Holick, copyright 201pré&iced with tiated by Adams et'8lwho not only showed, —
permission. that the expression of cathelicidin by mono
cytes exposed to M. tuberculosis lipopep
tides was signi cantly enhanced by addition
Hope-Simpsdff had speculated that there was a seasohalkogenous 25(OH)D to the vitamin D de cient serum butQ\]
stimulus responsible for reducing infectious diseases durirtgehserum from vitamin D-supplemented subjects had the sa
summer. It is known for example that in uenza infection is mefé¢ct. This data added support for the importance of maintain
prevalent in the winter months at latitudes North and Soutlingfa serum 25(OH)D > 30 ng/mL to generate an effective cathe
the equator but is sporadic throughout the year in childrenleidin response following activation of monocytes/macrophages
adults who live near the equattig(59. It has been hypoth It has also been suggested based on studies in mice and in
esized that the seasonal variation could be due to a seasonaitvari@at the local keratinocyte production of 1,25(Okl)
tion in circulating levels of 25(OHYB.Several observationafrom 25(0OH)D, in the skin and oral pharynx enhanced the pro
and intervention studies have helped to support this hypotlisition of cathelicidin supporting the concept that maintaining
Healthy adults living in New England who had 25(OH)D blosdrum 25(OH)D above 30 ng/ml may also be importantin ght
levels of ~38 ng/mL approximately halved their risk of devefmpinfections in both the skin and orophafgfiX° This may
ing acute viral respiratory tract infecti&hSchool children in also help explain the observation that the risk for periodontal dis
Japan who received 1200 IUs of vitamiddlly for 4 mo during ease is higher in adults who have the lowest circulating concentra
the winter reduced their risk of developing in uenza infectimms of 25(OH)D! Calcium and vitamin D supplementation
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was associated with a lower risk of tooth los
elderly men and wontaespectively and with
better periodontal heaft#i13

6XQOLIJKW DQG 9LWDE
$XWRLPPXQLW\ 3URWH

There are a variety of association studies d
onstrating that being born or living near th
equator reduces risk of several autoimm
diseas€d®+1%Being born and living for the
rst 10 y at a latitude of ~40° North compare
with ~33° North increases a person’s risk
developing multiple sclerosis by 10044. (

61) 13414014\ unger et al*? made the observa
tion that high circulating levels of 25(OH)L
were associated with a lower risk of multi
sclerosis and that women who had an inte
of vitamin D of 400 IU vitamin D per day
reduced their risk of developing multiple sc
rosis by more than 4093.

A plot of the incidence of type 1 diabg¢
tes vs. latitude demonstrated an impress
U-shaped curve. Children younger than
y during 1990-1994 in 51 regions worldwic
demonstrated a 10-15 fold increase in risk
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)LQ '
IFWLRQ

em
e
une

o

of

ple
ake

le

Figure 22. The solar zenith angle is the angle made by the sun’s light with respect to the
vertical (the sun being directly overhead). This angle is increased atémidgtitudes, early
morning and late afternoon when the sun is not directly overhead, and during thieter
months. As the solar zenith angle increases, the amount of UVB radiatiachieg the earth’s
surface is reduced. Therefore, at higher latitudes, greater distancen fitee equator, more of
the UVB radiation is absorbed by the ozone layer thereby reducing or elitmigethe cutane-
ous production of vitamin Q. Holick, copyright 2006. Reproduced with permission.

developing type 1 diabetes if they were b
in far Northern and Southern latitud&sg(
62) 144

It was also reported that spring
births were associated with increased

Ui

likelihood of developing type 1
diabetes. These ndings indicate |a
potential role of vitamin D in the
pathogenesis of type 1 diabetes mel
litus. This hypothesis is supported by
an observational study that childre
in Finland who received 2000 1U
of vitamin D daily during their rst
year of life in the 1960s reduced their
risk of developing type 1 diabetes 31
y later by 88%°> Because of concern
about vitamin D toxicity the amount
of vitamin D recommended for
infants in Finland was reduced rst
to 1000 IUs daily and then to 400
IUs daily. Interestingly as a result
of this decrease in vitamin D intake

=

2

Figure 23. In uence of season, time
of day, and latitude on the synthesis
of previtamin D, in Northern A and Q
and Southern hemispheresB(and D).
The hour indicated irC and Dis the
end of the 1 h exposure time. Holick,
copyright 1998. Reproduced with
permission.
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Figure 24. Photoproduction of previtamin Dand vitamin D from
7-DHC throughout the year in Ushuaia, Argentinia (slashed bars, 55 de-
grees South) and Buenos Aires (closed bars, 34 degrees South). Values
are percentages of initial 7-DHC. Each bar represents the mean + SEM of
three determinations of the sample ampules. Reproduced with permis-
sion from Ladizeskst

there is an impressive increase in the incidence of type 1 diabetes
occurring in Finland over the past 3 dec&igs63 .14°

A pronounced North-South gradient has also been reported
for in ammatory bowel disease, in particular Crohn's disease
(Fig. 641 A complete data set including demographic data_ -
and lifestyle factors based on the two prospective Nurses’ He
Studies (NHSs) and comprising almost 240,000 nurses, alsgy
showed that women from lower latitudes had a consistently low&DR
risk of developing ulcerative colitis and Crohn's diseasestbmpa s—
with women living in higher latitudés.These observations N
were supported by a prospective cohort study of 72,719 WOI’T’%
enrolled in the Nurses’ Health Study showing that a higher pre
dicted vitamin D status was associated with a reduced risk'g
Crohn’s disea$®. -

A case-control study investigating the association between
latitude and rheumatoid arthritis using data from the Nurses
Health Study suggested that women living in higher Iatitud@
were at greater risk for rheumatoid arthiiig. ©5.1” These
latitude-dependent differences in the prevalence of rheumatoid
arthritis could be explained by differences in the vitamin D st
tus. Merlino et &f8 showed in a study in lowa that women with %

. . 1 the highest intake of vitamin D reduced their risk of developin
Figure 25. Conversion rate of 7-dehydrocholesterol (7-DHC) to vitami h toid arthritis b th 3001 ther i
D depending on time of the day and season in Boston (42° North). The rheumatoid arthriiis by more than owever, other Inves

measurements were conducted after exposing ampoules lled with tigators did not nd such an association when reviewing the dag
7-DHC to sunlight. Holick, copyright 2013, reproduced with permission  from this study#®

Although the exact mechanisms al
by which vitamin D may reduce risk
for autoimmune diseases are not fully @)
understood we do know that vitamin 5
D plays an important role in cellu C
lar immunity!®s Inactivated T- and (O
B-lymphocytes are unable to respond—
to 1,25(0OH),D because they lack a
VDR. However when they become
activated they express a VDR and(O
are now responsive to the immuno Q\J
modulatory activity of 1,25(OHD) @
(Fig. 60).2263.150

