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High Prevalence of Vitamin D Inadequacy and Implications for Health

MicHaeL F. Houick, PiD, MD

During the past decade, major advances have been made in
vitamin D research that transcend the simple concept that vita-
min D is important for the prevention of rickets in children and has
little physiologic relevance for adults. Inadequate vitamin D, in
addition to causing rickets, prevents children from attaining their
genetically programmed peak bone mass, contributes to and
exacerbates osteoporosis in adults, and causes the often painful
bone disease osteomalacia. Adequate vitamin D is also important
for proper muscle functioning, and controversial evidence sug-
gests it may help prevent type 1 diabetes mellitus, hypertension,
and many common cancers. Vitamin D inadequacy has been
reported in approximately 36% of otherwise healthy young adults
and up to 57% of general medicine inpatients in the United States
and in even higher percentages in Europe. Recent epidemiological
data document the high prevalence of vitamin D inadequacy
among elderly patients and especially among patients with os-
teoporosis. Factors such as low sunlight exposure, age-related
decreases in cutaneous synthesis, and diets low in vitamin D
contribute to the high prevalence of vitamin D inadequacy. Vita-
min D production from cutaneous synthesis or intake from the few
vitamin D-rich or enriched foods typically occurs only intermit-
tently. Supplemental doses of vitamin D and sensible sun expo-
sure could prevent deficiency in most of the general population.
The purposes of this article are to examine the prevalence of
vitamin D inadequacy and to review the potential implications for
skeletal and extraskeletal health.
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1a(OH)D, = la-hydroxyvitamin D,; 1,25(0H),D = 1,25-dihydroxyvitamin
D; 25(0H)D = 25-hydroxyvitamin D; BMD = bone mineral density; PTH =
parathyroid hormone; RCT = randomized controlled trial; RECORD =
Record Evaluation of Calcium or Vitamin D; VDR = vitamin D receptor

:) uring the past decade, important advances in the st
of vitamin D have been made. In addition to its impo
tant role in skeletal development and maintenance, €
dence is mounting that vitamin D produces beneficial &
fects on extraskeletal tissues and that the amounts neg
for optimal health are probably higher than previous
thought! At the same time, numerous reports have sho
that relatively high proportions of people have inadequg

levels of vitamin D. The extraskeletal health benefits of
vitamin D and high prevalence of inadequate levels of
vitamin D have been largely unrecognized by both physi-
cians and patientsThe purposes of this review article are
to examine the prevalence of vitamin D inadequacy as
defined by low serum 25-hydroxyvitamin D (25[OH]D),
the major circulating form of vitamin D and standard indi-
cator of vitamin D status, and to review the potential impli-
cations on both skeletal and extraskeletal health.

SOURCES OF VITAMIN D

Solar UV-B (wavelengths of 290-315 nm) irradiation is the
primary source of vitamin D (other than diet supplements)
for most peoplé=*Dietary sources of vitamin D are lim-
ited. They include oily fish such as salmon (approximately
400 IU per 3.5 0z), mackerel, and sardines; some fish oils
such as cod liver oil (400 IU/tsp); and

egg yolks (approximately 20 IU){ gor editorial
Some foods are fortified in the United comment
States, including milk (100 IU per 8 0z) see page 297

and some cereals (100 IU per serving),

orange juice (100 IU per 8 0z), some yogurts (100 IU per
serving), and margarirfé.Milk is not vitamin D enriched

in most European countries; however, margarine and some
cereals are. There are 2 forms of vitamin D. Vitamin D
(ergocalciferol) comes from irradiation of the yeast and
Ldyplant sterol ergosterol, and vitamin {@holecalciferol) is

r- found in oily fish and cod liver oil and is made in the skin.
vi-Vitamin D represents vitamin 2and vitamin D.

>f-  Vitamin D from cutaneous synthesis or dietary sources
detypically occurs only intermittently. Irregular intake of vi-

y tamin D, irrespective of the source, can lead to chronic
vnvitamin D inadequacy. This condition has been reported
ite across all age groups, geographic regions, and se@d$ons.
Enhancing vitamin D levels by taking supplements is usu-
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ally necessary to achieve the minimum recommended daily
intakes; however, compliance is often problematic. In par-
ticular, some groups who may be at high risk of vitamin D
inadequacy often do not follow regular daily dosing guide-
lines. Adherence to vitamin D supplementation recommen-
dations is low among elderly patients with osteoporosis.
One study showed that, despite receiving counseling on the
importance of vitamin D and calcium supplementation,
76% of elderly patients with hip fractures did not comply
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with recommendation.This is not surprising given that
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FIGURE 1. Cutaneous production of vitamin D and its metabolism and regulation for calcium homeosta-
sis and cellular growth. 7-Dehydrocholesterol or provitamin D, (proD,) in the skin absorbs solar UV-B
radiation and is converted to previtamin D, (preD,). D, undergoes thermally induced (AH) transformation
to vitamin D,. Vitamin D from the diet or from the skin is metabolized in the liver by the vitamin D-25-
hydroxylase to 25-hydroxyvitamin D, (25[OH]D,). 25(0H)D, is converted in the kidney by the 25(0H)D_-1a-
hydroxylase to 1,25-dihydroxyvitamin D, [1,25(0H),D,]. A variety of factors, including serum phosphorus
(PO%) and parathyroid hormone (PTH), regulate the renal production of 1,25(0H),D,. 1,25(0H),D reg-
ulates calcium metabolism through its interaction with its major target tissues, the bone and the
intestine. From Osteoporos Int,?* with permission from Springer Science and Business Media.

compliance declines as the number of medications in-D, from the skin and vitamin D from the diet undergo 2
creases, and elderly patients often take many medicationssequential hydroxylations, first in the liver to 25(OH)D
Similarly, achieving adequate vitamin D intake through and then in the kidney to its biologically active form, 1,25-
milk consumption is unreliable among elderly patients be- dihydroxyvitamin D (1,25[OHP) (Figure 1). Excessive
cause of the high prevalence of lactose intolerance amongsolar UV-B irradiation will not cause vitamin D intoxica-
this population and the often low levels of vitamin D in the tion because excess vitamin, Bnd previtamin D are
milk supply® photolyzed to biologically inactive photoprodu&t’??
Melanin skin pigmentation is an effective natural sun-
screen, and ineased skin pigment can greatly reduce UV-
B-mediated cutaneous synthesis of vitamirb{pas much
as 99%, similar to applying a sunscreen with a sun protection

