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Vitamin D plays an essential role in regulating calcium and phosphate metabolism and maintaining a
healthy mineralized skeleton. Humans obtain vitamin D from sunlight exposure, dietary foods and
supplements. There are two forms of vitamin D: vitamin D3 and vitamin D,. Vitamin D3 is synthesized
endogenously in the skin and found naturally in oily fish and cod liver oil. Vitamin D, is synthesized from
ergosterol and found in yeast and mushrooms. Once vitamin D enters the circulation it is converted by
25-hydroxylase in the liver to 25-hydroxyvitamin D [25(0H)D], which is further converted by the 25-
hydroxyvitamin D-1a-hydroxylase in the kidneys to the active form, 1,25-dihydroxyvitamin D
[1,25(0H),D]. 1,25(0H),D binds to its nuclear vitamin D receptor to exert its physiologic functions. These
functions include: promotion of intestinal calcium and phosphate absorption, renal tubular calcium
reabsorption, and calcium mobilization from bone. The Endocrine Society's Clinical Practice Guideline
defines vitamin D deficiency, insufficiency, and sufficiency as serum concentrations of 25(OH)D of
<20 ng/mL, 21—-29 ng/mL, and 30—100 ng/mL, respectively. Vitamin D deficiency is a major global public
health problem in all age groups. It is estimated that 1 billion people worldwide have vitamin D defi-
ciency or insufficiency. This pandemic of vitamin D deficiency and insufficiency is attributed to a modern
lifestyle and environmental factors that restrict sunlight exposure, which is essential for endogenous
synthesis of vitamin D in the skin. Vitamin D deficiency is the most common cause of rickets and
osteomalacia, and can exacerbate osteoporosis. It is also associated with chronic musculoskeletal pain,
muscle weakness, and an increased risk of falling. In addition, several observational studies observed the
association between robust levels of serum 25(OH)D in the range of 40—60 ng/mL with decreased
mortality and risk of development of several types of chronic diseases. Therefore, vitamin D-deficient
patients should be treated with vitamin D; or vitamin D3 supplementation to achieve an optimal level of
serum 25(OH)D. Screening of vitamin D deficiency by measuring serum 25(OH)D is recommended in
individuals at risk such as patients with diseases affecting vitamin D metabolism and absorption, oste-
oporosis, and older adults with a history of falls or nontraumatic fracture. It is important to know if a
laboratory assay measures total 25(0OH)D or only 25(0H)Ds. Using assays that measure only 25(0OH)D3
could underestimate total levels of 25(OH)D and may mislead physicians who treat patients with vitamin
D, supplementation.
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1. Historical overview of vitamin D

In the 1600s when the industrial revolution swept across
Europe, there was an outbreak of a disease causing skeletal de-
formities in children known as rickets in the Southwest counties of
England."? The etiology of rickets remained a mystery for more
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than 250 years. By the early 1900s upwards of 90% of children living
in Leiden, Glasgow, London and Berlin were reported to have
skeletal manifestations of rickets.> Huldschinski exposed rachitic
children to a mercury arc lamp and reported marked radiologic
improvement of the rachitic children (Fig. 1.). He correctly specu-
lated that something that was synthesized by the skin had sys-
temically improved bone health* In 1921, Hess and Unger finally
demonstrated radiologic improvement of rachitic children after
exposing them to sunlight at the roof of their hospital in New York.”
In 1919, Edward Mellanby and Elmer McCollum performed animal
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Fig. 1. UV radiation therapy for rickets. (A) Photograph from the 1920s of a child with rickets being exposed to artificial UV radiation. (B) Radiographs demonstrating florid rickets of
the hand and wrist (left). The same hand and wrist taken after a course of treatment with 1-h UV radiation 2 times/week for 8 week showing mineralization of the carpal bones and

epiphyseal plates (right). Holick, copyright 2006. Reproduced with permission.

studies that proved the antirachitic properties in cod liver 0il.%’
Later, McCollum named the antirachitic factor in cod liver oil as
“vitamin D” because it was the fourth vitamin that had been
discovered following vitamin A, B and cs

In 1924, Hess and Weinstock, and Steenbock and Black discov-
ered that UVB irradiation of ergosterol in yeast and vegetable foods
as well as cholesterol (later found to have a small amount of 7-
dehydrocholesterol) in the skin resulted in the production of the
antirachitic factor vitamin D.>'° This led Steenbock et al. to intro-
duce the concept of irradiating ergosterol containing milk or adding
irradiated ergosterol to milk as a means of providing vitamin D to
children. This fortification process was practiced in most indus-
trialized countries and thus rickets was essentially eradicated by
the early 1930s.> However, in the early 1950s, several young chil-
dren in England were reported to have altered facial features,
supravalvular aortic stenosis, mild mental retardation and hyper-
calcemia. It was incorrectly concluded by the experts that this was
due to in utero or infantile vitamin D intoxication most likely due to
the over fortification of milk with vitamin D. Although there was no
proof for this, the fact that infants had similar birth defects was
alarming, and as a result, Great Britain immediately banned vitamin
D fortification of milk and any other product used by children or
adults. This hysteria quickly spread worldwide where only the
United States and Canada continued fortifying milk with vitamin D.
In retrospect, it is likely that these children had Williams syndrome
which causes elfin-like faces, supravalvular aortic stenosis, mild
mental retardation and a hypersensitivity to vitamin D that results
in hypercalcemia.’ Only a few countries including Sweden, Finland
and most recently India have now reinstituted a program to
improve vitamin D status of the population by encouraging milk
an]czl some other foods and cooking oil to be fortified with vitamin
D.

