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Vitamin D

V itamin D is a generic term for the parent compounds,
vitamin D-3 (cholecalciferol) and vitamin D-2 (er-
gocalciferol) and their metabolites. Vitamin D is a

hormone synthesized in the skin when adequate sunlight
exposure as UVB radiation converts 7-dehydrocholesterol to
cholecalciferol. In the absence of UVB rays there is a need
for dietary sources, and thus the name “vitamin” reflects
a need for vitamin D-3 and/or vitamin D-2. Vitamin D-
3 enters the circulation from the skin or if ingested, both
vitamins D-2 and D-3 in the gut are absorbed as chylomicrons,
which enter the lymph via the thoracic duct. Circulating
vitamin D released from skin is bound to vitamin D–binding
protein. Protein-bound vitamin D is transported to adipose,
where it is deposited, or to the liver. In the liver it is
hydroxylated by 25-hydroxylases [cytochrome P450 (CYP)
enzymes CYP2R1 and CYP27A1] to 25-hydroxyvitamin D
[25(OH)D, also called calcidiol], which is the longer-lasting
circulating metabolite. This circulating plasma 25(OH)D has
several fates: 1) when there is a need for calcium reflected
by an increase in parathyroid hormone (PTH) or a need
for phosphate, 25(OH)D is activated in the kidney by 1-
α-hydroxylase (CYP27B1) to produce the biologically active
metabolite 1,25-dihydroxyvitamin D [1,25(OH)2D, also called
calcitriol], which circulates in plasma; 2) 25(OH)D can be
taken up by tissues and subsequently converted to 1,25(OH)2D
inside cells, if the 1-hydroxylase enzyme has been locally
activated; and 3) 25(OH)D can be converted to 24,25-
dihydroxyvitamin D by 24-hydroxylase (CYP24A1) in the
pathway toward its excretion in bile. In a similar pathway, the
enzyme 24-hydroxylase inactivates calcitriol (1).

Vitamin D in its active form functions to maintain calcium
and phosphate homeostasis by regulating their intestinal
absorption and deposition in bone, but it has other nonskeletal
roles that involve extrarenal activation in specific cells with 1-
α-hydroxylase activity and vitamin D receptors (1). Calcitriol
plays a critical autocrine function in these cells when trans-
ported to the nucleus, where it functions in the regulation
of the synthesis of specific proteins operative in modulating
both innate and cellular immune responses, regulating cell
differentiation, proliferation, and apoptosis, or a paracrine role
when it is transported locally within a tissue.

With respect to skeletal homeostatic functions, the renal
activation of vitamin D to calcitriol is regulated by PTH in
response to hypocalcemia, and renal inactivation is regulated
by the secretion of fibroblast growth factor-23 by bone
osteocytes in response to elevated serum phosphate. Thus,
circulating calcitriol is not a good indicator of vitamin D status,

but lower concentrations can be indicative of insufficient
supply of 25(OH)D as its precursor, and insufficient 25(OH)D
is often indicated by elevated PTH. The concentration of
the circulating or transport form of vitamin D, 25(OH)D, is
considered the best biomarker of vitamin D status and is used
widely in surveys and intervention studies examining efficacy
of supplementation and food fortification (1).

Deficiencies
Plasma total 25(OH)D concentration reflects the sum of
vitamin D from dietary intake and sunlight exposure. Se-
vere deficiency occurs when concentrations are <30 nmol/L
(12 ng/mL), whereas optimal concentrations are >75 nmol/L
(30 ng/mL) (2, 3). It is more appropriate as a status indicator
rather than the parent compound, given circulating 25(OH)D
has a half-life of 14 d, in contrast to cholecalciferol (1–2 d)
(1). It is not clear whether total, which includes protein-
bound, or free 25(OH)D is the best measure of vitamin
D nutritional status, but at this time dietary recommen-
dations, survey data, and intervention studies only report
total 25(OH)D concentrations (2). Significant variability in
outcomes occurs when different assay platforms, research and
clinical laboratories, and various reference standards are used
in measuring circulating 25(OH)D. Strict adherence to proper
assay platform standardization, retroactive validation of earlier
assay results, and use of certified reference standards have be-
come a necessity for accurate comparisons in population-based
surveys and are now increasingly required for publication (3).