VITAMIN D PHOTOBIOCHEMISTRY, METABOLISM,
AND FUNCTIONS

UV-B irradiation of skin triggers photolysis of 7-dehydro-
cholesterol (provitamin [) to previtamin Qin the plasma
membrane of human skin keratinocyt&®¥.0Once formed
in the skin, cell plasma membrane previtamjnisDapidly
converted to vitamin Doy the skin's temperature. Vitamin
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factor of 15%32*Keratinocytes are also capable of hydroxy-
lating 25(OH)D to produce 1,25(0}).? The 1,25(OH)D
(from keratinocyte or renal sources) may regulate keratino-
cyte differentiation, melanocyte apoptosis, and melanin
productior?®?” and this may be another mechanism for
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regulating the cutaneous synthesis of vitamjrbjpnega- and the benchmark high-performance liquid chromatogra-
tive feedback. phy assay?and liquid chromatography mass spectroscopy
The 1,25(CHD ligand binds with high affinity to the  assay$? The chemiluminescence protein-binding assay
vitamin D receptor (VDR) and triggers an increase in intes- and the radioimmunoassay are most commonly used to
tinal absorption of both calcium and phosphorus. In addi- determine patient vitamin D status. Recent reports have
tion, vitamin D is involved in bone formation, resorption, raised concerns about the degree of variability between
and mineralization and in maintaining neuromuscular func- assays and between laboratories, even when using the same
tion*3 (Figure 1). Circulating 1,25(0OH) reduces serum  assay”* Although reliable and consistent evaluation of
parathyroid hormone (PTH) levels directly by decreasing serum 25(OH)D levels remains an issue, reliable laborato-
parathyroid gland activity and indirectly by increasing se- ries currently exist, and efforts are in progress to improve
rum calcium. The 1,25(OHD) regulates bone metabolism and standardize assays to enhance accuracy and reproduc-
in part by interacting with the VDR in osteoblasts to release ibility at other laboratorie¥®:233
biochemical signals, leading to formation of mature osteo-  As noted previously, vitamin D plays a central role in
clasts. The osteoclasts release collagenases and hydrochlgalcium and phosphorus homeostasis and skeletal health.
ric acid to dissolve the matrix and mineral, releasing cal- Since impaired calcium metabolism due to low serum
cium into the blood:3# 25(0OH)D levels triggers secondary hyperparathyroidism,
When vitamin D levels are inadequate, calcium and increased bone turnover, and progressive bone-ib%s,
phosphorus homeostasis becomes impaired. Vitamin D isthe optimal range of circulating 25(OH)D for skeletal
primarily responsible for regulating the efficiency of intes- health has been proposed as the range that reduces PTH
tinal calcium absorption. In a low vitamin D state, the small levels to a minimumt**and calcium absorption is maxi-
intestine can absorb approximately 10% to 15% of dietary mal?® Several studies have shown that PTH levels pla-
calcium. When vitamin D levels are adequate, intestinal teau to a minimum steady-state level as serum 25(OH)D
absorption of dietary calcium more than doubles, rising to levels approach and rise above approximately 30 ng/mL
approximately 30% to 409%:*% Thus, when vitamin D (75 nmol/Ly=°%3¢(Figure 2, left).
levels (25[OH]D) are low, calcium absorption is insuffi-
cient to satisfy the calcium requirements not only for bone
health but also for most metabolic functions and neuromus-
cular activity. The body responds by increasing the produc-Vitamin D inadequacy constitutes a largely unrecognized
tion and release of PTH into the circulation (Figure 1). The epidemic in many populations worldwiéf’ It has been
increase in PTH restores calcium homeostasis by increasfreported in healthy childref?***4%young adults®***°es-
ing tubular reabsorption of calcium in the kidney, increas- pecially African Americang424%%and middle-aged and
ing bone calcium mobilization from the bone, and enhanc- elderly adultg;1214.363740.43-49.51- 5y hically, the prevalence
ing the production of 1,25(0OH).*? of low 25(OH)D levels (<20 ng/mL [50 nmol/L]) is ap-
proximately 36% in otherwise healthy young adults aged
18 to 29 year® 42% in black women aged 15 to 49 yedrs,
41% in outpatients aged 49 to 83 yeamgp to 57% in
Serum 25(0OH)D is the major circulating metabolite of general medicine inpatients in the United Stétaad even
vitamin D and reflects vitamin D inputs from cutaneous higher in Europe (28%-100% of healthy and 70%-100% of
synthesis and dietary intake. The serum 25(OH)D level is hospitalized adults:>55®
the standard clinical measure of vitamin D statdl- Vitamin D inadequacy is particularly common among
though 1,25(0OHP is the active form of vitamin D, it  patients with osteoporosis (Table 1). A recent systematic
should not be measured to determine vitamin D status. Itreview by Gaugris et &lconcluded that the prevalence of
usually is normal or even elevated in patients with vitamin inadequate 25(OH)D levels appears to be high in post-
D deficiency**#Testing of serum 25(OH)D is most useful menopausal women and especially those with osteoporosis
in patients who are at risk of vitamin D deficiency, includ- and a history of fracture. This review, which included 30
ing elderly patients, infirm patients, children and adults studies published between January 1994 and April 2004,
with increased skin pigmentation, patients with fat malab- examined the prevalence of vitamin D inadequacy reported
sorption syndromes, and patients with osteoporosis. Thisas serum 25(OH)D levels below various values. The results
measurement is also useful for purposes of planning orof a recent cross-sectional, observational study conducted
monitoring vitamin D therapy. Clinical assays of 25(OH)D at 61 sites across North America showed that 52% of
include the Nichols Advantage Assay (chemiluminescence postmenopausal women receiving therapy for osteoporosis
protein-binding assay, the DiaSorin radioimmunoassay, had 25(OH)D levels of less than 30 ng/mL (75 nmoifL).

EPIDEMIOLOGY OF VITAMIN D INADEQUACY

ASSESSMENT OF VITAMIN D STATUS

Mayo Clin Proc. « March 2006;81(3):353-373 + www.mayoclinicproceedings.com 355
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FIGURE 2. Left, Relationship between serum 25-hydroxyvitamin D (25[0OH]D) concentrations and mean = SE (error bars) serum concentrations
of parathyroid hormone in patients with osteoporosis receiving treatment. Right, Percentage of subjects with secondary hyperparathyroidism by
25(0OH)D level. The percentage of subjects with secondary hyperparathyroidism (parathyroid hormone level >40 pg/mL) sorted by subgroups
with serum 25(0H)D concentrations delineated by predefined cutoffs for analyses of 25(0H)D inadequacy. Left and right, From J Endocrinol
Metab,*° with permission from The Endocrine Society, Copyright 2005.

The high prevalence of vitamin D inadequacy in that study higher proportion (84%) of elderly black adults in Boston,
was consistent across all age groups and North AmericarMass, had serum 25(OH)D levels less than 20 ng/mL (50
geographic regions studi€dThe prevalence of very low nmol/L)2 Even children are at risk. A cross-sectional
serum 25(OH)D levels (<12 ng/mL [30 nmol/L]) was 76% clinic-based study of 307 children (11-18 years old) in
among patients with osteoporosis in another study. Bosbn reported that 52% of African American and His-
global study of vitamin D status in postmenopausal womenpanic children had 25(OH)D levels of 20 ng/mL (50
with osteoporosis showed that 24% had 25(OH)D levels nmol/L) or less.Sullivan et af observed thatthe end of
less than 10 ng/mL (25 nmol/L), with the highest preva- winter and summer 48% and 17%, respectively, of white
lence reported in central and southern Eutépétamin D girls (9-11 years of age) in Maine also had 25(OH)D levels
inadequacy is common even among patients with os-less than 20 ng/mL (50 nmol/L). Even in sunny countries
teoporosis living at lower latitudes in highly sunny cli- such as Lebanon, vitamin D inadequacy is common in
mates. For instance, 53% of community-dwelling women schoolchildrerf?
with osteoporosis living in Southern California had 25(0OH)D
levels less than 30 ng/mL (75 nmolA)In a study of
patients 50 years and older hospitalized for nontraumatic
fractures, 97% had 25(OH)D levels less than 30 ng/mL (75
nmol/L).>° Studies in the United Kingdom and South Africa Physical factors that attenuate UV-B exposure, including
reported that 13% to 33% of patients with hip fractures had clothing, sunscreens, and glass shielding, markedly reduce
histological evidence of osteomalacia that may have beenor completely eliminate the production of vitamigiibthe
caused by chronic vitamin D deficien®y? skinl!® At latitudes above 3N and below 373, sunlight is
Vitamin D inadequacy is also common among nonwhite insufficient to induce cutaneous vitamir) €/nthesis dur-
populations and populations with low dietary or supple- ing the winter month&:656Nevertheless, latitude is not the
mentary vitamin D intake or minimal exposure to sunlight. only determinant of 25(OH)D level§257% The high
A study of Asian adults in the United Kingdom showed that prevalence of osteomalacia in Saudi Arabian women, rick-
82% had 25(OH)D levels less than 12 ng/mL (30 nmol/L) ets in Saudi children, and vitamin D deficiencies in both
during the summer season, with the proportion increasingmay be attributable to their cultural practice of wearing
to 94% during the winter montl¥sA study of 1546 Afri- clothing that covers the entire body and avoiding direct
can American women in the United States, ranging in agesunlight?®
from 15 to 49 years, showed that more than 40% had serum Biological factors that inhibit cutaneous vitamin D syn-
25(0OH)D levels less than 15 ng/mL (37 nmolftA much thesis and bioavailability include skin pigmentatidft;2

FACTORS THAT CONTRIBUTE TO VITAMIN D
INADEQUACY

356 Mayo Clin Proc. » March 2006;81(3):353-373 + www.mayoclinicproceedings.com



TABLE 1. Vitamin D Inadequacy in Osteoporosis: Summary of Reports Published in 2003 and 2004*

VITAMIN D INADEQUACY AND IMPLICATIONS FOR HEALTH

Prevalence of Definition of
low serum low serum
Sample Mean age 25(0OH)D vitamin D
Reference Population characteristics Location Season size ) (%) (ng/mL)
Isaia et af? 2003 Elderly women referred to an Italy B 700 68 27 <5
osteoporosis center 76 <12
Plotnikoff et al#* Various ethnic groups referred for Minnesota B 150 10-65 33 <8
2003 chronic musculoskeletal pain (range) 93 <20
Carnevale et &P, Patients with primary Italy B 62 50 27 <12
2004 hyperparathyroidism
Harwood et af? Female patients with hip fractures United NA 150 81 70 <12
2004 Kingdom
Glowacki et af* Postmenopausal osteoarthritic Boston, B 68 66 22 <15
2003 white women Mass
Segal et al! 2004 Patients with hip fracture at time Israel B 96 72 60 <15
of hospitalization
Gomez-Alonso Healthy population in osteoporosis Spain B 268 69 67 <18
et al/®2003 study
Holick et al¥® 2005 Postmenopausal women receiving North L 1536 71 52 <30
antiresorptive or anabolic America
therapy for osteoporosis
Blau et al® 2004 Community-dwelling women Southern L 252 NA 53 <30
referred to osteoporosis clinic California
Simonelli et al’ Patients hospitalized for Minnesota L 82 =50 97 <30

2005 nontraumatic fracture

*25(0OH)D = 25-hydroxyvitamin D; B = both low sun/winter-spring and high sun/summer-fall; L = low sun/winter-spring; NA = not available.