2. Sources, synthesis, and metabolism of vitamin D

Vitamin D is a steroid hormone responsible for regulating cal-
cium and phosphorus metabolism. Humans obtain vitamin D from
either sunlight exposure or dietary foods and supplements. There
are two forms of vitamin D: vitamin D3 (cholecalciferol) and
vitamin D, (ergocalciferol). Vitamin D3 is synthesized endoge-
nously in the skin and found naturally in oily fish and cod liver oil.
Vitamin D5 is synthesized from ergosterol and found in yeast and
mushrooms.

Cutaneous synthesis of vitamin D3 requires the exposure of UVB
at wavelength of 290—315 nm. Once formed, vitamin D3 exits the
cutaneous tissue and enters the circulation. Humans also absorb
vitamin D as a fat-soluble vitamin from the diet and supplements
primarily in the duodenum. The estimated content of vitamin D

found in natural products and supplements is shown in Table 1.

Once vitamin D enters the circulation, it is weakly bound to the
vitamin D binding protein for transport and is stored in adipose
tissue. It is metabolized by 25-hydroxylase (CYP2R1) in the liver to
25-hydroxyvitamin D [25(OH)D], which is then converted by the
25-hydroxyvitamin D-1a-hydroxylase (CYP27B1) in the kidneys to
the active form, 1,25-dihydroxyvitamin D [1,25(OH),D]. 1,25(0H),;D
binds to intracellular nuclear vitamin D receptor (VDR) to exert its
physiologic functions and to regulate its own level via negative
feedback mechanism and induction of its own destruction by the
25-hydroxyvitamin D-24-hydroxylase (CYP24A1). 1,25(0OH),;D in-
hibits renal 1a-hydroxylase directly and indirectly by suppressing
the expression and production of parathyroid hormone (PTH). The
CYP24A1 not only catabolizes 1,25(0H),;D but also 25(OH)D into
inactive water-soluble metabolite excreted in the bile.> Schematic
representation of the synthesis and metabolism of vitamin D for
skeletal and non-skeletal function is shown in Fig. 2.

3. Effect of vitamin D on calcium, phosphate, and bone
metabolism

Vitamin D displays its calcemic and phosphatemic make effects
by altering the expressions of several genes in the small intestine,
kidneys and bone. Activation of VDR by 1,25(0OH),D promotes in-
testinal calcium and phosphate absorption, renal tubular calcium
reabsorption, and calcium mobilization from the bone (Fig. 2.). It
should be noted that 1,25(0OH);D promotes bone mineralization
mainly by enhancing intestinal calcium and phosphate absorption
to maintain an adequate calcium-phosphate product that crystal-
lizes in the collagen matrix resulting in passive bone mineraliza-
tion. 1,25(0OH),;D promotes the expression of osteocalcin which is
the major non-collagenous protein in the skeleton. Both
1,25(0H),;D and PTH also enhances bone resorption by stimulating
the osteoblast to express receptor activator of nuclear factor kappa-
B (RANK) ligand (RANKL) on cell membrane as well as releasing it
into the circulation. RANKL interacts with RANK on the monocytic
osteoclast precursor cell causing it to amalgamate with other
monocytic cells that results in the formation of a mature osteoclast.
Osteoclasts function by bathing bone with hydrochloric acid to aid
in the release of calcium into the circulation and collagenases to
remove the collagen matrix (Figs. 3 and 4.). In addition, 1,25(0H),D
directly inhibits PTH production and induces FGF23 production in
osteocytes as a part of negative feedback loops to maintain serum
calcium and phosphate concentration in a physiologic range.'
Overall, vitamin D forms an endocrine system together with PTH
and FGF23 to play a crucial role in maintaining calcium and phos-
phate homeostasis as well as normal bone growth and
mineralization.
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Table 1

Estimated content of vitamin D2, vitamin D3 and 25-hydroxyvitamin D in diet and pharmaceutical sources.

Source

Vitamin D content

Natural sources

Fresh wild salmon (3.5 0z)

Fresh farmed salmon (3.5 0z)
Canned salmon (3.5 0z)

Canned sardine (3.5 0z)

Canned mackerel (3.5 0z)

Canned tuna (3.6 0z)

Cod liver oil (1tsp)

Fresh shiitake mushrooms (3.5 0z)
Sun-dried shiitake mushrooms (3.5 0z)
Beef liver (1 Ib)

Beef kidney (1 Ib)
Beef muscle (1 1b)
Pork liver (1 Ib)

Pork muscle (1 1b)

Egg yolk

Fortified foods

Fortified milk and infant formula (US)
Fortified milk product (India)
Fortified cooking oil (India)

Fortified orange juice

Fortified yogurts, butter, margarine, cheese
Fortified breakfast cereals
Supplements

Prescription

Ergocalciferol (D2)

Drisdol (D2) liquid supplement

Over the counter

Multivitamin

Vitamin D3

600—1000 IU of D3
100—250 IU of D2 or D3
300—600 IU of D3
300 IU of D3

250 IU of D3

230 IU of D3
400—1000 IU of D3
600—1000 IU of D2
600—1000 IU of D2
0—2500 IU of D3
0.3—3.5 pg of 25-OHD
20-500 IU of D3
0.4—10.6 pug of 25-OHD
0—180 IU of D3
0.1—2.6 pg of 25-OHD
70—220 IU of D3