In B-cells 1,25(OHP down
regulates immunoglobulin synthe
si$! and B-cell memory. Thus by
doing so it may reduce production
of autoantibodies responsible for
causing autoimmune dised¥es.
1,25(0OH),D also has a multitude
of functions in activated T céffs.
%8 This hormone decreases T cell

Figure 26. The amount of sulfur dioxide (ppm) measured over a one hour period in San Diege proliferatiof®* as well as the num

Angeles, San Francisco, and Sacramento on the same day. Holick copyright R@produced with ber of Tq-Th lymphocytes while
At 17

permission.
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increasing T-regulatory lymphoc¥ytdsy increasing the pro
duction of Th-Th, lymphocyte¥® 1,25(0OH),D also directly

in uences the expression and synthesis of several immunomodu
latory cytokines. Bouillon et&lsummarized that 1,25(O¥D)
downregulates pro-in ammatory cytokines and interleukins
(IL) such as IL-2, IL-4, IL-8, IL-12, tumor necrosis factor-
and interferon- and upregulates anti-in ammatory interleukins
such as IL-10.

6XQOLIJKW DQG 9LWDPLQ ' &DUGLRYDVFXODU +HDOWK

In 1997 Rostand et &t.reported that there was an inverse asso
ciation with latitude and blood pressttig.(66 and the preva
lence of hypertension. This was followed by the observation o
Krause et a1° who reported that exposure to UVB radiation
in a clinical setting not only improved circulating coneentra
tions of 25(0OH)D by more than 160% but also signi cantly
reduced both systolic and diastolic blood pressure in patients
with hypertension. A control group was exposed to the same UV
lamps that were covered by an acrylic shield absorbing all UVB
radiation and thus was exposed to UVA radiation only. The con
trol group’s subjects demonstrated no signi cant change in their
circulating concentrations of 25(OH)D as well as no change in
their hypertensiori-{g. 67. These data suggested that vitamin

D may somehow be involved in cardiovascular health. One of

the rstinsights as to how vitamin D could in uence cardiovas

cular health was the observation that 1,25(®Hjuppressed Figure 27. (A) Absorption spectra for NO, NOand SQ The absorption
the production of renifi! This observation was also support spectra show that SQand NQ absorb UVB radiation (280-315 nm) re-

by the report that VDR knockout mice have a dysregulatio

the renin-angiotensin-aldosterone éxis.

quired for cutaneous production of vitamin DB Absorption spectrum
of ozone which also absorbs UVB radiation. Holick copyright 2005.
Reproduced with permission.

There have been a multitude of association studies suggesuiy
that vitamin D de ciency not only increases risk for a myocar
dial infarction by as much as 50% but also was associated with
more than one 100% increased risk of mortal

ity from the heart attackl?61631%%n the US
an estimated 50 million teenagers are vitamin
D de cient or insuf cient and this was asso
ciated with a 2.4 fold increased risk for high
blood pressut&:®® Dong et ai®® conducted
a 16-week randomized, blinded, clinical trial
in 49 normotensive black boys and girls aged
16.3 + 1.4 y to evaluate the effect of enhanc
ing vitamin D intake from 400 IUs or 200(
IU vitamin D, daily on arterial wall stiff

ness, determined by measuring carotid-fem

oral pulse wave velocity. The teenagers who
received 400 IUs of vitamin D daily increased

their circulating concentrations of 25(OH)D
from 14 to 24 ng/mL and had an increase|in
the carotid-femoral pulse wave velocity (5!38
+ 0.53 m/sec to 5.71 £ 0.75 m/sec; p = 0.016).

By contrast teenagers who received 2000 IUs
of vitamin D daily for 4 mo not only increased

their blood level of 25(OH)D from 13 to 34 Figure 28. Ampoules containing 7-dehydrocholesterol in ethanol were exposed 1 h
ng/mL but also showed a signi cant decre: between 11:30 a.m. and 12:30 p.m. at 27° North in India at various altitudescdriversion
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of 7-dehydrocholesterol to previtamin Dand its photoproducts was determined by HPLC.
Reproduced with permission from ref. 46.
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Figure 29. (A) Transmission of UV radiation through air, glass, plastic
and Plexiglas (Dupont Chemical Company, Memphis TN). Holick, copy-
right 2003. B) Prevention of previtamin Dformation as a result of glass,
plastic, or plexiglass (Dupont Chemical Company, Memphis, TN) placed
between the simulated-sunlight source and the provitamin, 7-DHC).
Reproduced with permission from ref. 31.

in carotid-femoral pulse wave velocity (5.41 £ 0.73 m/sec to 5.33
+ 0.79 m/sec; p = 0.031).

Two major contributing factors for cardiovascular disease are
type 2 diabetes and obesfttit is well known both in children
and adults that there is an inverse association between serum
concentrations of 25(OH)D and body mass index (BMI) due tqg_,)
a sequestration and volumetric dilution of the lipophilic vitamin—5
D in the fat tissu&*1"Furthermore there is also an associationQ
with vitamin D de ciency and increased risk for type 2-diabe =
test’>1® A similar observation was made in the Nurses’ Healt
Study where a combined daily intake of > 1200 mg calcium alﬁ
> 800 IU vitamin D was associated with a 33% lower risk o
type 2 diabeté&.An inverse association between vitamin-D sta¥=
tus and diabetes was also shown in a study by Scraé¢fg et aF
The odds ratio for diabetes in non-Hispanic whites and Mexican
Americans who had 25(OH)D levels in the highest quartide co
pared with the lowest was reduced by up to'83%wever, this
inverse association was not observed in non-Hispanié’blacks.

