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Any benefit of vitamin D needs to be balanced against the risk of toxicity, which is characterized by hyper-
calcemia. Daily brief, suberythemal exposure of a substantial area of the skin to ultraviolet light, climate
allowing, provides adults with a safe, physiologic amount of vitamin D, equivalent to an oral intake of about
10,000 IU vitamin D3 per day, with the plasma 25-hydroxyvitamin D (25(OH)D) concentration poten-
tially reaching 220 nmol/L (88 ng/mL). The incremental consumption of 40 IU/d of vitamin D3 raises
plasma 25(OH)D by about 1 nmol/L (0.4 ng/mL). High doses of vitamin D may cause hypercalcemia
once the 25(OH)D concentration is well above the top of the physiologic range. The physiological buffer
for vitamin D safety is the capacity of plasma vitamin D–binding protein to bind the total of circulating
25(OH)D, vitamin D, and 1,25-dihydroxyvitamin D [1,25(OH)2D]. Hypercalcemia occurs when the
free concentration is inappropriately high because vitamin D and its other metabolites have displaced
1,25(OH)2D from vitamin D–binding protein. Evidence from clinical trials shows, with a wide margin
of confidence, that a prolonged intake of 10,000 IU/d of vitamin D3 poses no risk of adverse effects for
adults, even if this is added to a rather high physiologic background level of vitamin D.
Ann Epidemiol 2009;19:441–445. � 2009 Elsevier Inc. All rights reserved.
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Most of the evidence relating vitamin D to cancer suggests
that higher vitamin D nutritional status is beneficial.
However, benefit needs to be balanced against risk. Vitamin
D may be unique in terms of nutritional and environmental
inputs because there is an objective laboratory assay for it
that reflects exposure during several months preceding the
time a sample of blood is taken. The serum or plasma
concentration of 25-hydroxyvitamin D (25(OH)D) is the
generally accepted measure of vitamin D nutritional status
(1). The dermatology community has generally discouraged
a strategy of maintaining high 25(OH)D concentrations
through exposure of skin to ultraviolet light because of
concerns about risk of skin damage or cancer (2, 3). It is
very unlikely that anyone following current advice
regarding protection of the skin from solar ultraviolet (2)
could achieve a serum 25(OH)D concentration greater
than 75 nmol/L (30 ng/mL) without taking a vitamin D
supplement. However, most epidemiological studies have
found that 25(OH)D concentrations greater than 75
nmol/L are needed to substantially reduce incidence of
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invasive cancers and several other serious diseases. The
purpose of this review is to address the risk-related conse-
quences of vitamin D supplementation for adults.

THE BIOLOGY OF HIGH 25(OH)D AND
CALCIUM

Any agent that can elicit a biological effect will be harmful if
the amount taken is sufficiently high. Although vitamin D
has a long history of safe clinical applications in humans
and many animals, it can be toxic. High concentrations of
vitamin D are toxic to rats and have been used to poison
them (40,000 IU can kill a rat, which is the equivalent,
on a weight basis, of approximately 7–10 million IU in
a 70-kg human) (4, 5). There is no toxic mechanism known
for vitamin D other than through calcium. Hypercalcemia
can be fatal because it causes neuromuscular impairment,
polyuria, and ensuing dehydration. If animals survive the
acute phase of vitamin D excess, the hypercalcemia also
leads to calcification of the soft tissues and vasculature
(6). Hypercalcemia is harmful through at least three mech-
anisms: 1) Calcium combines with inorganic phosphate;
calcium and phosphate crystallize as hydroxyapatite in soft
tissues. 2) Ionized calcium binds to the phosphate in phos-
pholipid bilayers of cell membranes, making neuromuscular
tissues more difficult to depolarize (7), thereby suppressing
cardiac and brain function that can lead to death. 3) Hyper-
calcemia acts like a diuretic by inhibiting antidiuretic
hormone (vasopressin), causing dehydration and renal
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FIGURE 1. Effect of exposure of skin to ultraviolet light on
serum 25(OH)D concentrations. The open bars show mean values
before exposure, and the solid bars show mean values after expo-
sure. The results show the effect of work at an outdoor municipal
swimming pool in Toronto, Canada, during June–August on 3
young adults (at far right). Also shown are mean results of pub-
lished studies in which near-full-skin surface are was exposed
from once to several times per week for periods of treatment
that were typically 2 weeks; these are sorted according to the final
25(OH)D concentration that was achieved (13–19).
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impairment through diminished vascular perfusion of the
kidney (8, 9).

