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Abstract
Circulating 25-hydroxyvitamin D [25(OH)D] is generally considered the means by which we define
nutritional vitamin D status. There is much debate, however, with respect to what a healthy minimum
level of circulation 25(OH)D should be. Recent data using various biomarkers such as intact
parathyroid hormone (PTH), intestinal calcium absorption, and skeletal density measurements
suggest this minimum level to be 80 nmol (32 ng/mL). Surprisingly, the relationship between
circulating vitamin D3 and its metabolic product—25(OH)D3 has not been studied. We investigated
this relationship in two separate populations: the first, individuals from Hawaii who received
significant sun exposure; the second, subjects from a lactation study who received up to 6,400 IU
vitamin D3/day for six months.

Results: 1) The relationship between circulating vitamin D3 and 25(OH)D in both groups was not
linear, but appeared saturable and controlled; 2) Optimal nutritional vitamin D status appeared to
occur when molar ratios of circulating vitamin D3 and 25(OH)D exceeded 0.3; at this point, the
Vmax of the 25-hydroxylase appeared to be achieved. This was achieved when circulating 25(OH)D
exceeded 100 nmol.

We hypothesize that as humans live today, the 25-hydroxylase operates well below its Vmax because
of chronic substrate deficiency, namely vitamin D3. When humans are sun (or dietary) replete, the
vitamin D endocrine system will function in a fashion as do these other steroid synthetic pathways,
not limited by substrate. Thus, the relationship between circulating vitamin D and 25(OH)D may
represent what “normal” vitamin D status should be.
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Introduction
What is a normal circulating level of 25(OH)D that is sufficient to meet all physiological needs,
not simply skeletal requirements in humans? In the past, this was addressed by simply sampling
a diverse population of subjects who were asymptomatic for disease, measuring circulating 25
(OH)D, and plotting the data using a Gaussian distribution. This approach yields normative
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data that are used to assess circulating 25(OH)D in that population. This is how Haddad and
Chyu (1) performed their assessment of 25(OH)D status more than thirty-five years ago. They
referred to their normal, asymptomatic volunteers as the normal population for circulating 25
(OH)D levels. Their study also presented a group of lifeguards that had circulating 25(OH)D
levels 2.5 times that of the “normals.” Countless similar studies have been performed during
the ensuing decades, reiterating the same conclusion. We, however, interpret the original
Haddad data differently: we suggest that the 25(OH)D levels in the sun-replete lifeguards are
normal and the “normals” actually exhibit varying degrees of vitamin D deficiency.

How nutritional vitamin D deficiency is defined is a key to developing a coherent supplement
policy that meets the needs of all humans. Recently, inadequate circulating 25(OH)D levels
have been linked to biomarkers, including skeletal density (2–4), intestinal calcium absorption
(5), secondary hyperparathyroidism (6–10), insulin secretion (11,12), and innate immune
response (13). These markers all are useful in identifying nutritional vitamin D deficiency;
however, the link between 25(OH)D and vitamin D—when available at adequate
concentration, remains unknown and could prove to be another important piece in
understanding vitamin D metabolism. We sought to investigate this question of how 25(OH)
D would respond if adequate substrate, namely vitamin D3, was always present. Thus, for this
project, we studied two groups of subjects, one from a sun-rich environment and the other from
a high-dose vitamin D3 supplementation study, the results of which are presented here.

Materials and Methods
Part 1. Study of Sun-Exposed Subjects

Approval for this study was granted by the University of Wisconsin Health Sciences
Institutional Review Board for Human Subjects and the Committee on Human Studies at the
University of Hawaii at Manoa. All subjects provided written informed consent prior to the
conduct of any study procedure.

Subjects
Skin surface exposed to the sun in these subjects varied from almost total in surfers to head,
arms and hands in skateboarders. Ninety-three subjects (63 males/30 females) participated in
the study.

Entrance Criteria
Subjects from a sun-rich climate were recruited from the University of Hawaii at Manoa, and
from patrons of the A’ala Park Board shop, Honolulu, Hawaii (latitude 21°N), in late March
2005. In order to participate, volunteers had to have met the entrance criteria of the following:
a self-reported sun exposure time of three or more hours per day on five or more days per week
for at least the preceding three months. Those who met entrance criteria were enrolled in the
study following written informed consent.

Study Protocol
1. Blood was collected for serum 25(OH)D and vitamin D3 measurement when they

were interviewed.