SKELETAL CONSEQUENCES OF
VITAMIN D INADEQUACY

medication usé& body fat content fat malabsorptiori¢
and age’"®Increased skin pigmentation can reduce cuta-
neous vitamin Pproduction as much as 99.9%:"*Cer-
tain drugs (eg, anticonvulsants, corticosteroids, rifampin, Chronic severe vitamin D deficiency in infants and chil-
and cholestyramine) may adversely affect metabolism ordren causes bone deformation due to poor mineralization,
bioavailability of vitamin D’*#7°® Recent studies have commonly known as ricketg.In adults, proximal muscle
shown that body mass index and body fat content areweakness, bone pain, and osteomalacia may devétsp.
inversely related to serum 25(OH)D levels and directly Less severe vitamin D inadequacy prevents children and
related to PTH level$f-#which is likely due to vitamin D adolescents from attaining their optimal genetically pro-
sequestration in body fat compartmefitSietary sources  grammed peak bone mass and in adults leads to secondary
of vitamin D are limited, and obtaining a sufficient amount hyperparathyroidism, increased bone turnover, and progres-
from regular diet is often problematic for many people sive loss of bone, increasing the risk of osteoporosis.

whose diet does not normally include the few foods thatare  Vitamin D deficiency during skeletal maturation dis-
naturally rich in vitamin D. Patients with fat malabsorption rupts chondrocyte maturation and inhibits the normal min-
syndromes, including sprue, cystic fibrosis, and Crohn dis- eralization of the growth plates. This causes a widening of
ease, are at especially high risk of vitamin D deficiehty.  the epiphyseal plates at the end of the long bones in rachitic
Among elderly patients, multiple factors contribute to vita- children and bulging of costochondral junctions (rachitic
min D inadequacy, including dietary deficiencies and de- rosary)!*Secondary hyperparathyroidism causes phospha-
creased cutaneous synthesis due to reduced ability of theéuria and hypophosphatemia. The resulting inadequate cal-
skin to synthesize vitamin DA 70-year-old produces cium-phosphorus product results in poor mineralization,
approximately 4 times less vitamin D via cutaneous synthe-making the skeleton less rigid. When the rachitic child
sis compared with a 20-year-dfd® Increasing age has begins to stand, gravity causes bowing of the long bones in
been associated with lower 25(OH)D levels regardless ofthe lower extremities, resulting in bowed legs or knocked
seasori® Age does not alter dietary vitamin D absorption, knees*!®

but if an individual is taking cholestyramine, vitamin D In adults, the epiphyseal plates are fused, and secondary
will not be absorbed efficientRf. hyperparathyroidism and resulting phosphaturia have more

Mayo Clin Proc. « March 2006;81(3):353-373 + www.mayoclinicproceedings.com 357
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Figure 3. Mean = SD (error bars) serum 25-hydroxyvitamin D (25[0OH]D) concentrations
(shown as nmol/L and ng/mL) in women older than 70 years, stratified by supplement use
and residential status. Adapted from J Clin Endocrinol Metab,®” with permission from The
Endocrine Society, Copyright 1988.

subtle, but equally devastating, skeletal consequencesJell-O). This swelling could put outward pressure on the
Chronic vitamin D inadequacy in adults can result in sec- periosteal covering that is innervated with nociocepfors.
ondary hyperparathyroidism, increased bone turnover, en-Patients with osteomalacia are often misdiagnosed as hav-
hanced bone loss, increased risk of fragility fracture, anding fibromyalgia, chronic fatigue syndrome, or myocytis
(rarely) hypocalcemic tetar¥3"¢7-#9The increase in PTH-  and treated inappropriately with nonsteroidal anti-inflam-
mediated osteoclastogenesis results in increased numbemyatory agenté:
and activity of osteoclasts. The osteoclasts resorb bone via Some, but not all, observational studies have linked
enzymatic degradation of the collagen matrix and secretionvitamin D inadequacy (or lower vitamin D intake) to an
of hydrochloric acid, releasing calcium and phosphorus increased risk of hip and other nonvertebral fractifrés.
into the extracellular space. The result is increased skeletaMoreover some, but not all, clinical trials and observational
porosity, defective bone mineralization, decreased bonestudies have reported that dietary vitamin D supplementa-
mineral density (BMD), osteoporosis, and increased fragil- tion (often given together with calcium) lowers fracture
ity-fracture risk?30508788\When 25(OH)D levels are less risk®°>%(Figure 3). Bischoff-Ferrari et lrecently con-
than approximately 10 ng/mL (25 nmol/L), osteomalacia is ducted a systematic review and meta-analysis of double-
usually present?188-9Some studies suggest that serum blind randomized controlled trials (RCTs), the highest
25(OH)D levels greater than 30 ng/mL (75 nmol/L) may be level of evidence, to assess the efficacy of vitamin D (vita-
required to maximize intestinal calcium absorptiand min D, [cholecalciferol] or vitamin D [ergocalciferol])
prevent secondary hyperparathyroidism-induced skeletalsupplementation with or without calcium supplementation
conditiong*30538L8Figure 2). vs calcium supplementation alone or placebo for prevent-
Unlike patients with osteoporosis, patients with osteo- ing hip and nonvertebral fractures in elderly patien@O(
malacia often complain of skeletal pati®°This pain can years of age). Statistical justification was provided for
be elicited on physical examination by applying minimal pooling trials with higher vitamin D doses separately from
pressure with the thumb or forefinger on the sternum orthose with lower doses. On the basis of the analysis of 3
anterior tibia. Although the exact cause of the aching sensaRCTs for hip fracture risk involving 5572 subjects and 5
tion that patients often complain of is unknown, it is pos- RCTs for nonvertebreal fracture risk involving 6098 sub-
sible that the collagen-rich osteoid that is laid down on thejects, the authorsonicluded that daily vitamin D supple-
periosteal surface of the skeleton may become swollenmentation between 700 and 800 U with or without cal-
similar to the hydration of gelatin-based food products (eg, cium appears to reduce hip fracture risk by 26% and
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nonvertebral fracture risk by 23% vs calcium alone or vitamin D group had significantly reduced wintertime
placebo in ambulatory or institutionalized elderly per- bone loss and improved net BMD of the spiti®y con-
sons. No effect on fracture risk was observed in 2 trialstrast, however, another RCT reported no effect of vitamin
that used a lower dose of 400 1U/d. A population-based, D supplementation on bone loss or bone turnover markers
3-year cluster randomized intervention study involving in calcium-replete postmenopausal African American
9605 community-dwelling elderly adult=@6 years of women!* The earlier meta-analysis that pooled data from
age) found that 400 IU/d of vitamin D with 1000 mg of RCTs that included vitamin D analogues found a small
calcium produced a 16% fracture risk reductiom)- nonsignificant BMD increase of 0.4% relative to the con-
though this lower-quality trial did not meet the inclusion trol groups?®1®
criteria for the meta-analysis described herein. A separate Many of the vitamin D supplementation studies reported
systematic review and meta-analysis conducted severaherein included concurrent calcium supplementation;
years earlier that included RCTs involving either vitamin therefore, the observed benefits of vitamin D supplementa-
D or its analogues reported a 37% reduction in the relativetion may be confounded or obscured by the effects of
risk of vertebral fracturg’?° concurrent calcium supplements and cannot be ascribed to
Two trials that failed to detect an effect on fracture risk vitamin D alone. Although the meta-analysis by Bischoff-
were published soon after the meta-analysis was con-Ferrari et &F reported that vitamin D supplementation with
ducted. Porthouse et'@lconducted an open-label RCT to or without calcium supplementation reduced fracture risks,
assess whether 1000 mg of calcium daily with 800 IU of the factorial design of the Record Evaluation of Calcium or
vitamin D, supplementation reduced fracture risk among Vitamin D (RECORD) trial concluded that vitamin D
3314 women 70 years and older with one or more risk supplementation with or without calcium supplementation
factors for hip fracture. The incidence of hip and other had no significant effect on fracture risk reductirit is
clinical fractures did not differ significantly between also possible that the benefits of vitamin D on fracture risk
groups after a median follow-up of 25 months. Another reduction (and BMD) may be greater in those with vitamin
randomized, double-blinded, controlled trial with a facto- D deficiency or low calcium intake at baseline. In the
rial design examined the effect on fracture 84 total of RECORD trial, only 60 participants (1.1%) had their serum
5292 patients were randomized to receive vitamin D with baseline 25(OH)D levels measured. Thus, we cannot know
or without calcium, calcium alone, or placebo. After a 24- if the lack of effect on fracture risk in the RECORD trial
month follow-up, the authors found no significant differ- might be related to pretreatment levels of vitamin D and/or
ences in fracture rates among the 4 groups. However, comealcium. The hierarchy of evidence for the role of vitamin
pliance with the medication had declined to 63% after 24 D in BMD**?*7changes and fracture reduction is given in
months and makgiave been as low as 45% if nonrespond- Table 2.
ers to the evaluation questionnaire were included. Data
from a randomized, double-blind, placebo-controlled
trial of 9440 community-dwelling adults (75-100 years
old) randomized to receive either an annual injection The VDR has been identified in skeletal muscle tis&ué’
of 300,000 IU of cholecalciferol (comparable to a 822-IlU and low serum 25(OH)D levels have been associated with
daily dose) or matching placebo disclosed no effect onreversible myopathy in patients with osteomaléti&Pa-
fracture occurrence between grodfisHowever, since  tients with nonspecific muscle weakness, muscle aches and
25(OH)D levels were not evaluated, it is unknown pains, and bone pain are sometimes discounted or diag-
whether the intramuscular vitamin,vas completely nosed as having fiboromyalgia or chronic fatigue syndrome
bioavailable. Most intramuscular preparations are not despite strong scientific evidence that they have vitamin D
very bioavailable, which is why they are no longer avail- inadequacy*#*®°Several studies support the hypothesis
able in the United States. that vitamin D inadequacy contributes to age-related
Decreased BMD is a major risk factor for fractufés, muscle weakne&$'* and falls!?*126172174A compelling
and some studies have linked vitamin D inadequacy or lowmeta-analysis of RCTs of vitamin D supplementation
intake of vitamin D to low BMD?%%Some random-  showed a greater than 20% reduced risk of falls among
ized trials have also shown a ben&*if?105107.10¢&qgr ex- ambulatory or institutionalized older individuals treated
ample, a double-blinded RCT randomized 249 healthy with supplement$’® Additional supporting evidence comes
ambulatory postmenopausal women with usual daily in- from a study that investigated factors leading to fracture in
takes of 100 IU of vitamin D to receive 400 IU of vitamin postmenopausal women with osteoporosis; vitamin D inad-
D supplements or placebo daily. All participants also equacy was associated with increased body sway, increased
received 377 mg/d of calcium. At the end of 1 year, the risk of falls, and fall-related fracturé€ A prospective study