The potential risk of vitamin D supplementation should
be considered in the context of the serum 25(OH)D concen-
tration achieved. The physiologic limit for serum 25(OH)D
concentrations in humans appears to be approximately 220
nmol/L (88 ng/mL) because this approximates the top of the
range of values reported for humans who are well exposed to
ultraviolet light (10). From a teleological perspective, hu-
mans are designed through natural selection to live in a trop-
ical environment, with regular exposure of full skin surface
to sunshine. This perspective implies that the upper end of
the physiological concentration range for 25(OH)D is not
only safe, but optimal, because the Paleolithic concept of
nutrition regards the conditions of our evolution as a refer-
ence point for modern nutrition standards (11). The safety
of solar-derived vitamin D is generally accepted because
vitamin D toxicity due to solar exposure has not, to my
knowledge, been reported, although this has not been ad-
dressed experimentally. Skin exhibits a limited capacity to
generate vitamin D in response to ultraviolet light because
the skin provides a self-limited supply of vitamin D that is
determined by the concentration of its precursor, 7-dehy-
drocholesterol, in skin. Equilibrium is achieved after about
one minimal erythemal dose of ultraviolet B (UVB), when
further biosynthesis of new pre-vitamin D is counteracted
by photodegradation (2, 12).

Fig. 1 (12–19) shows the effect of ultraviolet exposure on
adults, with the initial and final serum concentrations of
25(OH)D after various exposure regimens (10). Added to
the published data are the mean initial and final
25(OH)D concentrations for one male and two female
municipal lifeguards in Toronto (43�N latitude). Despite
the implementation of sun-safe practices that included
compulsory use of sunscreen lotion, long-sleeved shirts,
and umbrellas, the 25(OH)D concentrations increased
substantially during the June–August season. This confirms
with contemporary data the 25(OH)D concentrations of
lifeguards reported in previous decades.

The weight of published evidence relating to vitamin D
toxicity shows that the lowest 25(OH)D concentration
causing hypercalcemia is greater than 500 nmol/L (200
ng/mL) (Fig. 2 [20–24]) (25). Patients exhibiting hypercal-
cemia with a 25(OH)D concentration less than 500 nmol/L
were taking vitamin D as infrequent but extreme doses. For
example, in Fig. 2, the hypercalcemic patient with the
lowest 25(OH)D concentration was taking vitamin D as
a 600,000-IU dose once weekly. Under these circumstances
the unmetabolized vitamin D itself contributes to the
hypercalcemia, as explained below. Few studies have looked
at effects of high doses of vitamin D on urinary calcium,
which is a more sensitive harbinger of vitamin D excess.
The effect of 25(OH)D on intestinal calcium absorption
generally reaches a plateau at a serum 25(OH)D concentra-
tion of about 80 nmol/L (26–28). (Intestinal calcium
absorption implicitly equates to urinary calcium. Adults
are essentially at equilibrium for total body calcium; there-
fore virtually all of the net amount of calcium absorbed
daily by the gut is excreted daily into the urine.) The
evidence is very strong that there is no hypercalcemia,
and no hypercalcinuria, associated with supplementary
vitamin D intakes of at least 10,000 IU per day, in addition
to the background vitamin D that healthy North American
adults acquire through the usual course of modern life.