~2 ng of 25-OHD
10—250 IU of D3
0—31.4 ug of 25-OHD
20 IU of D2 or D3
0.2—0.8 pg of 25-OHD

100 IU/8 oz, usually D3
550 IU/L, D2
4.4-6.41U/g, D2

100 IU/8 oz of D3

100 IU/8 oz, usually D3
100 1U/8 oz, usually D3

20,000, 50,000 U
8000 IU/mL

100, 200, 400 IU of D2 or D3
400, 800, 1,000, 2,000, 4,000, 5,000, 10,000, 50,000 IU

Adapted from Holick MF. Vitamin D Deficiency. New England Journal of Medicine. 2007; 357(19):1980-2., Schmid A, Walther B.
Natural vitamin D content in animal products. Advances in nutrition (Bethesda, Md). 2013; 4(4):453-62., and Marwaha RK, Dabas A.
Interventions for Prevention and Control of Epidemic of Vitamin D Deficiency. The Indian Journal of Pediatrics. 2019;86(6):532-7.

4. Non-calcemic effects of vitamin D

Vitamin D has a multitude of non-calcemic actions. This is due in
part to the presence of the VDR in most tissues and cells including
the skin, skeletal muscle, adipose tissue, endocrine pancreas, im-
mune cells, blood vessels, brain, breast, many cancer cells and
placenta.'® There is evidence that activation of the VDR by
1,25(0OH),D results in a multitude of biologic activations in these
tissues through both genomic and non-genomic pathways. For
example, 1,25(0OH),;D has been shown to have prodifferentiation
and antiproliferation effects on the keratinocyte, antitumergenic
and antimetastatic activities on several types of cancer cells,
immunomodulatory effects on macrophages and on activated T and
B lymphocytes, effects on skeletal muscle function, and protective
effects against cardio-metabolic disorders and pregnancy related
complications.'”

5. Defining vitamin D deficiency and vitamin D insufficiency

The Endocrine Society's Clinical Practice Guideline defines
vitamin D deficiency, insufficiency, and sufficiency as serum con-
centrations of 25(OH)D <20ng/mL (<50 nmol/L), 21—-29 ng/mL
(51-74nmol/L) and 30-100ng/mL (75—250nmol/L), respec-
tively.'® They also noted that toxicity is usually not observed until
25(0H)D > 150 ng/mL (>375 nmol/L). Although the cutoff values for
the optimal level of 25(0OH)D remains controversial, using these

values is considered clinically reasonable according to the results
from a number of studies. Firstly, an experimental study in adults
receiving 50,000 IU of vitamin D, once a week and calcium sup-
plementation for 8 weeks displayed a significant 35% decrease in
their PTH levels when their baseline 25(0H)D was less than 20 ng/
mL.”” Secondly, giving vitamin D supplement to postmenopausal
women with average serum 25(OH)D of 20 ng/mL to increase their
25(0H)D levels to 32 ng/mL caused a significant increase in effi-
ciency of intestinal calcium absorption by 45—65%.'¢ Thirdly,
several observational studies demonstrated that PTH levels are
inversely associated with 25(OH)D levels and plateau in individuals
with serum 25(0OH)D levels of at least 30—40 ng/mL.'*?° This evi-
dence also concurs with the threshold for prevention of hip and
nonvertebral fracture from a meta-analysis of double-blind ran-
domized controlled trials with oral vitamin D supplement.’' The
normalization of PTH and the changes in important clinical out-
comes from improving vitamin D status to certain levels of 25(0H)
D suggests that these cutoff values can be used for guidance of
treatment decisions. It should be noted that measuring 1,25(0OH),D
is not useful for diagnosis and monitoring of vitamin D status,
because it is usually normal or elevated due to secondary hyper-
parathyroidism in the presence of vitamin D deficiency. 1,25(0H),D
measurement should only be considered in patients who have
dysregulated vitamin D metabolism such as chronic kidney disease,
granulomatous diseases, vitamin D-resistant rickets, and
phosphate-losing disorders.'®
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Fig. 2. Schematic representation of the synthesis and metabolism of vitamin D for skeletal and nonskeletal function. 1-OHase = 25-hydroxyvitamin D-1¢-hydroxylase; 24-
OHase = 25-hydroxyvitamin D-24-hydroxylase; 25(0OH)D = 25-hydroxyvitamin D; 1,25(0OH)2D = 1,25-dihydroxyvitamin D; CaBP = calcium-binding protein; CYP27B1, Cyto-
chrome P450—27B1; DBP = vitamin D—binding protein; ECaC = epithelial calcium channel; FGF-23 = fibroblast growth factor-23; PTH = parathyroid hormone; RANK = receptor
activator of the NF-kB; RANKL = receptor activator of the NF-kB ligand; RXR = retinoic acid receptor; TLR2/1 = Toll-like receptor 2/1; VDR = vitamin D receptor; vitamin D = vitamin
D2 or vitamin D3. Copyright Holick 2013, reproduced with permission.