Several epidemiologic studies and prospective studies h&kk
reported a highly signi cant association with vitamin D de ciencyo
with not only type 2 diabetes but also hypertension, hyperlipidqc)

emia and peripheral vascular disease—

all causative factors for coronary

SC

artery disease, myocardial infarction, o
heart failure and stroké&!>"°The —
prospective Intermountain Heart
Collaborative Study revealed that N
in more than 40,000 participants a @)
circulating concentration of 25(0H) 5
D < 15 ng/mL compared with a C
concentration of > 30 ng/mL sig (O
ni cantly increased all of these risk —J
factors’® A meta-analysis examining

the association between vitamin D
status or vitamin D supplementa O
tion revealed that adults with the Q\J
highest circulating concentration of
25(OH)D had a 43% lower risk of
developing cardiometabolic disor
ders compared with adults with low
levels of 25(OH)* Furthermore a
prospective study following up with
more than 2000 adults showed that

the risk of progression from pretype

2 diabetes to type 2 diabetes was

Figure 30. Mean (+ SEM) serum vitamiry Boncentrations in eight normal subjects. Four subjectd) (

reduced by 48% in adults who had

applied PABA (para-aminobenzoic acid) with a SPF of 8 and four appliedlegliyto the entire skin the highest circulating concentra
before exposure to UVB. On day 0, all subjects underwent total body exposure to 1 MiBDn@l tions of 25(OH)D compared with
erythema dose) UVR (UV radiation). To convert nanograms of vitamin D per mantmnmoles per L, those with the lowelt.

multiply by 2.599. Reproduced with permission from ref. 47.
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Beta islet cells in the pancreas have a VDR and 1,26(0OH
is a potent stimulator of insulin productiimprovement in
vitamin D status has also been associated with improvement in
insulin sensitivit§? mediated by upregulation of insulin recep
tors!®4 There is evidence that vascular smooth muscle and |car
diomyocytes have a VBDR®'and that 1,25(OHD, causes
vascular relaxation by suppressing the renin-angiotensin-aldo
sterone systémi18518and improves cardiomyocyte contractil
ity In addition 1,25(OH)D, inhibits macrophage cholestero

uptake and foam cell formation thereby reducing risk for ath
erosclerotic plaque formatidfig; 68.731%6%87Vitamin D de -

ciency negatively affects numerous physiological processes that
are important in the pathogenesis of cardiovascular disease! This

could explain why vitamin D de ciency is

increased overall and cardiovascular mortality in patients with

metabolic syndrom®.
6XQOLJKW 9LWDPLQ

Schizophrenia has been associated with in

and vitamin D de ciencyF{g. 69.1%° Schizophrenia is more

common in the Scandinavian countf&8’Winter births have

been associated with an increased risk for developing schizagphre

nia later in life even in Austrafd®In British immigrants, inei

dence in schizophrenia is higher in children of immigrants from

the Caribbean who moved to cities in countries farther ®orth.

Finnish male infants who received 2000 IUs of vitamin D d Figure 31. Serum concentration of 25-hydroxyvitamin D in longterm

during their rst year of life reduced their

schizophrenia by 77% compared with infants who receivec

than 2000 IUs of vitamin D daify.
Vitamin D could play an indirect role

esis of schizophrenia. Several studies suggest that a p D level below 20 nmol/L. PABA indicates p-aminobenzoic acid; open
in uenza exposure increases the risk for schizophrenia la circles, subjects from Philadelphia; closed circles, subjectsf8pring-
life19%5-17 The vitamin D status seems to in uence the risk

an in uenza infection respectively vitamin

has proven to decrease the risk for in uenza

infection?-4,118,119,121

There are a variety of association- st
ies relating vitamin D de ciency with
increased risk for depressidti? Alzheimer
diseas®? epilepsy®* and neurocognitive
decline®2203 The brain not only has a VDR
but also a 1-OHag& Evidence suggests the
1,25(0OH),D, could increase calcium bind
ing protein expressiéii,although this could
not be shown in all stud#®$1,25(0H),D,
could also act by increasing serotonin le
in the brairt"2%¢ Furthermore 1,25(OHD,
has also been demonstrated to stimul
amyloid- phagocytosis and clearance
macrophages in Alzheimer pati&it3his

may help explain the association between

neurocognitive  declid®;?®® dementi&®
depressioti®1%and Alzheimer dise#8wvith
a high prevalence of vitamin D de ciefity.

associated with an

' DQG OHQWDO +HDOWK

adequate sun exposure

risk of devejop sunscreen users and in age- and sex-matched controls from same

geographical area. Blood samples were obtained simultaneouslyrfro
patients and controls. Mean serum 25-hydroxyvitamin D level was si¢
. ni cantly lower in long-term sunscreen users (p < 0.001). Two long-te
in the pathege sunscreen users had absolute vitamin D de ciency, 25-hydroxyvitami

eld, Ill. Reproduced with permission from ref. 48.
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In a community setting depressed adults t
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Figure 32. Absorption spectrum of melanin. Holick copyright 2005. Reproducethygermission.
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Figure 33. In two lightly pigmented Caucasiam\) and three heavily
pigmented Afroamerican subjectsB) after total body exposure to
0.054 J/cr of UVR.Q) Serial change in circulating vitamin D after re-
exposure of on Afroamerican subject(in panelB) to a 0.32 J/cihdose
of UVR. Reproduced with permission from ref. 50.

signi cantly lower serum concentrations of 25(OH)D than those
without depressicf?

$SSURDFKHV IRU 3UHYHQWLQJ DQG 7
9LWDPLQ ' '"HAFLHQF\

The Institute of Medicine using a population model de ned vitag
min D de ciency for bone health as a circulating concentratiorry
of 25(OH)D < 20 ng/mL. They recommended that to satisfy.O
97.5% of the United States population’s needs for vitamin D thaiz
children 0-1y, and adults 1-70 y and 70+ years require 400, 6

and 800 IUs of vitamin D daily respectiveig.(70.2*® The =
Endocrine Society used a medical model to make recommen@
tions for the prevention and treatment of vitamin D de ciency"5

[25(OH)D < 20 ng/mL] and vitamin D insuf ciency [25(OH)

D of 21-29 ng/mL] and concluded that a range rather than an
absolute amount of vitamin D could be recommended for chil
dren 0-1 vy, children 1-18 y and all adults of 400-1000 IU
600-1000 IUs and 1500-2000 IUs of vitamin D daily respec
tively Fig. 70.24

Both the IOM*3and The Endocrine Sociétyoncluded that O
a circulating concentration of 25(OH)D up to 100 ng/mL was GC)
safe. They also found that most but not all of the literature sup—=
ports the concept that vitamin, [3 as effective as vitamin D 8
in maintaining circulating concentrations of 25(OF)23-221

For almost 100 y a variety of strategies have been used to tr&at
and prevent vitamin D de ciency especially in chifdféni
From 1930 through 1950s parents purchased a lamp at their Io%
pharmacy that emitted vitamin, Producing UVB radiation @)
(Fig. 79).70222.223Chijldren wearing eye protection had their arms
abdomen and legs were routinely exposed to a UV emitting lan@fi

several times a we€ig( 6).12*%In Russia children in school in

Figure 34. The conversion of 7-dehydrocholesterol to previtamin D

in an ampoule model, Type Il and Type V skin after exposing to noon
sunlight in June at Boston (42°N), Massachusetts. The data represen
means + SEM of duplicate determinations. Reproduced with permiss
from ref. 51.