Nutritional rickets occurs with vitamin D deficiency in both
infants and children who otherwise have sufficient calcium
and other nutrient intakes, such as breastfed infants of vitamin
D–deficient mothers (2). Abnormal softening of the skull
accompanied by enlargement of the epiphyses of long bones
and at the costochondral junction (rachitic rosary) occurs in
infantile rickets. In Canada and the United States, as well as
other countries, 10 μg/d is recommended for all infants, birth
to 12 mo, independent of their mode of feeding (2, 4). Rickets
can also be caused by calcium deficiency so both nutrients
should be monitored in infants, as well as in older children
and adolescents (2, 4, 5). Vitamin D–resistant rickets (familial
hypophosphatemia) is a defect in proximal renal tubular reab-
sorption of phosphate (renal phosphate wasting), and vitamin
D–dependent rickets (VDDR type 1A) stems from a defect
in the 1-α-hydroxylase enzyme due to mutations in CYP27B1
genes (1). Severe deficiency in adults results in osteomalacia,
characterized by a failure to mineralize the organic matrix
of bone, resulting in weak and painful bone, frailty fractures,
and muscle fatigue and weakness. Osteomalacia often remains
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undiagnosed, requiring radiographic confirmation and bone
biopsy with histomorphological assessment (5). When calcium
intake is low, vitamin D deficiency has been associated with
increased risk of osteoporosis; however, a systematic review
by the US Preventative Services Task Force has concluded
that vitamin D supplementation alone or with calcium was
not associated with reduced fracture incidence in community-
dwelling adults without known vitamin D deficiency, osteo-
porosis, or prior fracture, and that vitamin D with calcium was
associated with an increase in the incidence of kidney stones
(6). This recommendation relates only to bone health and not
to the critical role of vitamin D in immune responses (7, 8).

Other human chronic diseases associated with low vitamin
D status in cross-sectional or cohort studies include those
related to cancer development, immune system regulation,
brain and neural function and cognition, and risk modification
of other metabolic diseases such as diabetes (1). Poor vitamin
D status is also associated with risk of infectious disease like
acute respiratory tract infections (7), and is the basis for current
efforts to optimize vitamin D status in the coronavirus disease
2019 (Covid-19) pandemic (7, 8).

Diet Recommendations
In 2011, the Institute of Medicine (now the National Academy
of Medicine) provided DRIs that for the first time included
Estimated Average Requirement (EAR) values for vitamin
D intake (9). For ages ≥1 y, the EAR was set as 10 μg/d
based on achieving 40 nmol/L serum 25(OH)D concentrations
determined using dose–response data for maintenance of
bone health in each age group. The RDA was set for ages
1 to 70 y at 15 μg/d, wherein all ages would achieve a
serum 25(OH)D concentration of 50 nmol/L. For adults
>70 y, the RDA was set higher, at 20 μg/d, due to age-related
absorption and other inefficiencies in vitamin D metabolism.
The infant recommended intake is set as an Adequate Intake
of 10 μg. Since 2011, many other countries have set vitamin D
intake recommendations at levels needed to achieve the same
25(OH)D cutoff threshold of 50 nmol/L in their population
(10).

Food Sources
There are few natural food sources rich in vitamin D: oily
fish, seal, liver of lean fish, and UV-exposed mushrooms. In
the United States, Canada, and Finland fluid milk is fortified
with vitamin D, but this is mandated only in Canada and
Finland. There is widespread acknowledgment that culturally
appropriate fortification with vitamin D is needed to address
global vitamin D inadequacy (11). National nutrition surveys
show low (<3.0 μg/d) intakes in countries where there
is little to no vitamin D fortification, such as the United
Kingdom (12). In contrast, indigenous people living around
the Arctic circle still consuming a traditional fish- and seal-
based diet have intakes ranging from 10 to 20 μg/d (13).
Only foods in the kingdom Fungi such as sun-exposed
mushrooms naturally provide vitamin D-2, and both UV-
exposed yeast and mushrooms can be added to the food supply
to enhance the vitamin D content of foods. Unlike vitamin D–
enhanced edible mushrooms, despite US FDA approved use
of D-2-producing yeasts in baked products, there was poor
bioavailability of vitamin D-2 compared with added vitamin

D-2 supplements when the yeast was used in making bread
(14).