6. Epidemiology of vitamin D deficiency and insufficiency vitamin D deficiency (25(OH)D<20ng/mL) or insufficiency
(25(0H)D 20—29 ng/mL).?*> People living in countries with high

Vitamin D deficiency is a major global public health problem in latitude were thought to be more susceptible to vitamin D defi-
all age groups. It is estimated that 1 billion people worldwide have ciency especially in the wintertime because of the oblique zenith
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Fig. 3. In vitamin D-deficient bone, increased parathyroid hormone induces the osteoblast to express receptor activator of NF-kB ligand (RANKL) on their cell surface and to secrete
soluble RANKL into the extracellular matrix. Both surface RANKL and soluble RANKL interact with receptor activator of NF-kB on the surface of osteoclast precursor cells which are
differentiated from macrophage-colony forming unit (M-CFU). RANK-RANKL interaction leads to the differentiation of osteoclast precursor cells into multinucleated osteoclasts
which are then activated to exert its bone resorbing activity.

Osteoclast activation

channel

Fig. 4. Activation of receptor activator NF-kB (RANK) by receptor activator NF-kB ligand (RANKL) leads to osteoclast differentiation and osteoclast activation. It promotes bone
resorbing activity of the osteoclast in the lacuna by inducing its secretion of acids including citric acid, lactic acid, hydrochloric acid, and enzymes including cathepsins and matrix
metalloproteinase (MMP), leading to a release in collagen fragment, calcium and phosphate from the bone into the extracellular matrix.

angle of the sun and wearing more clothing.>® Several studies in daily, the prevalence of vitamin D deficiency at the end of the
North America and Europe showed that 40—100% of elderly winter was as high as 32%.2° It is a myth that populations living
community-living people are vitamin D deficient."”'%?425 Even in ~ near the equator where there is robust sunlight are immune to
healthy young adult students, physicians and residents at a Boston vitamin D deficiency. More than 50% and up to 80% of children and
Hospital who were drinking a glass of milk and taking multivitamin adults in the Middle East, India, Brazil, and South East Asia have
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been reported to be vitamin D deficient or insufficient.>’ ! The
high prevalence of vitamin D deficiency and insufficiency in these
populations could be attributed to several factors, including
extensive skin coverage especially in Middle Eastern women,
increased skin melanin content in Africans living in urban areas,
lack of vitamin D supplementation and dietary fortification, and
inadequate sunlight exposure. Pregnant women and infants are
also at high risk for vitamin D deficiency as 73% of the women and
80% of their infants were found to have vitamin D deficient at the
time of birth despite taking a daily prenatal multivitamin con-
taining 400 IU of vitamin D.>?

7. Factors influencing vitamin D status

Vitamin D status is influenced by several factors, including those
affecting skin synthesis, bioavailability and metabolism of vitamin
D, and acquired and inherited disorders of vitamin D metabolism
and responsiveness. Factors influencing vitamin D status and their

8. Vitamin D and clinical outcomes
8.1. Rickets and osteomalacia

Rickets is the clinical consequence of defective mineralization
throughout the growing skeleton, while osteomalacia is the result
of impaired skeletal mineralization occurring after the fusion of
epiphyseal plates in adults.>*> Vitamin D deficiency is the most
common cause of rickets and osteomalacia. The second most
common cause is inadequate dietary calcium intake of less than
400—500 mg/day.>* In vitamin D-deficient patients, only 10—15% of
dietary calcium and 50—60% of dietary phosphorus can be absorbed
in small intestine.> The poor absorption of calcium results in
decreased ionized calcium which causes secondary hyperparathy-
roidism as a compensatory mechanism. PTH maintains calcium by
increasing tubular reabsorption of calcium in the kidney and
enhancing bone resorption to mobilize calcium stores from the
skeleton. Furthermore, PTH also decreases renal phosphate reab-
sorption leading to urinary loss of phosphate.>® Thus, patients with
rickets and osteomalacia usually have 25(OH)D levels of less than

mechanisms are summarized in Table 2.%2
Table 2
Factors influencing vitamin D status.
Factor Effects
Skin synthesis
o Blockade of UVB radiation - Reduced skin vitamin D3 production by as much as 99%
- Skin pigmentation - SPF 8 by 92.5%, SPF 15 by 95.5%, SPF 50 by 99.0%
- Sunscreen use - Little or no production of vitamin D3 above (Northern hemisphere) and below (Southern

e Amount of UVB radiation reaching the earth

- Zenith angle of the sun: latitude, time of day, season
e Amount of 7-dehydrocholesterol in the skin

- Aging

- Skin graft or burn
Bioavailability

hemisphere) about 35° from the equator during the winter
Decreased vitamin D3 synthesis by around 75% in a 70-year old
Decreased vitamin D3 synthesis

e Malabsorptive conditions e.g. cystic fibrosis, celiac disease, - Impaired vitamin D absorption
Whipple's disease, Crohn's disease, bypass surgery - Sequestration of vitamin D in high body fat leads to reduced concentration of 25(OH)D

e Obesity
25-hydroxylation
o Liver dysfunction
- Mild-to-moderate dysfunction
- Severe dysfunction with <10% functioning hepatocytes
Vitamin D binding protein
e Nephrotic syndrome
Catabolism
e Medications e.g. antiepileptics, antiretrovirals, glucocorticoids,
antirejection medications
e Hyperthyroidism
e Hyperparathyroidism and granulomatous disorders

Impaired vitamin D absorption, but 25(OH)D can be produced.
Impaired liver 25-hydroxylation

Urinary loss of vitamin D binding protein resulting in loss of 25(OH)D in the urine

- Affects steroid and xenobiotic receptor or the pregnane X receptor, causing increased catabolism of
25(0OH)D and 1,25(0H),D into inactive water-soluble carboxylic acid derivatives.
- Enhances 25(0OH)D metabolism to inactive metabolite, leading to low levels of 25(0OH)D
Increased production of 1,25(0H),D which enhances the

24 hydroxylase resulting in the catabolism of 25(0OH)D and 1,25(0OH),D into inactive water-soluble
carboxylic acid derivatives.