wintertime were routinely exposed to a mercury arc lareg plac—
in the center of the school room that emitted UVB radiation )
t thprevent vitamin D de ciency rickeEsd. 72.24 —
on  The Sperti lamp which originally was designed with a sinD)
gle mercury arc lafip??® was commonly used in the United Q\]

States in the 1940s and 1950s to prevent rickets and child

(Fig. 7).8701% This lamp was also effective in improving the
circulating concentrations of 25(OH)D in individuals who had
cystic brosis and who were unable to absorb vitamin D from
dietary and supplemental sourEag {3A and R??"228Because

the lamp produced a lot of heat the Sperti lamp was redesigned
and the mercury arc lamp was replaced with 4 uorescent lamps
(Fig. 79 that emitted UVB radiation and produced previtamin

D, (Fig. 79.2%° This lamp was effective in raising circulating

Figure 35. Scatter plot of baseline serum 25-hydroxyvitamin D (25-OH-
D) on skin lightness (L*) score for unexposed skin, showing signi cant
positive correlation of serum 25-OH-D and L* (r2 = 0.1856). Heaney,
copyright 2006. Reproduced with permission.
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concentrations of 25(OH)D in healthy adults with skin type
and 3 Fig. 76.227:228

Tanning beds which emit UVB radiation (estimated ab
95% of tanning beds in the United States) can be a good s

s2

out
ource

of vitamin D especially for patients with malabsorption syn

dromeg?7228 A patient with Crohn’s disease and only 2 fee

t of

her small intestine remaining had severe debilitating esteoma

lacic bone discomfort. Supplementing 400 IU dietary vita
D from a multivitamin and 200 IU vitamin D from total parer

min
1

teral nutrition couldn’t correct her severe vitamin D de ciency.
Exposure to a tanning bed emitting UVB radiation was effec

nd

tive in improving her circulating concentration of 25(OH)D a .
as a result markedly improved her bone discoffiigrz{).2%° _FB
Tanners in Boston who frequented a tanning salon at least once =S
a week had robust healthy circulating concentrations of 25(0OH) @)
D on average 46 ng/mL compared with age and sex matched e
controls whose blood level on average was 24 riggnkg. "(T-)
Furthermore an evaluation of their bone mineral density revealed —
that the tanners had a signi cantly higher bone mineral density =
in their hip compared with the control grétip. Figure 36. Three-dimensional scatter plot of 4-week serum 25-hy- "5
Sensible sun exposure can also be an excellent source droxyvitami_n D response change above baseline expressed as function cC
min D for both children and aduf:233 Sensible means neve Roth of basic skin lightness (L) and UV-B dose rate. Surface is a hyper-
to be exposed to an amount of sunlight that would cause & b_oloid, plotting equation and was tted to data by least squares regres- (@)
. o . sion methods. Heaney, copyright 2006. Reproduced with permission.
burn since this is the major cause for both melanoma and"rion D
melanoma skin cané& 7 Studies conducted worldwide using .
the in vitro ampule mod&hnd measuring 25(0OH)D levels aftehan ingesting 1000 U vitamin,Dr vitamin O daily Fig. Q
quantitative UVB exposure in a tanning bed have been us@g) f6' Always protect the face Wlth a hat or sunscreen smceg
develop guidelines for sensible sun exposure based on Igpitodeles very little vitamin,@nd is most sun exposed and more )
season, time of day, altitude, and skin sensitivity, i.e., degrer® to skin damage and skin cancer from sun exgj¢¥tre. .=

O

skin pigmentatioff-46:51.66.281-233.237-25T he ryle of thumb is to be Because foods contain very little vitamin D it is dif cult
exposed to an amount of sunlight that is about 50% of whett btain enough vitamin D from dietary sources even whe
would take to cause a mild sunburn i.e., slight pinkness t@@hsuming foods forti ed with vitamin ®%%4¢ The excep
skin 24 h later (minimal erythemal dose) followed by goodtgamis indigenous populations including Inuits who consumem
protection i.e., clothing, hat and o
sunscreett:?® The “rule of nines”
helps to estimate the percentage
skin exposed to sunlight or UVB
radiation and can be used to calcu
late the amount of vitamin,Deing
produced. The face accounts for 9%
of the body surface, each arm for
9%, each leg for 18%, and the abdo
men and the back for 18% e&th.
Exposure of the whole body in
bathing suit to 0.5 MED of UVB
radiation is approximately equiva
lent to ingesting about 7000-10,000
IUs of vitamin D.?22>3 Therefore
exposing 20% of the body surfac
to an amount of sunlight equal to
0.5 MED is equivalent to ingesting
approximately 1400-2000 IUs of
vitamin D,. This is effective for all
skin types and the increase in serum
25(0OH)D attained from exposure to
UVB radiation is often more effectiv

'Cfs

of

©2013 Landes
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Figure 37. Maasai men demonstrate their muscle strength who have been reported to hav®RjD
~46 ng/ml. Holick, copyright 2013, reproduced with permission.
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Figure 38. Concentrations of 7-dehydrocholesterol (provitaminper
unit area of human epidermisK), stratum basale4) and dermis ()

regression analysis revealed slopes of 0.05, 0.06, and 0.0005 for th
epidermis (r = 0.89), stratum basale (r = 0.92), and dermis (r = 0.04
respectively. The slopes of the epidermis and stratum basale are sigr
cantly di erent from the slope of the dermis (p < 0.001). Reproduced
with permission from ref. 58.

foods with high content of vitamin D such as oily sh, seal adiwbd levels 25(OH)D above 30 ng/nilig( 80.2%° This is not

obtained from surgical speciments from donors of various ages. A linear

e

adults’ vitamin D status by encouraging them to take a vitamin
D supplementRig. 70.22:24.213

Infants should receive 400 IUs of vitamin D soon after they
are born. This has been endorsed by the American Academy
of Pediatrics, the Endocrine Society and the Institute of
Medicine?*213248However infants who are vitamin D de cient
should be aggressively treated with pharmacologic doses of vita
min D in order to build up the body stores and quickly correct
the vitamin D de ciency. The best method to treat and cu+e rick
ets is to give a total dose of 5-15 mg (200,000-600,000 1Us)
of vitamin D, or vitamin 0 orally with adequate dietary-cal
cium&24 These doses can be given safely either as a single-day
therapy or as daily doses of 2000—4000 IUs/day (50g1d)0 _FB
for 3—6 mé S

Children one year and older should receive at least 600 1L
of vitamin D daily. The Endocrine Society recommends at ledsi-
600 IUs and up to 1000 1Us daily is safe and effective to preve
vitamin D de ciency and insuf cienéylnfants and toddlers =
who received 50,000 IUs of vitaminddce a week or 2000 1Us O
of vitamin D, or vitamin 0 daily for 6 weeks corrected their "5
vitamin D de ciency without any untoward side effeé€s’ A
study done in the young Lebanese girls who received 14,000 Igs
of vitamin D weekly for one year were able to maintain thei
blood level of 25(0OH)D in what is considered to be a health
physiologic range above 30 ngAfiL. .