NEUROMUSCULAR FUNCTION
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TABLE 2. Hierarchy of Evidence for Studies Relating Vitamin D to Pathologic Conditions*

Level  Study type Data source Treatment or predictor Outcome Result Notes
la Meta- RCTs Vitamin D and BMIY Smallt Effect seen with low base-
analyses calcium line vitamin D
Fracture risk1° Small ! or no effect Effect seen with low base-
line 25(0OH)D
Fallst™® Approximately 20%. Low baseline 25(0OH)D
1b RCTs Vitamin D (or BMD chang&$ Smallt Effect seen with vitamin D
analogue) alone or 1-H-vitamin,D
Fracture risk Smalll
Neuromuscular Small in sway and Single small study in fallers
function'1&11° reaction time
Fallgtto-12t 1 number of fallers Benefit only with good
calcium intaké'
CRP2 25% ¢ with approximately Unblinded study
500 IU; ICU patients
Vitamin D (or BMD changeg? Smallt Benefits mostly seen with
analogue) and vitamin D deficiency at
calcium baseline
Fracture risk*102 No effect
Falls® Approximately 50% in Nonblinded
falls in post-hip fracture
post-hip fracture women
BP! 9% | Low baseline 25(0OH)D;
small trial
Cytokines in patients + TGF41 No effect on TNFa,
with MS?© IFN-y, or IL-13
Exposure to UV-B BP® BP | to normal Very small double-blinded
single study
Exposure to UV-A BP: No effect on BP
2 Cohort Prospective Serum 25(OH)D Fracturefisk 1 risk of hip fracture Hemiplegic stroke
studies epidemiological when low patients
studies Serum 25(OH)D Fracture risk, gait No effect on fracture;
speed, balané& poorer balance and gait
speed when low
Serum 1,25(0OHp Fracture risk® 1 risk of hip fracture when
low
Vitamin D supplements Fracture risk® No effect
Serum 25(0OH)D Faltgs 1 risk when low
Serum PTH Falfg® 1 risk when high
Serum 25(OH)D Sarcoperifa 1 risk when low
Dietary vitamin D Colon canc#f 1 risk when low
and calcium
Serum 25(OH)D Colon canc& 1 risk when low
Dietary vitamin D Colorectal cancét 1 risk when low Small effect
and calcium
Dietary viamin Dand  Breast cancer 1 risk when low NHANES |
sunlight exposure rigRe-165.166
Latitude MS?05 1 risk at higher latitudes NHS | and Il—effect seen
in earlier cohort
Dietary vitamin D IHD mortalit§*® No effect on Ml or IHD
Dietary vitamin D in Type 1 DM inciden&& | risk with higher intake Birth cohort, Finland,
first year of life 11-year follow-up
Dietary vitamin D Rheumatoid arthritf§ 33%1 risk in highest
tertile of intake
3 Case- Fracture cases Fracture vs no Serum 25(®H)D 1 levels in women with
control and nonfracture fracture hip fracture
studies controls
D-deficient cases, Case vs control Muscle funétfon Reduced vitamin D
“normal” controls deficiency
Colorectal cancer Cancer vs control Serum 25(OH)D and 1 risk with low 25(OH)D Blood drawn at baseline,
cases (nested in serum 1,25(GHy* level before diagnosis
cohort)
Breast cancer cases Cancer vs control Serum 25(OH)D andt race-1,25(0 inter- No difference in
at diagnosis, serum 1,25(0jBy* action in black cases, 25(0OH)D
clinic controls 1 in white, compared
with controls
Prostate cancer casesCancer vs control Serum 25(0OHD 1 risk with low levels 149 cases
(nested in cohort)
Prostate cancer cases Cancer vs control Serum 25(OH)D and No difference 61 cases
(nested in cohort) serum 1,25(QB)*
MS cases, MS case vs control Level of sunlight 1 risk with less exposure
community exposure during
controls childhood and
adolescence205.22
(level 3 continued on next pgge
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TABLE 2. Continued*

bench research,
or “first principles”

Vitamin D analogues

Vitamin D and
nicotine

1a,25(0H)D

1a,25(0OH)D

10,25(0H)D

10,25(OH)D
10,25(0OH),D
1a,25(0OH)D
1a,25(0H),D and
calcium

Vitamin D analogues

Vitamin D analogue

10,25(0H)D

Vitamin D analogue

Vitamin D analogue

melanoma)
Prostate cariéer

Aortic calcificatiot®

Keratinocyte¥

Keratinocytes and fibroblasts
of patients with psoriasi§

DM (NOD mice}#144:146

EAE, micé”
Lyme arthritis, mic&’
IBD, mice*®
IBD, micé*®

SIE=S
Aortic allograft intimal and
advential damag&

Heart allograft survival, mice;
heterotopic graft, rat¥®

Xenogenic pancreatic islets,
mice?*

Liver cancét

Varying effects on serum
calcium, depending on
analogue used

1 with treatment

| proliferation
1 proliferation,
1 differentiation
Protection against
developing DM
Prevents EAE
Inhibits progression
1 risk and severity
1 effect with both