1a-hydroxylation

e Acquired disorders

- Chronic kidney disease stages 2 and 3 (eGFR 31—89 mL/min/
1.73m?)

Hyperphosphatemia increasing FGF23 which suppresses 1a-hydroxylase activity
1a-hydroxylase deficiency leading to decreased 1,25(0OH),D production

- Chronic kidney disease stages 4 and 5 (eGFR <30 mL/min/ - Tumor production of FGF23, inhibiting renal 1a-hydroxylase activity and inducing 24-hydroxylase

1.73m?) activity, resulting in low levels of 1,25(0H),D
- Tumor-induced osteomalacia - Increased PTH inducing conversion of 25(0OH)D to 1,25(0H),D, leading to high levels of 1,25(0OH),D
- Primary hyperparathyroidism - Macrophage conversion of 25(0OH)D to 1,25(0OH),D leading to high levels of 1,25(0H),D

- Granulomatous disorders e.g. sarcoidosis, tuberculosis, and
other conditions, including Hodgkin lymphoma
o Inherited disorders

- Pseudovitamin D deficiency rickets (vitamin D—dependent - Mutation of the renal 25(0OH)D-1a-hydroxylase 1 (CYP27B1), causing low levels of 1,25(0H),D

rickets type 1)
- Autosomal dominant hypophosphatemic rickets
- X-linked hypophosphatemic rickets

Vitamin D responsiveness

e Vitamin D—resistant rickets (vitamin D—dependent rickets
type II)

e Vitamin D—dependent rickets type III

Mutation of the gene for FGF23, reducing its breakdown, leading to excess FGF23 which inhibits renal
la-hydroxylase activity and induces 24-hydroxylase activity, resulting in low levels of 1,25(0OH),D
Mutation of the PHEX gene, leading to excess phophatonins and FGF23 which inhibits renal 1a-
hydroxylase activity and induces 24-hydroxylase activity, resulting in low levels of 1,25(0H),D

Mutation of VDR gene causing 1,25(0OH),D resistance, resulting in elevated levels of 1,25(0H),D
Over production of hormone responsive vitamin D binding protein attenuating transcription of
1,25(0OH),D responsive genes, causing 1,25(0H),D resistance and elevated levels of 1,25(0H),D

Adapted from Holick MF. Vitamin D Deficiency. New England Journal of Medicine. 2007; 357(19):1980-2.
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15 ng/mlL, elevated serum alkaline phosphatase, normal serum
calcium, and low normal to low serum phosphate. Inadequate
calcium-phosphate product results in generalized defective osteoid
mineralization which then leads to the development of rickets and
osteomalacia (Figs. 5 and 6, and 7.).>3°

Clinical manifestations of rickets and osteomalacia are listed in
Table 3. Defective enchondral bone formation in rickets typically
appears before the age of 18 months with maximum frequency
between the ages of 4 and 12 months because it predominantly
affects areas of rapid bone growth including costochondral junc-
tions and long bone epiphyses (Fig. 8.). Vitamin D deficiency pre-
vents normal chondrocyte maturation resulting in hypertrophy of
the cells causing widening of the growth plates. Hypertrophy of the
costochondral junctions can cause beading known as the classic
rachitic rosary, and can progress to protrusion of the sternum,
involution of the ribs and costochondral junction, and traverse
depressions at the lower end of the rib cage. Flattened pelvic bones
and skull deformities including very thin parchment like consis-
tency (craniotabes) and frontal bossing can also be observed in
some rachitic children. In severe cases, hypocalcemia can develop,
leading to tetany, seizures, laryngospasm, cardiomyopathy and
death.>*” Moreover, profuse sweating is another common finding
in infantile rickets and is thought to be caused by bone pain and

Vitamin D insufficiency/deficiency
[25(OH)D <30 ng/mL|

|

J Intestinal calcium absorption

4 Ionized calcium

Secondary
hyperparathyroidism

1 Osteoclast number
/M Osteoclast activity

1

Loss of bone mineral & matrix

l

Low bone mass & osteoporosis
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neuromuscular irritability of the sweat glands.>®

The histologic manifestation of osteomalacia is an excessive
accumulation of poorly mineralized osteoid matrix (Fig. 6.). Oste-
oblast function is relatively normal in vitamin D deficient children
and adults and therefore they produce the collagen matrix. How-
ever, because of the inadequate calcium phosphate product in the
extracellular space the skeletal collagen matrix cannot be miner-
alized. The collagen matrix becomes gelatin-like and when it is
exposed to water it expands. This matrix expansion underneath the
periosteum, which is heavily innervated with sensory fibers, leads
to common patient complaints of throbbing and aching bone pain.
Tenderness on sternal compression on physical examination helps
support the diagnosis.>? In addition, patients typically complain of
proximal muscle weakness causing difficulty with transitioning
from a sitting to a standing position; and in some cases, patients are
unable to lift their head due to severe proximal muscle weakness in
the shoulder girdle muscles. In addition to proximal muscle
weakness, patients often complain of generalized fatigue and are
often misdiagnosed as other rheumatologic diseases such as fi-
bromyalgia, chronic fatigue syndrome and polymyalgia rheuma-
tica.* Patients can also display a characteristic waddling gait which
may result from thigh weakness and hip pain.’