The Endocrine Society recommends that all adults receifd)

i~ 1500—2000 IUs of vitamin D datfyA study in healthy adults

in Boston who had a baseline serum concentration of 25(OH)
~18 ng/mL in the winter revealed that ingesting 1000 IUs-of vita—
min D, or vitamin O was ineffective in raising and maintaining N

whale blubber and polar bear I#%&t" Therefore it is neces at all unexpected since it is documented that for every 100 ILQ
sary without adequate sun exposure to improve childrensofarithmin D ingested the circulating concentration of 25(OH)Dm

increases by approximately 0.6—1.0 ngfmit.. N
Because vitamin D is fat soluble upon its @)
ingestion or production in the skin vitamin =

D, gets incorporated into the body fat and is C
also transported to the liver to be converted (O
to 25(0H)D227317117% Ag g result to treat —
vitamin D de ciency and prevent recurrence,
vitamin D can be given daily, weekly and «
even monthly with the same outcome i.e..,O
improvement in circulating concentrations of C\J
25(0OH)D.2* One strategy that is effective to
quickly Il up the empty vitamin D tank is to

give 50,000 IUs of vitamin,@r 50,000 IUs

of vitamin D, once a week for 8 weékJ his

is equivalent to ingesting approximately 6600
IUs of vitamin D daily?® To prevent recur

rence of vitamin D de ciency patients have
been instructed to take 50,000 IUs of-vita
min D, (equivalent to 3300 IUs of vitamin D
daily) once every 2 weeks forever. This strat
egy has been effective in maintaining blood

levels of 25(OH)D in the range of 40-60

exposed to UV radiation. Reproduced with permission from ref. 59.

Figure 39. Circulating concentrations of vitamin D in healthy young and elderly wateers ng/mL for up to 6y without any toxicity
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(Fig. 8).%° Other strategies that have been equally effective
have been to take 50,000 IUs of vitamin D daily for several days
followed by maintenance therapy. Patients who have a BMI| >
30 often need 3-5 times as much vitamin D to both treat and
prevent recurrence of vitamin D de ciettd3atients with mal
absorption syndromes or who have had gastric bypass surgery
may require 50,000 IUs of vitamin D at least up to 7 times|a
week?? Monitoring serum levels of 25(OH)D is important to
prevent toxicity. Patients on glucocorticoids, antirsaizedi
cations and AIDS medications may also need more vitamin D to
both treat and prevent vitamin D de ciefciatients however
with granulomatous disorders such as sarcoidosis have a hyper
sensitivity to vitamin D because of the uncontrolled conversion
of 25(OH)D to 1,25(0OH)D by activated macrophages within
the granulomas. This can also occur in patients with some

lymphomag?24

&RQFHUQ DERXW 9LWDPLQ ' ,Q

Vitamin D intoxication is one of the rarest medical conditi

Figure 40. Comparison of serum vitamin Devels after a whole-body
exposure (in a bathing suit; bikini for women) to 1 MED (minimal
erythemal dose) of simulated sunlight compared with a single oral
dose of either 10,000 or 25,000 IU of vitamin Eolick, copyright 2004.
Reproduced with permission.

and is often caused by inadvertent or intentional ingesti

extremely high doses of vitamin D for prolonged periods of time.

Vitamin D intoxication is associated with hypercalcemia; hyper
phosphatemia, suppression of PTH that can lead to nephrocal
cinosis and soft tissue calci cation especially of blood vessels.
Usually vitamin D intoxication is not observed until a 25(0OH)
D > 200 ng/mL254-256

No matter how much sun exposure a person has this will never
cause vitamin D intoxication because sunlight itself destroys any
excess vitamin D and previtamiffDHowever there are several
reports in adults that ingesting up to 1 million 1Us of vitamgin D
daily for several months can raise blood levels of 25(OH)D > 500
ng/mL which was associated with hypercalcemia in the range
of 15 mg/dL. Often simply removing all sources of vitamin D
along with hydration can result in the serum calcium returning
to normal within a relatively short period of time and with no
sequela®&®%7A recent report of a 3 mo old inadvertently receiv
ing 14,000 IUs of vitamin [aaily for 20 d (i.e., total of 280,000
IUs of vitamin D) and achieving a circulating concentration
of 25(0OH)D of 425 ng/mL with suppression of PTH demon
strated no signi cant change in either the infant’'s serdontalc
or phosphorus level and no change in kidney function demon
strates that short-term high doses of vitamin D resulting in very
high serum concentrations of 25(OH)D > 400 ng/mL was well
tolerated even in infari®8 Even pregnant women who received

Figure 41. Production of previtamin Dand serum level of 25(OH)D af-
ter the exposure of 7-DHC solution in ampoules and human voluntee
to a tanning bed lamp.A) Ampoules containing 7-DHC were placed
and exposed to a tanning bed lamp. At various times, an ampoule wa
removed and the conversion of 7-DHC to previtamin) Was measured
by HPLC.R) Healthy young adults were exposed to 0.75 MED in a tan-
ning bed three times a week for 7 weeks. Circulating concentrations of
25(0OH)D were determined at baseline and once a week thereaf@rA(
healthy 76-y-old man was exposed to tanning bed radiation equivalent
to 0.75 MED three times a week for 7 weeks. His circulating concentra
tions of 25(0OH)D were obtained at weekly intervals. Holick copyright
2007, reproduced with permission.
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Figure 42. The UVB lamps and residents in a day room of a nursing home. Reproduced withiggtomfrom ref. 60. G)
O

It is prolonged intake of extremely high dosesg
of vitamin D for at least several months that. —
not only markedly increases the circulatingm

concentrations of 25(OH)D > 200 ng/mL
but also results in hypercalcemia, hyperphos Q)
phatemia and if untreated can lead to kidney 5
failure, soft tissue calci cation and ultimately C
death?2:260

-

&RQFOXVLRQ DQG 3HUVSCI7|)F\

Our ancestors routinely worshiped the sunQ
for its life giving propertie§i¢. 82.261262 @\
It is curious that some of the earliest photo
synthetic life forms for more than 500-mil

lion years have been producing vitamin D
and that throughout evolution most verte
brates including humans have depended on
sun exposure for their skeletal hé&lthhe

driver for the evolution of hypopigmented
Figure 43. Mean (£ 1 sd) 25(OH) vitamin D values pre-irradiation, 12—24 weeks an®56—7 humans i.e., Caucasians is Iikely due to the

weeks after irradiation in 7 subjects with abnormal baseline values (< 2®lAin Reproduced need to have more vitamin D producing solar
with permission from ref. 60.