Clinical Considerations
It has been proposed by the Endocrine Society and others
(10) that high-risk patients with osteoporosis, obesity, mal-
absorption, required use of interfering medications, or liver
or kidney disease aim for a higher threshold concentration
of 25(OH)D at >75 nmol/L. Obesity is a significant factor in
many populations worldwide that is associated with vitamin D
insufficiency and deficiency (1). Disease conditions affecting
fat absorption impair vitamin D status, which can also
occur with hepatic disorders and chronic renal failure and
medications that impair liver or kidney cytochrome enzymes
needed in vitamin D metabolism and activation (1).

Toxicity
Vitamin D intoxication does not arise from the consumption
of conventional foods, including fortified foods, nor does it
occur with excessive exposure to sunlight (i.e., UVB). An
isolated case resulted from the accidental overfortification
of milk with vitamin D-3, and other cases have occurred
with uncontrolled individual use of vitamin D megadoses and
the inappropriate use of vitamin D metabolites (1). Evidence
concerning efficacy of vitamin D-2 compared with vitamin D-
3 suggests that whereas vitamin D-3 stimulates greater gene
activation, vitamin D-2 demonstrates less toxicity at higher
intakes that are often required in treating severe deficiency.
Clinical signs of vitamin D toxicity, likely to occur when circu-
lating 25(OH)D exceeds 250 nmol/L (1), include hypertension,
hypercalcemia, hypercalciuria, and extraosseous calcification
(1, 15). The Tolerable Upper Intake Level (UL) for vitamin D
set for infants aged 0–6 mo is 25 μg/d, and there is an increase
in the UL with age through childhood to 100 μg/d by age
≥9 y. For those under a physician’s care for disorders impairing
vitamin D status, a higher UL of 250 μg/d could be warranted.
In rare conditions, for example, sarcoidosis, tuberculosis, and
some genetic disorders of vitamin D metabolism (idiopathic
infantile hypercalcemia), there is increased risk of vitamin D
toxicity with supplementation (15).

Recent Research
Considerable controversy exists concerning how vitamin D
status measurements [25(OH)D concentration] and dietary
recommendations are interpreted, and how the amount gained
from sun exposure, which can vary between 1000 IU/d and
10,000 IU/d, impacts dietary recommendations (2). Data
from East Africa, where adults engaged in pastoral activities
requiring them to work outdoors everyday, showed circulating
25(OH)D concentrations between 25 and 150 nmol/L (16).
Determination of contributions to plasma 25(OH)D from safe
sun exposure is fraught with too many confounding factors
such as latitude, altitude, season, time of day, skin color, and use
of sunscreens and traditional concealing clothing (2). Much
remains to be determined regarding vitamin D–regulated
genes responsible for the protective effects of vitamin D on
disease risk (1).

Vitamin D research related to the Covid-19 pandemic has
attracted a great deal of attention (8, 17). Preliminary studies
provide strong associations of reduced risk of respiratory
tract infection incidence and severity caused by the severe
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acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with
optimal vitamin D status (18, 19). A recent meta-analysis found
a 2.6-fold increased risk of severity in vitamin D deficiency (20)
but cautioned that the evidence to date for reducing infection
and mortality is insufficient.

Because randomized trials show inconsistent effects of
vitamin D on health and disease, researchers are calling for
recognition of vitamin D as a threshold nutrient and the need
to recruit study participants with vitamin D insufficiency or
deficiency. If participants are enrolled with adequate levels at
study baseline in intervention studies, then the likelihood of
observing beneficial effects of vitamin D supplementation are
reduced (2).
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