Vitamin D deficiency
[25(OH)D <20 ng/mL]

4 J Intestinal calcium absorption

|

=, { Ionized calcium

< Intestinal phosphate

——— Thyroid gland
absorption

> Parathyroid gland

4 Urinary phosphate

t Parathyroid hormone

—= excretion

Inadequate
Calcium x Phosphate <

Bone mineralization defect

Osteomalacia
in adults

Rickets
in children

Fig. 5. When serum 25-hydroxyvitamin D (25(0OH)D) is less than 30 ng/mL, there is a significant decrease in intestinal calcium and phosphate absorption. This causes a decrease in
serum jonized calcium concentration and subsequent secondary hyperparathyroidism. Elevated parathyroid hormone (PTH) induces differentiation of preosteoclast into mature
osteoclast leading to increased osteoclast activity. This results in increased bone resorption, loss of bone mineral and matrix, and subsequent low bone mass and osteoporosis. In
addition, PTH displays a phosphaturic effect leading to an increase in urinary phosphate excretion. Urinary phosphate loss and decreased intestinal phosphate absorption due to
vitamin D deficiency [25(0OH)D < 20 ng/mL] contribute to inadequate calcium-phosphate product, thereby resulting in defective bone mineralization and development of rickets and

osteomalacia.
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Fig. 6. Normal bone histology with normal trabeculae and normal bone mass is demonstrated in the left picture. Histology of bone with low bone mass/osteoporosis demonstrating
thin trabeculae, poor connectivity and low bone mass is shown in the middle picture. Histology of bone with rickets/osteomalacia demonstrating accumulated osteoid (red areas
around black mineralized trabeculae) is shown in the right picture.

Wider
Haversian canal

1 Porosity

| Mineralization

Larger osteocytic
lacunae

Vitamin D-deficient osteon

Fig. 7. Bone consists of two major components, including cortical bone which is a major determinant of bone strength and resistance to fracture, and trabecular bone which acts as
bridges built inside the cortical bone that intensifies bone strength. Cortical bone is a built of cylinders called osteons. Each osteon is composed of bone collagen matrix protein
arranged concentrically in lamellae around a Haversian canal containing venous (blue) and arterial (red) blood vessels. Osteocytes and osteoclasts are located in lacunae between
each lamellae. Vitamin D-deficient osteons displayed larger lacunae, wider Haversian canal due to the PTH induced increase in numbers and activity of osteoclasts thereby
increasing the porosity. In addition, there is defect in osteoid mineralization (light pink area) compared with those of normal bone.
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Table 3
Clinical manifestations of rickets and osteomalacia.

Rickets Osteomalacia

Restlessness and irritability

Head sweating

Skeletal signs (enlargement of costochondral junctions at 6—9
months of age)

Frontal bossing (head appears somewhat square)

Osseous borders soft (craniotabes)
Teething delayed

Muscles flabby

Upper respiratory tract infections
Anemia (von Jacksch—Luzet syndrome)

Throbbing and aching bone pain

Tenderness on sternal compression

Proximal muscle weakness

Generalized fatigue commonly misdiagnosed as fibromyalgia, chronic fatigue syndrome and
polymyalgia rheumatica

Fontanelles wide open e Waddling gait due to thigh weakness and hip pain

Adapted from Holick MF, Lim R, Dighe AS. Case 3—2009. New England Journal of Medicine. 2009; 360(4):398—407.

Fig. 8. Skeletal deformities observed in rickets. (A) Photograph from the 1930s of a sister (left) and brother (right), aged 10 months and 2.5 years, respectively, showing enlargement
of the ends of the bones at the wrist, carpopedal spasm, and a typical “Taylorwise” posture of rickets. (B) The same brother and sister 4 years later, with classic knock-knees and bow
legs, growth retardation, and other skeletal deformities. Holick, copyright 2006. Reproduced with permission.

8.2. Osteoporosis and fracture

Osteoporosis, the most common metabolic bone disorder
worldwide, is the major cause of pathologic fracture in the
elderly.*! About one third of women aged between 60 and 70 years
old and two third of women over the age of 80 are found to have
osteoporosis. It is estimated that 22% of men and 47% of women
older than 50 years old will sustain an osteoporotic fracture
throughout their remaining lifetime.*>**

Long-standing vitamin D deficiency/insufficiency is a risk factor
of osteoporosis. When serum 25(OH)D level is less than 30 ng/mL,
there is a decrease in intestinal calcium absorption, leading to a
decrease in serum ionized calcium and secondary hyperparathy-
roidism as a compensatory mechanism. Elevated serum para-
thyroid hormone induces osteoclast differentiation and activation
resulting in an increase in bone resorbing activity by removing both
osteoid and mineral bone matrix (Figs. 3 and 4 and 5.). Histologic
manifestation and microstructural abnormalities of vitamin D
deficiency/insufficiency causing low bone mass/osteoporosis are
demonstrated in Fig. 6 and 7., respectively.