UVB radiation to penetrate into the skin to
produce vitamin D Females born with vita
4000 IU vitamin D/day through their pregnancy showed min D de ciency and suffering from infantile rickets resulted
change in either serum calcium or urinary calcium seéfetiom them having a at pelvis and a small pelvic outlet. These
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females although fertile would have
had a dif cult time, if not impes
sible, to give vaginal birth resulting
in both maternal and fetal de#t#.
Indeed it was because of the vitamin
D de ciency pandemic in late 1800s
that Cesarean sectioning became
common practice for the delivery of
healthy children of mothers who had
suffered from vitamin D de ciency
in utero and during their rst few
years of lifé*% Vitamin D de-
ciency in pregnhant women today |s
still associated with a 400% increase
in the predicted probability for &
Cesarean sectidrig. 83.>

It is remarkable that for more
than 100 y investigators have been
reporting an inverse association with
latitude and many chronic illnesses
including common cancéps sev Figure 44. Geometric mean (95% CI) monthly variation in serum 25-hydroxyvita@i[25(OH)D]
eral autoimmune diseases includil concentrations in men ('; n = 3725) and women®(; n = 3712) in the 1958 British birth cohort at age 45
e e o e el i oo 1 ot oo S0 ot e
sighst*¥as well as hypertensiin. both sexes inpDecember 2002 (n = 49110 M, 37 F), January 2004 (n = 95 M, 75 F), February 2004,(7G= 58 M

In addition th_e revelation that _eX_pO F), and March 2004 (n = 22 M, 17 F). Reproduced with permission from ref. 61.
sure to sunlight or UV radiatio

could cure and prevent rick&tded
to the widespread recommendation by health regulators-and g@&learly the paranoia about food forti cation with vitamin D -
ernment agencies to encourage sensible sun exposurejiiie., eausing toxicity needs to be reconsidered in light of obssrvati. —
of sun that would be bene cial for producing vitamin D atithat infants who consumed 2000 IU vitamin D per day during
reducing risk for rickets while preventing sunburfiggg). their rstyear of life not only did not have any evidence of toxicitxg
The global appreciation of the bene cial effects of vitamibud for the ensuing 31 y markedly decreased their risk for type
for health lead to widespread vitamin D forti cation throughaliabete¥’
Europe and the United States in the 1930s-1940s. Not only milln the 1970s sunscreens were rst introduced as a way
but hot dogs, soda, custard, bread, cereals and even beer wasdgfeetit sunburning. The sunscreens contained UVB absorbirg)
ed with vitamin D Fig. 9. Schlitz even promoted their vitaminhemicals such as paraaminobezoic acid because it was beligged
D forti ed beer in the winter with the slogan “if you want to keéfat only UVB radiation damaged the skin and caused ski@—
sunny energy all winter long drink vitamin D forti ed Schlitz beegncer. It is now realized that UVA radiation not only alter<D
(Fig. 84. They may have been correct now with the revelatim immune system making it more immunotolerant but alse—
that vitamin D de ciency was associated with depression, seasomglses risk for non-melanoma and melanoma skin canc
affective disorder and neurocognitive dysfurigtighz°220221  Over the past four decades with very little thought as to-its cog—
Unfortunately in the early 1950s the outbreak of hypercadeguences, several national and international health erganiZg
mia in British infants, who also had birth defects which inclutieas have condemned any direct sun exposure. The Ameri@{
altered facial features, mental retardation, and heart pralslemacademy of Dermatology has taken the extreme position of r@
incorrectly attributed to be over forti cation of milk with vitamiommending that no one should ever be exposed to direct sunlight
D since it was believed that these were signs of vitamin D intdtkiout sun protection. This radical view of sunlight and UVB
cation?>22The more likely explanation is that these children hadiation has led to its designation as a carcinogen. To suggest
a syndrome which is associated with a hypersensitivity to vitduaii one should never be exposed to sunlight because excessive
D causing hypercalcemia and also with an el n appearancexgasure to sunlight is linked to an increased risk for nen-mela
heart problen®.However because this “outbreak” was associabeta skin cancer is like suggesting that because breathing 100%
with infants who had birth defects and mental retardation lexygien can cause lung damage and death, that no one should
were quickly passed forbidding the forti cation of not only fobdsath an atmosphere that contains 20% oxygen.
but any consumer product including skin cream with vitamin DThe lack of appreciation of the importance of sensible sun
This legislation was quickly adopted in most European courgkpesure for providing children and adults with their vitamin
and was used as a reason by other countries not to fortifyDmibquirement has led to a worldwide vitamin D de ciency
with vitamin D. pandemié?”® In the United States the Center for Disease
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Figure 45. (A) Seasonal uctuation of
serum 25(OH)D in healthy perimero
pausal Danish women and relationship
between hours of sunshine and serum
25(0OH)D.B) Seasonal uctuation of se-
rum 25(OH)D according to frequency of
sun exposure. , regular sun exposure;
§ occasional sun exposurds, avoiding
direct sun exposure. Reproduced with
permission from ref. 173.

andes Bioscience. Do not distribute.

Control and Prevention (CDC) reportedMore than 90% of the healthcare profe® consider not only increasing programs—
that 32% of children and adults have aionals in India were found to be vitamiior food forti cation not only of dairy
circulating concentration of 25(OH) D de cient. products but also juice products, our,
D < 20 ng/mL. Reports from Mexico, The CDC concluded that vitamin Dand other commonly used food sources.
South America, Europe, Asia, Indiale ciency is becoming more prevalent irhere is no downside to increasing vita Q\J
and even Africa suggest that more thahe US because of obesity, decrease inntive D intake and there could be a-sub
50% of the world population is at riskconsumption of vitamin D forti ed milk stantial upside, i.e., improvement not

for vitamin D de cienc$?2%>2¢6Even in and increased sun protecfisnThus a only of musculoskeletal health but overall
Australia, the skin cancer capital of thiaree-part strategy should be employkdalth and welfare. It has been estimated
world, it is now recognized that the slipworldwide to prevent vitamin D de that as much as 25% of health care dol
slap, slop message has led to more th@ency and its many negative health cdars could be saved just by improving the
40% of the population being vitaminsequencefki@. 89. Sensible sun exposureorld’s vitamin D status.