An epidemiologic analysis of a community population
of about 11,000 households that were provided milk that
contained, on average, 30 times the appropriate 400 IU
vitamin D per quart offers helpful insight. A home-delivery
dairy had produced milk that for 4 years averaged
12,000 IU vitamin D per quart, but because of defective
measuring equipment, the dose ranged from none to over
100,000 IU per quart (21, 29). Blank et al. (21) concluded
that the situation contributed to the deaths of two suscep-
tible elderly individuals. Incidence of hypercalcemia was
rare. The group most susceptible to the excess vitamin D
was women over age 65. The average 25(OH)D concentra-
tion of the confirmed cases of vitamin D toxicity was
535 nmol/L (214 ng/mL) (11) (see Fig. 2).
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FIGURE 2. Relationships between vitamin D dose, and serum or
plasma 25(OH)D concentration in healthy subjects and in
vitamin D toxicity. Black diamonds show mean 25(OH)D concen-
trations for groups of healthy adult subjects as shown previously
(10), updated with additional data (20), along with the calculated
linear-regression line for data represented by black diamonds. Large
gray circle shows mean 25(OH)D of 35 members of the public who
were hypercalcemic because of unknowingly consuming excessive
vitamin D in milk over a period of years (21). Open diamonds
show values for individual patients who became hypercalcemic
with known high doses of vitamin D as shown previously (10) up-
dated with additional data (9, 22–24). The dose of vitamin D was
not reliably known for patients intoxicated accidentally with
vitamin D; for them, the 25(OH)D results are clustered at the
right side of the figure, indicated with an arrow (9, 21–24). A,
log scales; B, linear scales.
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People with abundant exposure to sunlight can easily
exhibit a serum 25(OH)D greater than 150 nmol/L (60 ng/
mL) (see Fig. 1). Such 25(OH)D concentrations reflect
a pre-supplement oral intake or biosynthesis of vitamin D
equivalent to more than 4,000 IU per day (30). An addi-
tional oral intake of 4,000 IU per day of vitamin D would still
be far less than the dose of 50,000 IU per day that was re-
ported to be non-hypercalcemic in clinical trials (20, 28).

Amounts of vitamin D much greater than physiologic
levels, specifically greater than 10,000 IU per day,
eventually become toxic once they occupy a meaningful
proportion of circulating vitamin D–binding protein
(DBP). High circulating concentrations of vitamin D
metabolites displace 1,25(OH)2D into the unbound, free
phase that enters target tissues (5, 6). At toxic doses, the
freely circulating vitamin D and its metabolites accumulate
not just in adipose tissue (19) but also in muscle (13, 16).
Supplementation with 4,000 IU per day of vitamin D in
adults should be regarded as physiologic and comparable
to the amount of vitamin D acquired through natural sun
exposuredand far below the concentration required to
cause physiochemical displacement of metabolites from
vitamin DBP (30). The average capacity of human plasma
DBP to bind vitamin D and its metabolites is 4,700 nmol/L
(30); this concentration exceeds by 20 times the physiologic
total concentration of its vitamin D–derived ligands, and
DBP is the saturable factor that limits the safe range for
vitamin D dosing in most adults.
VITAMIN D EXCESS AND ITS METABOLISM

The classic reason to supplement with vitamin D is its role as
a bone-anabolic agent. For this role in calcium homeostasis,
vitamin D is the initial substrate in a two-stage process,
where the liver hydroxylates vitamin D to 25(OH)D, and
the kidney further hydroxylates it to produce 1,25(OH)2D
that stimulates active transport of calcium across intestinal
mucosa. A clear understanding of vitamin D biology requires
an appreciation that the biochemistry of vitamin D endocri-
nology differs from the biochemistry of other cholesterol-
based steroid-hormone systems. Unlike all other fat-soluble
signaling systems, the substrate for hormone production,
25(OH)D, is rate limiting. For example, to produce sex
steroid hormones, the cholesterol substrate circulates in
the millimolar range; these concentrations are so high
that the substrate supply has no practical, rate-limiting
effect on the production of sex steroid hormones. In
contrast, 25(OH)D circulates at concentrations in the order
of a million-fold lower than cholesterol. With such a low
substrate concentration, the activity of each unit of every
enzyme in the pathway metabolizing vitamin D is deter-
mined by availability of substrate. As vitamin D supply
increases, so does the liver increase its rate of 25-hydroxyl-
ation of vitamin D molecules to produce 25(OH)D (5).
As the plasma 25(OH)D concentration increases, the
25(OH)D-1-alpha-hydroxylase (CYP27A2) within the
kidney produces ever more 1,25(OH)2D per unit of enzyme
protein (31). Over time, after the plasma 25(OH)D concen-
tration increases in vivo, the plasma concentration of
1,25(OH)2D is regulated to a fairly constant level that is
independent of 25(OH)D because the amount of
25(OH)D-1-alpha-hydroxylase protein in the kidney
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decreases, and the concentration of the 25(OH)D-24-
hydroxylase enzyme increases.