There is promising epidemiological evidence showing the pos-
itive association between higher serum 25(OH)D levels and greater
bone mineral density (BMD) which plateau at a serum 25(0OH)D
level of 30 ng/mL in both young and old individuals.** The associ-
ation is more pronounced in ethnic groups with higher risk of
osteoporosis such as Caucasians and Asians, while it is not as robust

in Hispanics and blacks that carry the lower risk of osteopo-
rosis.*>45 Nonetheless, whether vitamin D and calcium supple-
mentation can increase or maintain BMD or is beneficial for
prevention of osteoporotic fracture is still debatable as placebo-
controlled interventional trials examining the effect of vitamin D
supplement on the incidence of osteoporotic fracture have dis-
played largely inconsistent results. For instance, Macdonald et al.
reported that giving 1000 IU of vitamin D3 for 1 year could atten-
uate the decline in BMD at the total hip site when compared to
placebo or giving 400 IU of vitamin D3.*’ Another study in 3270
elderly French women by Chapuy et al. gave 800 IU of vitamin D3
and 1200 mg of calcium daily for 3 years and observed that the
reduction of the risk of nonvertebral fracture by 32% and the risk of
hip fracture by 43% compared to the placebo group.*® A study by
Dawson-Hughes et al. observed a 58% reduction in nonvertebral
fractures in 389 community-dwelling elderly individuals 65 years
and older who were receiving 700 IU/day of vitamin D3 along with
500 mg of calcium.*® On the other hand, several large clinical trials
and meta-analysis including the vitamin D Individual Patient
Analysis of Randomized Trials*®, Cochrane review’!, and IOM re-
view>2 have shown little or no benefits of vitamin D supplement in
prevention of fractures. This might be attributed to the heteroge-
neity of the included subjects such as ethnicity, age, baseline and
change in serum 25(0OH)D, and baseline vitamin D and calcium
intake. It is worth noting that prevention of both nonvertebral and
hip fracture was observed in trials giving at least 700 IU of vitamin
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D3 per day in patients whose baseline serum 25(OH)D level was
less than 17 ng/mL and whose mean serum 25(OH)D level rose to
around 40 ng/mL>> This suggests that the antifracture effect of
vitamin D supplementation is observed only when vitamin D
deficiency is corrected with adequately high dosage of vitamin D to
achieve the optimal level of serum 25(OH)D.

8.3. Muscle strength and fall

Skeletal muscle expresses vitamin D receptor and may require
vitamin D for maximizing its function.> Vitamin D deficiency im-
pairs proximal muscle function, and is thought to predispose falls in
the elderly. It has been shown that proximal muscle strength and
performance speed improved when 25(0OH)D rose from 4 to 16 ng/
mL and continued to improve as the levels increased to more than
40 ng/mL.>> A randomized clinical trial conducted in nursing home
residents demonstrated that giving 800 IU/day of vitamin D, sup-
plement plus calcium lead to a 72% reduction in risk of falls when
compared with the placebo; the effect was not observed in those
who are given lower dose of vitamin D,.>> This result is consistent
with a meta-analysis of five randomized controlled trials including
a total of 1,237 elderly subjects showing that supplementation of
vitamin D intake reduced the risk of falls by 22% as compared with
only calcium or placebo. This meta-analysis also suggested that
trials that gave 800 IU of vitamin D3/day plus calcium significantly
reduced the risk of fall, whereas the results from a trial that gave
400 IU of vitamin D3/day did not show the effectiveness of vitamin
Dsin prevention of falls.>®> According to this evidence, it can be
concluded that supplementation of vitamin D by at least 800 [U/day
along with calcium can prevent the risk of falls, while giving lower
dose of vitamin D failed to demonstrate the effect.

8.4. Non-skeletal clinical outcomes
Several observational studies have reported the association

between robust levels of serum 25(0OH)D in the range of 40—60 ng/
mL with decreased risk of development of several types of cancers

Table 4
Indications for screening of vitamin D deficiency.

including Hodgkin lymphoma, colon, prostate, breast, and other
cancers."” Furthermore, people with high serum 25(0OH)D levels are
observed to have lower rate of cardio-metabolic disorders
including hypertension, dyslipidemia, type 2 diabetes and periph-
eral arterial disease, all of which are risk factors for stroke,
myocardial infarction, and mortality.">?? Despite the promising
laboratory and epidemiological data, the cause-effect relationship
of these observations remains controversial as most previous ran-
domized controlled trials failed to prove the benefit of vitamin D in
prevention of cardiovascular diseases and cancers.’®

It is thought that the observed association between living in
lower latitudes and reduction of the risk of autoimmune diseases is
mediated by the immunomodulatory effect of sunlight and vitamin
D.>’ The risk of multiple sclerosis decreased by 41% for every in-
crease of 20ng/mL in 25(OH)D above approximately 24 ng/mL
among Caucasian men and women.”® Women who took more than
400 IU of vitamin D per day were 42% less susceptible to multiple
sclerosis.”® Similar findings have been reported for rheumatoid
arthritis.°° A study in Finland conducted a study in 10,366 children
who were given 2000 IU of vitamin D3/day during their first year of
life and were followed for 31 years showed the reduction of the risk
of type 1 diabetes by approximately 80%. Those who were vitamin
D-deficient were found to have increased risk by around 200%.°!
Furthermore, increasing prenatal vitamin D intake is found to
lower the risk of the development of islet autoantibodies in
offspring.®?