Inhibits lupus nephritis
| damage

Prolongs survival without

bone loss or
1 risk of infection

Prolongs graft survival

when used with
cyclosporine

Patients with inoperable
liver cancer

Level Study type Data source Treatment or predictor Outcome Result Notes
3 Childhood-onset Diabetic vs control Cod liver oil during 26%sk with use Norway
type 1 DM, pregnancy or first in first year of life;
community year of lif&?° no effect with
controls, prenatal use
nationwide
Childhood-onset Diabetic vs control Cod liver oil during 70%sk with prenatal Norway
type 1 DM, pregnancy or first year of use; no effect during
community lifest first year
controls,
1 county
4a Cross-sectional Older adults Serum 25(OH)D Lower-extremity fuittion Better walking speed
surveys, and sit-to-stand time
ecological studies with higher levels
Breast cancer Sunlight Cancer mortality65166.204 Higher in areas with
cases less sunlight
Ovarian cancer Sunlight Cancer mortatifs Higher in areas with
cases less sunlight
Population-based, ~ Serum 1,25(QBl) Bp34 Higher systolic and
geographic area diastolic BP with
higher levels
Population-based, Vitamin D intake BP No effect
Tromsg
Population-based, Serum 25(OH)D Periodontal dis&ase 1 risk with low level,
NHANES IlI independently of BMD
4b Case series Patients with NA Serum 25(OH)D 98% <28 ng/mL
(and poor- nonvertebral inadequac¥’
quality cohort fracture
and case-control Patients with NA Serum 25(0OH)D 97% <30 ng/mL
studies) minimal trauma inadequéty
fracture
5 Expert opinion Laboratory or 1,25(0jD), Leukemia (mousé¥ Longer survival with
without explicit animal studies treatment
critical appraisal 1,25(0Hp, Lung cancer cell growtff Regulates cell growth
or based on 1,25(0tD,and Cancer cells proliferation Antiproliferative effect
physiology, analogues (breast, osteosarcoma,

Up-regulates
IL-4

IL-10 KO mice
IL-2 KO mice
IL-10 KO mice

MRL/1 mice

NOD mice

Human

*References are provided for examples of each type of study. The most convincing evidence comes from randomized controlled trials. There is some evidence
from clinical trials that vitamin D (often given with calcium) may reduce the risk of falls and fractures. Associations with most other diseases and conditions
come from lower levels of evidencea,25(OH)D = la-25-hydroxyvitamin D; 1,25(0HD = 1,25 hydroxyvitamin D; 25(OH)D = 25-hydroxyvitamin D;

1-H-vitamin D, = 1 hydroxylated vitamin

D BMD = bone mineral density; BP = blood pressure; CRP = C-reactive protein; DM = diabetes mellitus; EAE =

experimental autoimmune encephalitis; IBD = inflammatory bowel disease; ICU = intensive care ugit; iiferony; IHD = ischemic heart disease; IL =
interleukin; KO = knockout; Ml = myocardial infarction; MS = multiple sclerosis; NA = not applicable; NHANES = National Health and Nutrition Examination
Survey; NHS = Nurses’ Health Study; NOD = nonobese diabetic; PTH = parathyroid hormone; RCT = randomized controlled trial; SLE = systemic lupus
erythematosus; TNE-= tumor necrosis factar.
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in muscle function and fall prevention is summarized in
104 Table 2.118,119,121,135

VITAMIN D AND EXTRASKELETAL HEALTH
0.8 1

The small intestine, kidneys, and bones are the primary
organs and tissues responsive to vitamin D that are in-
volved in mineral metabolism that affects skeletal health.
However, the effects of vitamin D are not limited to
mineral homeostasis and the maintenance of skeletal
health. The presence of the VDR in other tissues and
organs suggests that vitamin D may also be important in
nonskeletal biological processg%!’® Additionally, the
enzyme responsible for conversion of 25(OH)D to the
biologically active form of vitamin D (1,25[OHD) has
been identified in tissues other than kidhigy*-¥{Figure
5), and evidence is growing that extrarenal synthesis of
1,25(0OH)D may be important for regulating cell growth
and cellular differentiatidff'7%17"via paracrine or auto-
FIGURE 4. Relati th ith 1200 mg/d of calcium for 12 crine regulatory mechanisms.
weeks, déiIyetﬁ(tel;/:p)tlowitﬁraS%yowllu of vitarrr:]ig D t;ngaflztgg r%rg of . The VDR is a s'terou'j hormo_ne nuclear r.eceptor that
calcium accounted for a 49% reduction in the relative risk of falls binds 1,25(0}‘93 with high affinity and mediates tran-
among older women (mean age, 85.3 years) in long-term geriatric scriptional gene regulatiof.*7617718218Mounting bio-
e e Pl Wiari . wapied oM/ chemical and epidemiological evidence suggests that the
Bone and Mineral Research. VDR is also involved in mediating the noncalcemic effects
of vitamin D and its analogues and may play a vital role in
disease prevention and maintenance of extraskeletal
that examined factors associated with falls in 637 institu- health** The VDR has been isolated from many cell types,
tionalized ambulatory subjects reported that a low baselinetissues, and organs, including those not typically associated
serum25(OH)D level was significantly associated with with calcium homeostasis and bone metabolism. Some of
increased risk of falling?® In a randomized, double-blind  these include the heart, stomach, pancreas, brain, skin,
trial, treatment with vitamin D plus calcium daily for gonads, and various cells of the immune systeH$.!"”
3 months reduced the risk of falling by 49% compared Genetic variants of the gene encoding the VDR have also
with calcium alone among elderly women in long-stay been associated with differential risk of developing various
geriatric car&* (Figure 4). Similarly, a study of com- cancer&+'%and immune disorders, including type 1 diabe-
munity-dwelling elderly adults in Switzerland showed tes mellitus'®6187
that treatment with 1,25(0), and also lehydroxy- In addition, 1,25(0OHP is involved in non-genomic-
vitamin D, (1a[OH]D,) significantly reduced the number mediated intracellular signaling pathway%°* Both
of falls for individuals with calcium intake of more than 1,25(OH)D and its synthetic analogues (collectively, VDR
512 mg/d‘?*® These studies suggest that adequate serumligands) have demonstrated antlfesative, podifferenti-
25(0OH)D may prevent fractures not only by improving ative, and immunomodulatory activities (which may be
calcium homeostasis but also by improving musculoskel- mediated by both the genomic and the nongenomic mecha-
etal function. nisms) in several clinical and experimental settifigand
Other recent evidence suggests that vitamin D inad-are being investigated for the potential treatment of many
equacy may be a factor in loss of muscle mass and muscl@athologic conditions, including psoriasis, type 1 diabetes
strength (sarcopeni&)’'’> One population-based study mellitus, rheumatoid arthritis, multiple sclerosis, Crohn
reported that 25(OH)D levels between 16 and 38 ng/mL disease, hypertension, cardiovascular heart disease, and
(40 and 94 nmol/L) were associated with better mus- many common cancetg:5.192.193
culoskeletal function in the lower extremities of both Since the primary function of vitamin D is to modulate
active and sedentary ambulatory adults 60 years or oldercalcium homeostasis, the use of analogues for the treatment
compared with levels less than 16 ng/mL (40 nmolft).  of conditions other than osteoporosis or osteomalacia could
The hierarchy of evidence for the role of vitamin D trigger hypercalcemia or other unwanted adverse effects.
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FIGURE 5. Endocrine and autocrine or paracrine functions of 1,25-dihydroxyvitamin D (1,25[0H],D). The kidneys serve as the endocrine organ
to convert 25-hydroxyvitamin D (25[0OH]D) to 1,25(0H),D. 1,25(0H),D carries out its calcium-regulating functions for bone health by stimulating
intestinal calcium and phosphorus absorption. The circulating levels of 1,25(0H),D can also potentially influence the activity of other tissues
and cells that have a vitamin D receptor (VDR) and have no function in regulating calcium homeostasis and bone health. These include, among
others, the heart skeletal muscle, active T and B lymphocytes, breast, colon, and prostate. In addition, a multitude of in vitro studies with
human and animal cells have shown that most tissues and cells not only express the VDR but also express the same la-hydroxylase as the
kidney. Thus, it has been suggested that most cells, including lung, colon, prostate, and breast, locally produce 1,25(0H),D, to help regulate
a variety of cellular functions including growth and differentiation. This may help explain the epidemiological evidence that sun exposure at
lower altitudes and higher serum levels of 25(0OH)D are related to a decreased risk of a wide variety of chronic illnesses. It has been speculated
that when 25(0H)D levels are above 30 ng/mL this serves as the substrate for the external 25(0H)D,-1a-hydroxylase to produce 1,25(0H),D in
the colon, prostate, breast, and lung to modulate cell growth and reduce risk of the cells becoming malignant.