The 24-hydroxylase can cleave the side-chains of both
1,25(OH)2D and 25(OH)D (32). As 25(OH)D concentra-
tions continue to rise to several times the top of their phys-
iological range, a limit is reached beyond which the
substrate-driven output of 1,25(OH)2D can no longer be
regulated through adjustments to its synthetic and catabolic
enzymes. When the vitamin D system is driven to excess,
hypercalcemia is produced because of increased intestinal
calcium absorption, and increased bone resorption (33, 34).

In vitamin D excess the high bone resorption is opposite
to the relationship between bone resorption when vitamin
D supplies are insufficient: the low and high extremes in
25(OH)D concentration are the opposite ends of a U-
shaped relationship with bone resorption (34, 35). The
classic symptoms of vitamin D toxicity are entirely associ-
ated with hypercalcemia, and they include nausea, dehydra-
tion, and lethargy (21, 22). Without laboratory testing,
these signs of hypercalcemia have been mistaken for gastro-
enteritis (9).

The average whole-body half-life for vitamin D mole-
cules is about 2 months, based on the disappearance of
radioactivity after radioactively labeled vitamin D3 was in-
jected into 60 adults (36) and the effect of acute sun-depri-
vation on serum 25(OH)D concentrations (10). Although
concentrations of 1,25(OH)2D are not appreciably
increased in vitamin D intoxication, toxicity is the result
of excessive levels of free 1,25(OH)2D displaced from
DBP, due to vast excess of other vitamin D metabolites
(23, 30). This excess has been demonstrated by using
centrifugal ultrafiltration isodialysis to measure the free
1,25(OH)2D concentrations in vitamin D–intoxicated
individuals (23). The physiochemical saturation of plasma
vitamin D–binding capacity is also confirmed by the
high total vitamin D and 25(OH)D concentrations
(19,500 nmol/L and 7,800 ng/mL, respectively) in patients
intoxicated after consuming over one million IU of vitamin
D daily for many months (35).

In laboratory rats, hypercalcemia is detected only once
the total of all vitamin D metabolites exceeds about 20%
of the binding capacity of DBPdwhen the total of serum
25(OH)D plus unmetabolized vitamin D exceeds
2000 nmol/L (5). A similar observation has been reported
in humans (9). The background presence of vitamin D
after a large occasional one-time dose of vitamin D
explains why the measured 25(OH)D concentration can
range widely in clinical reports of hypercalcemia; this is
because the high plasma concentration of unmetabolized
vitamin D after an extreme dose of vitamin D is not re-
flected in assays that measure 25(OH)D, yet the vitamin
D can displace circulating 1,25(OH)2D into the free form
that is accessible to tissues.
CONCLUSION

The results of well-conducted trials of vitamin D lead to the
conclusion that the current U.S. National Academy of
Sciences–Institute of Medicine upper limit for vitamin D
intake of 2000 IU per day (1, 37) is excessively conserva-
tive. That intake would raise serum 25(OH)D by an average
of about 50 nmol/L (20 ng/mL), well within the safe
range of serum 25(OH)D concentrations that extends to
500 nmol/L (200 ng/mL). Intake of 4,000 IU per day would
raise serum 25(OH)D by an average of about 100 nmol/L
(40 ng/mL). Even prolonged physiologic-replacement intake
of 10,000 IU per day of vitamin D3 would pose no known
risk of adverse effects in virtually all adults (25).
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