9. Diagnosis and management of vitamin D deficiency

Screening of vitamin D deficiency by measurement of serum
25(0H)D is recommended in individuals at risk as shown in
Table 4.'° There are multiple methods for measurement for 25(0OH)
D, including radioimmunoassay, high performance liquid chroma-
tography, and liquid chromatography tandem mass spectroscopy.®>
In clinical practice, it is important to know if an assay measures
total 25(OH)D or only 25(0OH)Ds. Using assays that measure only
25(0H)D3 could underestimate total blood levels of 25(OH)D and

Rickets and osteomalacia
Osteoporosis

Chronic kidney disease
Liver failure

surgery, and radiation enteritis

antiepileptic drugs

Fat malabsorption syndrome e.g. cystic fibrosis, inflammatory bowel disease, bariatric

e African-American and Hispanic children and adults

e Pregnant and lactating women

e Older adults with history of falls or nontraumatic fractures

e Obese individuals

e Granuloma-forming disorders e.g. sarcoidosis, tuberculosis, histoplasmosis,
coccidiomycosis, berylloiosis

Certain medications e.g. ketoconazole, cholestyramine, glucocorticoid, HAART, e Some lymphomas

Adapted from Evaluation, treatment, and prevention of vitamin D deficiency: an Endocrine Society clinical practice guideline. The Journal of clinical endocrinology and

metabolism. 2011; 96(7):1911-30.

Table 5

The Endocrine Society Practice Guidelines for vitamin D intake in individuals who are at risk for vitamin D deficiency and dosage of vitamin therapy treatment for patients with

vitamin D deficiency.

Age group For individuals at risk for vitamin D Treatment for patients with vitamin D deficiency
deficiency
Daily requirement Upper limit
0—1yr 400—1000 U 2000 IU - 2000 IU/d or 50,000 IU/wk of vitaminD, or D5 for at least 6 wk to achieve serum 25(OH)D > 30 ng/ml
- maintenance therapy of 400—1000 IU/d
1-18yr 600—1000 IU 4000 U - 2000 IU/d or 50,000 IU/wk of vitaminD, or D3 for at least 6 wk to achieve serum 25(0OH)D > 30 ng/ml
- maintenance therapy of 600—1000 IU/d
>18yr 1500—2000 IU 10,000 IU - 6000 IU/d or 50,000 IU/wk of vitaminD, or D53 for 8 wk to achieve serum 25(0OH)D > 30 ng/ml

maintenance therapy of 1500—2000 IU/d

Adapted from Evaluation, treatment, and prevention of vitamin D deficiency: an Endocrine Society clinical practice guideline. The Journal of clinical endocrinology and

metabolism. 2011; 96(7):1911-30.
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may mislead physicians who treat vitamin D-deficient patients
with vitamin D, supplementation.’* % More importantly in
countries such as India where milk and cooking oil are fortified
with vitamin D, these assays will be unreliable in providing an
accurate blood level for total 25(OH)D.

Recommended vitamin D intake in children and adults who are
at risk for vitamin D deficiency and dosage of vitamin D therapy for
patients with vitamin D deficiency is summarized in Table 5. In
vitamin D-deficient obese patients, patients with malabsorptive
conditions, and patients who are receiving medications affecting
vitamin D metabolism, dosage of vitamin D therapy should be
increased 2—3 times higher than in normal individuals.?” In preg-
nant women 4000 [Us daily was effective in raising 25(0OH)D blood
levels in the range of 40—60 ng/mL. Recent studies suggests that
blood 25(0H)D levels of 40—60 ng/mL is associated with reduced
risk for preeclampsia, need for a cesarean section, and premature
births.®” Since human breast milk essentially contains no vitamin D
lactating women should take 6000 IUs daily. By doing so they add
enough vitamin D to their milk to satisfy their infant's requirement.
Otherwise the infant requires 400—600 IUs daily as recommended
by the American Academy of Pediatrics and Endocrine Society.'®
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Learning points

e Vitamin D plays an essential role in regulating calcium and
phosphate metabolism and maintaining a healthy mineralized
skeleton.

e Approximately 1 billion people worldwide are vitamin D-defi-
cient or insufficient. This is attributed to a modern lifestyle and
environmental factors that restrict sunlight exposure.

e Measurement of serum 25-hydroxyvitamin D level is used for
determining vitamin D status, and is indicated for screening for
vitamin D deficiency or insufficiency in individuals at risk.

e The Endocrine Society's Clinical Practice Guideline defines

vitamin D deficiency, insufficiency, and sufficiency as serum

concentrations of 25(0OH)D of <20ng/mL, 21-29 ng/mL, and

30—100 ng/mL, respectively.

Vitamin D deficiency is the most common cause of rickets and

osteomalacia, and can exacerbate osteoporosis. It is also asso-

ciated with chronic musculoskeletal pain, muscle weakness, and
an increased risk of falling in the elderly.

Robust levels of serum 25-hydroxyvitamin D level is associated

with decreased mortality and risk of several types of chronic

diseases.

Vitamin D-deficient patients should be treated with vitamin D,

or vitamin D3 supplementation to achieve an optimal level of

serum 25-hydroxyvitamin D.

e Using assays that recognize only 25-hydroxyvitamin D3 could
underestimate total levels of 25(OH)D in patients receiving
vitamin D, supplementation.
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