Researching the development of VDR ligands with attenu- VITAMIN D AND CANCER

ated calcemic potential is a difficult challenge. More than

1000 VDR ligands with various bioactivities have been Vitamin D is one of the most potent hormones for regulating
synthesized?'**Analogues that are able to effect antipro- cell growth; 1,25(OHP inhibits proliferation and induces
liferative, prodifferentiative, blood pressure, and immuno- differentiation into normally functioning celtg:176:177.197
modulation changes while maintaining calcium homeosta- Some evidence suggests that 1,25(DHjelps to regulate
sis are of particular interest as potential treatments forcell growth and prevent cancer progressté’” 1%y re-
nonskeletal diseases. The hierarchy of evidence for the roleducing angiogenesi§? increasing cell differentiation and
of vitamin D and its analogues on these nonskeletal effectsapoptosis of cancer cells, and reducing cell prolifer&tiét

is summarized in Table 2. and metastas@g:126.151156:.176.177.179.18The gntiproliferative
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and prodifferentiative activity of VDR ligands was noted tightly controls the amount of 1,25(OJB) it produces.
almost 3 decades a@f§1’%*""Tanaka et al° showed that  Although PTH and hypophosphatemia increase the renal
mouse and human leukemic cells that expressed the VDRproduction of 1,25(OHP, an increase in sun exposure or
had growth inhibition and were stimulated to differentiate dietary vitamin D intake does not. In 1998, Schwartz*ét al
into mature macrophages when treated wit[2%(OH)D,. reported that normal prostate tissue and prostate cancer
Suda et & were then able to show that leukemic mice tissue from prostate biopsy specimens had the enzymatic
survived longer if they were treated witli(DH)D,, a machinery (25[OH]D-@&i-hydroxylase; CYP27B) to con-
1,25(0OH)D, analogue. However, results of human trials vert 25(OH)D to 1,25(OHPp. Similar observations have
for the treatment of preleukemia with VDR ligands were been made in breast, colon, lung, skin, and a multitude of
disappointing. Although some patients experienced remis-other organs and tissu¥3°¥1Thus, a new autocrine or
sion, the treatment caused severe hypercalcemia, and afparacrine function for vitamin D was revealed (Figure 5).
patients eventually diel§ This concept was supported by the observation that when a
Several in vitro studies have shown that breast, colon,prostate cancer cell line LNCaP that did not express
and prostate cancer cells, osteosarcomas, and mela€YP27B was incubated with 25(OH)there was no ef-
nomas are responsive to the antiproliferative effects of fect on the cancer cell’'s proliferation activity. When simi-
1,25(0OH)D,1#161162176.17718%5nd  several epidemiological lar cells were transfected with a plasmid that contained the
studies have reported that higher 25(OH)D levels are assoCYP27Bgene, the cells were able to convert 25(OHJD
ciated with reduced cancer incidence and decreased cant,25(OH)D,. When the CYP27B transfected cells were
cer-related mortality>°11%22As early as 1941, people treated with 25(OH)[) the cellular proliferative activity
who live at higher latitudes in the United States were noteddecreased similarly to cells treated with 1,25(@HJ*
to have increased risks of breast, colon, and prostate canfhis observation supports the hypothesis that increasing
cerst®*This insightful observation went unnoticed until the circulating concentrations of 25(OH)D provide most cells
1980s, when Garland et#f*****reported increased breast with the substrate to make 1,25(QBi)ocally to regulate
and colon cancer risks for those living at higher latitudes in cell growth and differentiation. Once 1,25(QBl)com-
the United States. Evidence now exists to support the linkpletes this task, it then induces the 25(OH)D-24-hydroxy-
between increased sunlight exposure and a lower incidencéase gene YP24B to catabolize it to the biologically
of many cancer¥>1662092115ch ecologic studies can be a inactive calcitroic acid (Figure 117617718
weak form of evidence, particularly since latitude is not
always a strong predictor of vitamin D status. Adding to
these data are several retrospective and prospective obser-
vational studies that have reported decreases of 50% oAdding to the evidence of the effect of vitamin D on extra-
greater in risk of large bowel cancer and prostate cancerskeletal tissues are data that suggest that inadequate vita-
when serum 25(OH)D levels are greater than 20 ng/mL (50min D and calcium and living at higher latitudes may be
nmol/L) or vitamin D intake is increasé#f3125162164.182202:204  independent contributing factors in the pathogenesis and
Similar results have been observed for breast catitier. progression of hypertension and cardiovascular dis-
one study, women in the highest quartile of serum ease.??°*2'“1,25(OH)D is involved in controlling the pro-
1,25(0OH)D had one fifth the risk of breast cancer vs those duction of renin, one of the most important hormones for
in the lowest quartil&* Women in the National Health and regulating blood pressuf&.Ecological evidence also ex-
Nutrition Examination Survey with self-reported high intake ists that African Americans, who have been shown to be at
of vitamin D from supplements or high lifetime sun expo- greater risk of vitamin D deficiency, also have a greater risk
sure had a significantly reduced risk of breast caltter. of hypertension and cardiovascular dise&%@*?!*These
Grant®%2%° postulated that roughly 25% of deaths due to studies do not directly provide a cause-and-effect relation-
breast cancer among women in northern Europe could beship between vitamin D and cardiovascular health but sug-
attributed to inadequate vitamin D levels, possibly due to gest a provocative hypothesis for further research.
living at higher latitudes, and that both men and women with  In a small blinded study of 18 hypertensive patients
greater sun exposure were less likely to die prematurely ofrandomized to receive repeated exposure to artificial UV-A
cancer. radiation (which cannot produce vitamin)r UV-B ra-
Although it was recognized that most cells, including diation (which leads to cutaneous vitamig §ynthesis)
the prostate, breast, and colon, had VDR, it was perplexingtreatment, the UV-B treatment group showed an average 6-
how increased exposure to sunlight, higher vitamin D in- mm Hg decrease in both systolic and diastolic blood pres-
take, and higher serum 25(OH)D levels could reduce risksure and a 180% increase in serum 25(OH)D levels vs the
of cancer in these tissues. It was known that the kidneygroup exposed to UV-A, who showed no change in serum

VITAMIN D AND CARDIOVASCULAR DISEASE
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25(OHD levels or blood pressufé. A randomized, pla-  eration of human keratinocytes that express the VDR in vitro
cebo-controlled, double-blind clinical trial of 148 elderly and accelerated their differentiation. This suggested that
women (mean age, 74 years) found that vitamin D andhyperproliferative skin disorders such as psoriasis might be
calcium were more effective in reducing systolic blood pres- responsive to treatment with 1,25(QBl)** Initial treat-
sure than calcium alori€. Sowers et at* also reported a  ments with topical 1,25(0HP, showed great improve-
positive association between 1,25(C)and vitamin D ments in reducing the severity and area of psoriatic lesions,
inadequacy and hypertension. Although this evidence sug-with little or no adverse effects!*-1%22Today, 3 vitamin D
gests that increased vitamin D is associated with reduced riskanalogues including calcipotriene, 1,24(Qib)) and 22-
of hypertension, some studies have reported contradictoryoxo-1,25(0OH)D,, are among the first-line treatments used
findings. Jorde and Bon&areported no link between vita-  for psoriasig#:193:19.223
min D intake and blood pressure. The authors noted that
most participants older than 50 years were receiving less
than 400 IU of vitamin D from their diet, which meant that
they were not receiving enough vitamin D. Furthermore, As with previous epidemiological data reporting a latitudi-
blood levels of 25(OH)D were not obtained, making it nal risk gradient for cancer and cardiovascular dis-
difficult to know the vitamin D status of the subjects who easg;161:163.166:204209213 gimilar risk gradient exists for de-
were studied. veloping multiple sclerosi®¥®224226 Sybjects who were

Elevated C-reactive protein levels have been associatedorn and/or lived below 38 latitude for the first decade
with increased cardiovascular evefitdn one unblinded  of life had decreased overall lifetime risks of developing
study, 22 patients with prolonged critical illnesses were multiple sclerosig®®?*However, as with other ecological
compared with matched controls and then randomized tostudies, the observed differences could be related to any
daily vitamin D supplement of eithe200 IU or+500 IU. number of other factors that were not measured.
The results demonstrated that a 500-1U/d dose of vitamin D One double-blinded RCT involving patients with mul-
reduced C-reactive protein levels by more than 25% in thetiple sclerosis who were randomized to receive either vita-
critically ill patients vs the matched controls who did not min D supplementation or placebo showed that patients
receive supplementatioi.McCarty?'® hypothesized that  who received supplementation had increased serum trans-
the excess of coronary mortality observed in winter may forming growth factorfl levels vs those who did not
be related to inadequate levels of vitamin D and suggestedeceive supplementatigff. Elevated transforming growth
a possible role for vitamin D in maintaining vascular factorpl levels have been associated with the stable phase
health. of multiple sclerosis, whereas reduced levels have been