D de cient2%268 Even the Australian which is free, eating foods that naturally

Dermatology Society now recommendsontain vitamin D or are forti ed with Acknowledgments

sensible sun exposure as a source-of witamin D as well as taking a vitamin Dhis work was supported in part by
min D. A study of Australian dermatolo supplement should guarantee vitamin the National Institutes of Health

gists at the end of the summer revealsdf ciency??¢ A global strategy to reduce

that 87% had a 25(OH)D < 20 ng/nmif®.  the risk of vitamin D de ciency should be
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Figure 60. Metabolism of 25-hydroxyvitamin D [25(OH)D] to 1,25-dihydroxywiia D 1,25(OHP for non-skeletal functions. When a monocyte/mac-
rophage is stimulated through its toll-like receptor 2/1 (TLR2/1) by an itifecagent such as Mycobacterium tuberculosis (TB), or its lipopolyisacc
ride (LPS) the signal upregulates the expression of vitamin D receptor \\dB&Rthe 25-hydroxyvitamin D-1-hydroxylase (1-OHase). 25(OH)&lde>
30 ng/mL provides adequate substrate for the 1-OHase to convert it to 1,25{@H)25(OHP returns to the nucleus where it increases the expressi
of cathelicidin which is a peptide capable of promoting innate immunity andlucing the destruction of infective agents such as TB. It is also likely
that the 1,25(OHP produced in the monocytes/macrophage is released to act locally on actigatgAT) and activated B (AB) lymphocytes which
regulate cytokine and immunoglobulin synthesis respectively. Wher{@Bl)D levels are ~30 ng/mL, it reduces risk of many common cariéétt is
believed that the local production of 1,25(O}) in the breast, colon, prostate, and other cells regulates a variety of gendsctivarol proliferation.
Once 1,25(0HD completes the task of maintaining normal cellular proliferation andesientiation, it induces the 25-hydroxyvitamin D-24-hydrox-
ylase (24-OHase). The 24-OHase enhances the metabolism of 1,2B(@ttalcitroic acid which is biologically inert. Thus, the local produntaf
1,25(OHD does not enter the circulation and has no in uence on calcium metabolism. Theaghyroid glands have 1-OHase activity and the local
production of 1,25(OHP inhibits the expression and synthesis of PTH. The production of 1,25B0Hhe kidney enters the circulation and is able to
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Figure 62. Age-standardized incidence rates of type 1 diabetes per 100,000 boys <14 ydage, by latitude, in 51 regions worldwide, 2002. Data
points are shown by dots; names shown adjacent to the dots denote location, ietspace allows. Where space was limited, numerical codes (belo
designate location. Source: data from WHO DiaMond [3]. Lux., LuxemboungeNcal codes for areas: 2. Beja, Tunisia; 3. Gafsa, Tunisia; 4. Kairoz
Tunisia; 5. Monastir, Tunisia; 7. Mauritius; 8. Wuhan, China; 9. Siclmiraay, 10. Huhehot, China; 16. Nanjing, China; 17. Jinan, China; 21nHahima;
23. Changsha, China; 25. Hainan, China; 29. Hong Kong, China; 313&r&#iba, Japan; 33. Hokkaido, Japan; 34. Okinawa, Japan; 36. Nekpsibi
Russia; 38. Antwerp, Belgium; 39. Varna, Bulgaria; 40. Denmarkad8e4. Baden, Germany; 45. Attica, Greece; 48. Sicily, Italy;i49.1taby 50.
Marche, Italy; 52. Lazio, Italy; 59. Krakow, Poland; 61. AlgarvegBbi&2. Coimbra, Portugal; 63. Madeira Island, Portugal; 64. Bgr&lPortugal; 65.
Bucharest, Romania; 67. Slovakia; 68. Catalonia, Spain; 71. LesbasteUK; 72. Northern Ireland, UK; 77. Allegheny, PA, USA; 80nédallargen-
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Figure 63. Incidence rate of type 1 diabetes diagnosed at or before 14 y of age in FinlandoBeped with permission from ref. 271.

Chemistry 2013; 13:70-82.

Figure 64. Variation in in ammatory bowel disease incidence rates with degreestlate from
the equator. A) Variation in Crohn'’s disease incidence rates. R2 = 0.62, p = 0.@)02r(ation in
ulcerative colitis incidence rates. R2 = 0.38, p = 0.011. Reproduced withipsion from ref. 138.
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Figure 65. This gure illustrates the geographic variation in rheumatoid arthritisk and shows a clear North-South gradient. Odds ratios are relati
to the whole study area A) Adjusted, optimal span of 0.55 (global p = 0.034); contour lines denote areagmifcantly increased (red) and decreased
(blue) risk at the 0.05 leveB) Adjusted, span of 0.20. Small span size results in more spatial variatikirResults for addresses at time of censorin
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Figure 66. Relationship of prevalence of hypertension to distance north or south of the &qu
Labeled open boxes represent non-INTERSALT centers; solid boxesTERBALT centers. Broke
lines represent 95% con dence limits. Regression line and con derinits are derived from
INTERSALT centers only.
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Figure 67. E ect of UV irradiation on ambulatory daytime and night-time blood preses was
non-signi cant. Thick line represents the mean. Reproduced with pession from ref. 160.
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Figure 68. 1,25(0HPD, prevents foam cell formation. Macrophages stained with Oil RedXpDabetic subjects (group A). Top, 1,25(Cljreated
cells; bottom, vitamin D—de cient cells. Arrowheads indicate foam cel). Cholesteryl ester formation in macrophages from diabetics (group A) in
cubated in vitamin D-de cient (black bars) or 1,25(QB)-supplemented (white bars) media or in macrophages from nondiabeti¢ariin D-de cient
nondiabetic controls (group C) (n = 8 per group) incubated in vitamin D-deict (gray bars) or 1,25(0Of),-supplemented (white bars) media (*p <
0.01 vs. vitamin D de cient)Q) Oil Red O stainDj Cholesterol.E) Triglycerides from peritoneal macrophages from LDRnice fed vitamin D-de -
cient or -su cient high-fat diet (n = 5 per group) (*p < 0.05 vs. vitamin D de cignReproduced with permission from ref. 187.
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Figure 69. Association between latitude and schizophrenia prevalence on seveontinents. Reproduced with permission from ref. 189.
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Figure 70. Recommendations of the Institute of Medicine and the Endocrine Societgfta Guidelines for daily vitamin D supplementation to pre-
vent vitamin D de ciency. Reproduced with permission from ref. 24.
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Figure 71. Various UVB lamps including Sperti and Sun Kraft used for vitamin D prémtueind rickets prevention. Holick, copyright 2013. Repro-
duced with permission.