However, as with hypertension, contradictory findings associated with relapsing-remitting multiple scleré%i&®
suggest that increased vitamin D may be a causative factoffwo related observational studi®s(the Nurses’ Health
or play no role in cardiovascular disease. In an observa-Study [N=92,253, from 1980 to 2000] and the Nurses’
tional study of vitamin D and myocardial infarction, Lin- Health Study Il [N=95,310, from 1991 to 2001]) reported
dérf*® reported that vitamin D intake was elevated in pa- that higher intake of vitamin D was associated with a lower
tients with myocardial infarctions vs randomly selected risk of developing multiple sclerosis.
age- and sex-matched controls who had no prior myocar-
dial infarction or angina pectoris. However, this study was
confounded because the patients in general were at high
risk of cardiovascular heart disease and there was no meat,25(0OH),D acts as an immunomodulator, reducing cyto-
sure of vitamin D status to substantiate the “high intake.” kine production and lymphocyte proliferation, which
Two other studies, one observational with age-matchedhave been implicated in the destruction of insulin-secret-
control$® and a prospective cohort study of 34,486 post- ing B cells in the pancreas and the development of type 1
menopausal women (55-69 years of &f&f: found that diabetes mellitu$® In addition, Bislet cells express the
25(CH)D levels were not elevated in patients with myocar- VDR and respond to 1,25(O}) by increasing insulin
dial infarctions and ischemic heart disease. production?142230.231

In animals, the administration of 1,25(QB)prevents
the development of experimentally induced type 1 diabetes
mellitus!#2144Zella and DeLuc#®have also shown that very
One of the great successes of vitamin D therapy for treatinglarge doses of vitamin D were able to suppress the develop-
an extraskeletal disorder is in the treatment of psoff&sis. ment of insulitis and diabetes in the nonobese diabetic
Smith et & showed that 1,25(OD, inhibited the prolif- mouse, a model of human type 1 diabetes mellitus. A birth

VITAMIN D AND MULTIPLE SCLEROSIS

VITAMIN D AND TYPE | DIABETES MELLITUS

VITAMIN D AND PSORIASIS
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cohort study involving 10,366 children conducted in Finland which vitamin D prevents transplantation-induced os-
showed that higher dietary vitamin D supplementation wasteoporosis may be comparable to the mechanism by which
associated with reduced risk of type 1 diabetes mellitus.it suppresses secondary hyperparathyroidism brought on
Children who regularly took the recommended supplementalby immunosuppressive agents such as corticosteroids and/
dose of 2000 1U/d of vitamin D during their first year of life or cyclosporine; the mechanism appears to involve preg-
had a rate ratio of 0.22 (range, 0.05-0.89) for type 1 diabetesiane X receptor—enhanced CYP24 gene expre&§sion.
mellitus compared with those who regularly received less
than 2000 1U/d" Likewise, Stene et &f reported a lower
risk of type 1 diabetes mellitus in the children of mothers
who took cod liver oil during their pregnancy. These data do
not support a direct cause-and-effect relationship but suggesSupplementation with \@min D hasbeen estimated to
that further studies are warranted. prevent vitamin D deficiency in approximately 98% of
the general populatiort®2¢Vitamin D supplementation
and exposure to sunlight or simulated sunlight have been
shown to increase serum 25(OH)D levels in elderly pa-
A possible role of vitamin D has also been implicated in tients?!!8487:89.90.92,94,97.102,.107.237- % igyre 3).

several other diseases, including rheumatoid arthritis, in- The Institute of Medicine’s adequate intake for the
flammatory bowel disease, systemic lupus erythematosusUnited States and Canada is 200 1U/d for all children and
osteoarthritis, and periodontal disease. Many of these studadults younger than 51 years, 400 1U/d for people aged 51
ies are epidemiological studies and animal models, and theo 70 years, and 600 1U/d for those older than 70 yé&fs.
effect in humans is unknown. Recent findings suggest thatA report by the Scientific Committee for Food, established
vitamin D intake is inversely associated with rheumatoid by the European Commission, indicated that adults 65
arthritis®® and that 1,25(OHP, supplementation can in-  years and older should receive 400 1U/d of vitamjraid

hibit disease progression in mouse models of human Lymesuggested that the requirements of all adults, including
arthritis?*” Merlino et at°® tracked approximately 30,000 those with inadequate sunlight exposure, would be met by
women throughout 11 years and found that those whosethis dietary intaké*' This recommendation is consistent
daily vitamin D intake was less than 200 IU were 33% with that of the US Food and Drug Administration’s daily
more likely to develop rheumatoid arthritis compared with recommended value of 400 1U/d (L@/d) of vitamin O
women with higher intake levels. Cantorna ét&?have regardless of agé? Because it has been suggested that
shown that 1,25(OHD,can prevent and ameliorate symp- amounts up to 1000 1U/d of vitamin,nay be needed to
toms of inflammatory bowel disease in a mouse model. maintain a healthy 25(OH)D level of more than 30 ng/mL
Abe et al**were also able to alleviate symptoms in a mouse (75 nmol/L)>%243244an intake of 400 IU/d may represent a
model of systemic lupus erythematosus without inducing minimum. This is especially true in the winter or for chil-
hypercalcemia by using 22-oxa-1,25(QB) a synthetic dren and adults not exposed to sunlight.

analogue of 1,25(0OHD,. McAlindon et &*>observed that Vitamin D toxicity has not been reported from long-
a higher intake of vitamin D and higher blood levels of term exposure to sunligttt and has only been ob-
25(0OH)D decreased progression of osteoarthritis in menserved from dietary intake when daily doses exceed
and women by more than 60%. Krall et®¥afound that 10,000 1U%%2% Doses of 4000 1U/d for 3 months and
calcium and vitamin D supplementation was associated50,000 |U/wk for 2 months have been administered with-
with a reduced risk of tooth loss in elderly patients. More out toxicity %2474

recently, Dietrich et & reported that low serum levels of
25(OH)D may be associated with periodontal disease, in-
dependent of BMD.

Experimental evidence also exits for an immunomodu- Although severe vitamin D deficiency (25[OH] levels <10
latory role of VDR ligands in attenuating rejection of rat ng/mL [25 nmol/L]) is much less common than inad-
aortic allograft®+®¢ and both vascular and nonvascular equacy, it does occur, especially in elderly house-bound
transplants®® Treatment of nonobese diabetic mice with a people. The best method for treating vitamin D deficiency
vitamin D analogue KH1060 in combination with cyclo- is an oral dose of 50,000 IU/wk of vitamin for 8 weeks,
sporine achieved 100% early graft success of xenogenicdhen checking 25(OH)D levets! In some cases, another
islets#** In addition, VDR ligands have been used experi- once-weekly 8-week course of 50,000 IU of vitamin D
mentally to attenuate bone loss after organ transplantaimay be necessary to boost 25(OH)D levels into the desired
tion.2*®> Nagpal et aP® postulate that the mechanism by range of more than 30 to 50 ng/mL (75-125 nmol/L). For