Figure 72. Russian children who are being exposed to UVB radiation.
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Figure 73. (A) Mean (SEM) serum levels of 25(OH)vitamin D in patients with cystic brtsiated
with UVB @) (n = 9), and non-treated CF patients as contrd (n = 14) at baseline and after 8,
16 and 24 weeks. There were signi cant di erences between the groups atialkt points except
at baseline (ANOVA, p < 0.000B) Mean (+ SEM) serum 25-hydroxyvitamin D concentration (n
mL) before and after 8 weeks of UV light to cystic brosis (CF) subjects. Serumdbxyywitamin
D [25(OH)D] levels in the ve CF subjects at baseline were 21 + 3 ng/ml, whichasedeto 27 + 4
ng/ml at the end of 8 weeks (p = 0.05). Reproduced with permission from ref. 227.
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Figure 74. Photograph of a current version of the Sperti lamp with four uorescent lasapiolick,
copyright 2013. Reproduced with permission.

Figure 75. (A) The Sperti KBD D/UV-F lamp
irradiance output overlaps with UV wave
lengths necessary for cutaneous vitamin, D
production (290-315 nm).B) Relationship
between UV irradiation time and conversion
of 7-DHC to previtamin D lumisterol, and
tachysterol in borosilicate glass ampoules
containing 7-DHC. Conversion of 7-DHC to
previtamin D, in a type Il human skin sample
is represented by the open circle. Repro-
duced with permission from ref. 229.
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Figure 76. (A) Mean change in serum 25(OH)Rvels (ng/mL) compared with baseline among th
ve subjects during the study, error bars represent standard deviati¢*) denotes p < 0.01 and
(**) denotes p < 0.005 compared with baseline serum 25(0OfB) Changes in serum 25(0OH)D
(ng/mL) in each individual subject compared with baseline. Reproddegth permission from ref.
229.
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Figure 77. Serum 25(0OH)D, PTH and calcium levels in a patient with Crohn’s disease who had
whole-body UVB exposure for 10 min 3 times a week for 6 mo. Reproduced with psionisrom
ref. 230.
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Figure 78. Mean (+ SEM) serum 25-hydroxyvitamin D concentrations in tanners andarorers.
Single points for each category are means + SEMS. *Signi cantly di ereminfnontanners, p <
0.001. Reproduced with permission from ref. 231.

Figure 79. Comparison of the percentage increase in serum 25(OH)D levels of healthiysad
who were in a bathing suit and exposed to suberythemal doses (0.5 MED) of UV Bigadia
once a week for 3 mo with healthy adults who received either 1000 IU of vitamiarf2000 IU of
vitamin D, daily during the winter and early spring for a period of 11 weeks. Fifty percecrieiase
represented approximately 10 ng/ml from baseline 18 + 3 to 28 + 4 ng/ml. Skin type isdas
the Fitzpatrick scale: Type Il always burns, sometimes tans; type Il always, always tans; type
IV sometimes burns, always tans; type V never burns, always tans. Data are means HdHER
copyright 2008. Reproduced with permission.
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Figure 80. Mean (+ SEM) serum 25(OH)D levels after oral administration of vitapamdor
vitamin D,. Healthy adults recruited at the end of the winter received placeli = 14), 1000 U
vitamin D, (D,, ~; n = 20), 1000 IU vitamin,{D,, A n =16), or 500 IU vitamin,@nd 500 IU vita-

min D, [D, and O, Q n = 18) daily for 11 weeks. The total 25(OH)D levels are demonstrated ove

time. *, p = 0.027 comparing 25(0OH)D over time between vitamirabd placebo; **, p = 0.041
comparing 25(0OH)D over time between 500 IU vitamingus 500 IU vitamin Pand placebo;
***, p = 0.023 comparing 25(0OH)D over time between vitaminadd placebo. Reproduced with
permission from ref. 215.
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Figure 81. Mean serum 25-hydroxyvitamin D (25[OH]D) and calcium levels. Res@ltgigen

as mean (SEM) values averaged over 6-mo intervals. Time 0 is initiation ah&eat(A) Mean
25(0OH)D levels in all patients treated with 50,000 IU of ergocalcifertadrfun D,) every 2 weeks
(maintenance therapy, n = 86). Forty-one of the patients were vitamin D insient or de cient
and rst received 50,000-1U ergocalciferol weekly for 8 weeks beforebgilaced on mainte-
nance therapy of 50,000 IU of ergocalciferol every 2 weeks. The mean 25(@¥f each 6-mo
interval was compared with initial mean 25(OH)D level and showed a sigamtcdi erence of p <
0.001 for all time points. To convert 25(0OH)D to nanomoles per liter, myltyyl 2.496.8) Mean
serum 25(OH)D levels in patients receiving maintenance therapy onlgr&@hwvere 38 patients who
were vitamin D insu cient (25[OH]D levels < 21-29 ng/mL and 7 patients who weitamin D suf-
cient (25[OH]D levels 30 ng/mL) who were treated only with maintenance th@saof 50,000 |U
of ergocalciferol (vitamin [) every 2 weeks. The mean 25(0OH)D levels in each 6-mo interval wi
compared with mean initial 25(OH)D levels and showed a signi cant di e of p < 0.001 for

all time points up to 48 mo. The data for interval months 60 and 72 were pooled, and thase w
a signi cant di erence of p < 0.01 compared with the baseline valu€) Serum calcium levels.
Results for all 86 patients who were treated with 50,000 IU of ergocaldifeitamin D). The refer-
ence range for serum calcium level is 8.5 to 10.2 mg/dL (to convert to millimolesiteermultiply
by 0.25). Reproduced with permission from ref. 252.
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Figure 82. Egyptian painting showing the pharao and the queen being exposed to sunghin
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Figure 83. This graph shows the association between mother’s increasing 25(O&#)él In
nmol/L, and decreasing predicted probability of having a Cesarean &ecvs. vaginal delivery,
with a quadratically t line. The predicted probabilities of Cesarearcgen are derived from a
multivariate logistic regression model controlling for mother’s ageducation, insurance status,
and race. Additionally, the model controls for reporting ever drinkinig@hol during pregnancy,
as this was statistically signi cant in univariate analysis and remainetistically signi cant at the
p < 0.05 level in multivariate analysis. Reproduced with permission from #ef. 5
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Figure 84. Schlitz Beer advertisement with the slogan “keep sunny energy all wintagldrink vitamin D forti ed Schlitz beer” from 1936.
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Figure 85. A Schematic representation of the major causes for vitamin D de ciencgt potential health consequences. Holick, copyright 2007. Rep
duced with permission.
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