VITAMIN D DOSING, SUPPLEMENTATION, AND
UV IRRADIATION AND/OR SENSIBLE SUN EXPOSURE

VITAMIN D IN OTHER DISEASES

TREATMENT OF SEVERE VITAMIN D DEFICIENCY

366 Mayo Clin Proc. » March 2006;81(3):353-373 + www.mayoclinicproceedings.com



VITAMIN D INADEQUACY AND IMPLICATIONS FOR HEALTH

patients prone to developing vitamin D deficiency, after skeletal associations have come primarily from observa-
correcting the deficiency, giving patients 50,000 IU every 2 tional studies in humans or laboratory experiments (in vivo
weeks will sustain them in a vitamin D—sufficent state. and in vitro). As indicated in Table 2, randomized, placebo-
Alternatively, 1000 IU of vitamin Dintake should be  controlled, double-blind clinical trials (or meta-analyses of
maintained. Cutaneous exposure to sunlight or artificial these trials) are considered to provide the highest level of
UV-B such as a tanning bed is also helpful, especially if the evidence because randomization and blinding minimize the
patient is prone to vitamin D deficien¢yo5238-240248.24f x - risk of bias in estimating treatment effets>® Even
posure to direct sunlight typically of no more than 5 to 10 among observational studies, evidentiary value varies, with
minutes on the arms and legs between the hours afi10 prospective cohort studies (such as the Framingham Study,
and 3pwm during the spring, summer, and fall will prevent the Nurses’ Health Study, or the Study of Osteoporotic
vitamin D inadequacy?6® Fractures) yielding the most clinically useful information,
whereas bench research and expert opinion provide the
least. All types of non-RCT studies are subject to the risk of
several biases, which are minimized by the design of
Vitamin D is important for calcium and phosphorus ho- RCTSs: the qualitative and quantitative differences between
meostasis and musculoskeletal health. In children, severeobservational and trial findings about hormone replace-
vitamin D deficiency (25[0OH]D, <10 ng/mL [24.9 nmol/L]) ment therapy for postmenopausal women are probably the
manifests as rickets, and vitamin D inadequacy (25[OH]D, most noteworthy recent demonstration of the limitations of
10-29 ng/mL [24.9-72.4 nmol/L]) can impair or retard at- observational dat&%?%” However, results from nontrial
tainment of peak bone mass. In adults, inadequitgamin D studies are important because they identify associations
can result in secondary hyperparathyroidism, decreasednd suggest hypotheses that can be tested more rigorously
BMD, osteoporosis, osteomalacia, and increased risk ofin RCTs. The presence of VDR in tissues other than bone
fragility fractures?%°-2%2 and muscle suggests the possibility of important effects of
Vitamin D inadequacy is a global problem, especially vitamin D; however, the available supporting data are
among elderly patients and patients with osteoporosis. Risksometimes conflicting and generally represent a low level
factors for low vitamin D include lack of exposure to of evidence. The putative nonmusculoskeletal effects of
sufficient sunlight, inadequate dietary intake and supple-vitamin D may become better understood if appropriate
mentation, and other factors, including obesity, age, medi-trials are conducted, but at present inferences about such
cation use, sunscreen use, covering all skin with clothing, effects must be made with caution.
and skin pigmentation. Fortunately, vitamin D supplements  Despite evidence of its profound importance to human
are widely available and relatively inexpensive. health, vitamin D inadequacy is not widely recognized as a
Despite some negative studies, the preponderance oproblem by physicians and patients. These observations
evidence from RCTs supports a reduction in the risk of highlight the need for greater awareness among research-
vertebral® and nonvertebr&t'® fractures with vitamin D ers, clinicians, and patients of the high prevalence of vita-
(given in combination with calcium in most trials), espe- min D inadequacy and more aggressive screening for vita-
cially in populations with low vitamin D status and low min D inadequacy with a serum 25(OH)D determination,
calcium intake at baseline. Similarly, results of a meta- particularly among high-risk populations such as elderly
analysis of RCTs suggest that vitamin D can reduce the riskpatients and patients with osteoporosis.
of falls 4 Finally, we should not forget the important role that
Many lines of research support the concept that inad-sensible sun exposure has in providing both young and old
equate vitamin D may be involved in the pathogenesis and/people with their vitamin D requirement. It is well docu-
or progression of several disorders, including cancer, hy-mented that excessive exposure to sunlight, especially the
pertension, cardiovascular disease, neuromuscular disnumber of sunburning experiences, is related to increased
eases, osteoarthritis, diabetes, and other autoimmune disdsk of squamous and basal cell carcindf#*These skin
eases (Table 2). Some of the mechanisms by which vitamincancers, if detected early, are usually easily treated and
D exerts its noncalcemic effects include apoptosis, anti- often cured. Melanoma, however, is one of the most ag-
angiogenesis, antiproliferation, prodifferentiation, and gressive and deadly forms of skin cancer. This is because
immunomodulation (Figure 5) (Table 2j.178-188.253 melanocytes are neurocrest cells and when they become
However, the current level of evidence for associations malignant they express the Slug gene, which is responsible
of vitamin D with nonmusculoskeletal conditions is gener- for its quick exit from skin metastasizing to various organs,
ally weaker than that for its calcemic and musculoskeletal making it difficult to detect and tre#f. However, it should
effects (falls and fractures). The reported nonmusculo- be appreciated that most melanomas occur on the least sun-

CONCLUSION
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exposed aredé261.262 Erthermore Kennedy et Hlre- adolescents: associations with forearm bone mineral deAsityl Clin Nutr.
' 2001;74:206-210.

ported that lifetime sun exposure appeared to be associate 9. Chapuy MC, Preziosi P, Maamer M, et al. Prevalence of vitamin D
with a lower risk of malignant melanoma, despite the fact insufficiency in an adult normal populatidBsteoporos Int1997;7:439-443.

e ; P 10. Kinyamu HK, Gallagher JC, Rafferty KA, Balhorn KE. Dietary calcium
that “fetlm.e sun .exposur'e did ”Qt diminish the number of and vitamin D intake in elderly women: effect on serum parathyroid hormone
melanocytic nevi or atypical nevi. Furthermore, Berwick and vitamin D metabolitessm J Clin Nutr.1998;67:342-348.

63 H H i in. 11. Malabanan A, Veronikis IE, Holick MF. Redefining vitamin D insuffi-
et af reportgd t_hat sun exposure is associated with in cioncy [letter] L ancet 1008:351:805-806,
creased survival in patients with melanoma, and Chang et 12 Kauppinen-Makelin R, Tahtela R, Loyttyniemi E, Kérkkainen J,

alP%reported that a history of increased sun exposure wasvalimaki MJ. High prevalence of hypovitaminosis D in Finnish medical in-

. . . . and outpatientsl Intern Med2001;249:559-563.
associated Wlth.redUCEd risk Pf non_HOdgkm Iymphqma. 13. Looker AC, Dawson-Hughes B, Calvo MS, Gunter EW, Sahyoun NR.
These observations are consistent with the suggestion oferum 25-hydroxyvitamin D status of adolescents and adults in two seasonal
63 i i i+, subpopulations from NHANES IIBone.2002;30:771-777.
Apperly1 that sun exposure seems to p_rO_VIde an I,mmumt_y 14. Lips P, Duong T, Oleksik A, et al. A global study of vitamin D status
for most deadly cancers, even though it is associated Withand parathyroid function in postmenopausal women with osteoporosis:
increased risk of relatively benign skin cancer. No substan-baseline data from the multiple outcomes of raloxifene evaluation clinical trial

. . e . . .1 [published correction appears nClin Endocrinol Metab2001;86:3008]J
tiated scientific evidence exists to suggest that sensiblegi, endocrinol Metab2001:86:1212-1221.

suberythemal sun exposure significantly increases risk of 15. Sullivan SS, Rosen CJ, Halteman WA, Chen TC, Holick MF. Adoles-

any type of skin cancer and certainly not melanoma. The

cent girls in Maine are at risk for vitamin D insufficiendyAm Diet Assoc.
2005;105:971-974.

negative publicity regarding sun exposure during the past 16. Holick M, Jenkins MThe UV AdvantagNewYork, NY: iBooks; 2003.

30 years has resulted in a vitamin D deficiency pandemic.
The important role that sensible sun exposure has in pro

viding vitamin D for the world’s population needs to be
reevaluated. Indeed, in Australia and New Zealand, wher

17. Segal E, Zinnman H, Raz B, Tamir A, Ish-Shalom S. Adherence to
vitamin D supplementation in elderly patients after hip fracture [lettekn

Geriatr Soc 2004;52:474-475.

18. Holick MF. McCollum Award Lecture, 1994: vitamin D—new hori-
zons for the 21st centunfum J Clin Nutr.1994;60:619-630.

€ 19. MacLaughlin JA, Anderson RR, Holick MF. Spectral character of

the incidence of skin cancer is the highest in the world, thesunlight modulates photosynthesis of previtaminaBd its photoisomers in

New Zealand Bone and Mineral Society in collaboration

with the Australian College of Dermatologists and the Can-

human skinSciencel1982;216:1001-1003.
20. Holick MF, Tian XQ, Allen M. Evolutionary importance for the mem-
brane enhancement of the production of vitamjinDhe skin of poikilother-

cer Council of Australia have recommended a balancemic animalsProc Natl Acad Sci U S A995,92:3124-3126.

21. Holick MF. Vitamin D requirements for humans of all ages: new

between avoiding an increased risk of skin cancer andincreased requirements for women and men 50 years and older. Osteoporos Int.
achieving enough UV radiation to maintain adequate vita- 1998;8(suppl 2):524-S29.

min D levels. It is hoped that this message will be heard

22. Webb AR, deCosta BR, Holick MF. Sunlight regulates the cutaneous
production of vitamin Dby causing its photodegradatiahClin Endocrinol

loud and clear and that this recommendation will also be Metab.1989;68:882-887.

adopted worldwide.

23. Clemens TL, Adams JS, Henderson SL, Holick MF. Increased skin pig-
ment reduces the capacity of skin to synthesise vitamibaDcet 1982;1:74-76.
24. Matsuoka LY, Ide L, Wortsman J, MacLaughlin JA, Holick MF. Sun-

I thank Dr Joseph West and Christine McCrary Sisk of Merck and Screens supress cutaneous vitamipsfnthesis.J Clin Endocrinol Metab.

Catherine St. Clair for assistance with preparation of the submit-
ted manuscript.
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