2. All participants completed a non-validated, self-administered questionnaire, which
included questions about sun exposure, sunscreen use, and dietary vitamin D intake.

3. To document sun exposure, skin color was measured by reflectance colorimetry (IMS
SmartProbe, Millford, CT). A measurement was taken on the back of the hand and
the front of the distal thigh for the darkest measurement and under the arm and at the
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self-reported least sun-exposed area—often the breast or buttock, to determine the
lightest or natural skin color. A previously developed sun exposure index (14), which
utilizes the rule of nines was used to estimate the amount and duration of skin sun
exposure.

4. Circulating 25(OH)D was measured on all 93 subjects using an RIA as previously
reported (15).

5. Data Analysis: The 10 highest and 10 lowest circulating 25(OH)D levels were selected
to determine circulating vitamin D3 levels using direct ultraviolet (UV) detection
following high performance liquid chromatography as previously described (16). The
data were plotted using a best-fit regression analysis with vitamin D3 serving as the
independent variable.

Part II. Study of High Dose Vitamin D3 Supplemented Subjects
Approval for this study was granted by the Medical University of South Carolina’s (MUSC)
Institutional Review Board for Human Subjects, HR #11345 and the General Clinical Research
Center (GCRC; Protocol #694). Fully lactating mothers (17) within one month postpartum
were eligible for inclusion in the study if they planned to continue full breastfeeding for the
next six months. The subjects were randomly divided into two groups. Exclusion criteria
included preexisting type I or type II diabetes, hypertension, parathyroid disease, and
uncontrolled thyroid disease. Subjects were compensated for their participation with gift cards
given at the end of each visit.

Study Design
Women in the high dose supplementation group of a larger randomized, double-blind, placebo-
control trial were included in this study. Following written informed consent, mothers were
randomized to one of two vitamin D supplementation regimens: Group 1: 400 IU vitamin D3/
day (0 IU vitamin D3—placebo and 1 prenatal vitamin containing 400 IU vitamin D3), or Group
2: 6,400 IU vitamin D3/day (6,000 IU vitamin D3 and 1 prenatal vitamin containing 400 IU
vitamin D3).

Study Protocol
1. Following written informed consent, each mother had baseline serum samples

collected for measurement of circulating 25(OH)D and vitamin D3.

2. The mothers were started on a total of 400 or 6,400 IU vitamin D3 tablets/day (Tishcon
Corporation, Westberry, NY, a Good-Manufacturing-Practice (GMP) facility that met
FDA production guidelines) for up to 6 months.

3. Serum samples were collected at monthly intervals and analyzed for circulating 25
(OH)D and vitamin D3 as described for the sun-rich population in Part I (Methods).

4. Data Analysis: The data were plotted as in Part I of the study using a best-fit regression
analysis with vitamin D3 serving as the independent variable.

Results
Subjects from the sun-rich environment exhibited a wide range of circulating 25(OH)D levels
(11–71 ng/mL). Similarly, the range of circulating 25(OH)D levels in women in the
supplementation group was from 12–77 ng/mL. This wide range also was observed for the
circulating vitamin D3 levels (<1–64 ng/mL in the sun-rich environment group and <1–75 in
the supplementation group). When data from the 20 subjects in the lowest and highest quartiles,
comparing circulating 25(OH)D and vitamin D3 were plotted, a significant second-order
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equation was generated (p<0.0001, Figure 1). Similarly, when the data from the
supplementation group was plotted, a similar, significant second-order equation was observed
(p<0.0001, Figure 2). These equations did not differ statistically (p>0.15).

Discussion
The question, what is a “normal” nutritional vitamin D status, is currently a hotly debated topic.
Historically, a “normal” nutritional vitamin D status has been defined as just about any
circulating level of 25(OH)D in asymptomatic subjects (1,18). Recently, attempts have been
made to reevaluate this “normal” circulating level of 25(OH)D using biomarkers such as
parathyroid hormone (6–10), intestinal calcium absorption (5), skeletal density (2–4), glucose
clearance (12), and innate immune function (13). Generally, these studies suggest that a
minimum circulating level of 25(OH)D should be >80 nmol (32 ng/mL) (18).

In the present study, we sought to investigate what circulating 25(OH)D levels would result in
populations exhibiting no substrate limitations to the vitamin D-25-hydroxylase. To perform
this, we chose two distinct populations. The first were individuals from a year-found sunny
environment who spent a good deal of time outdoors. The second were a group of lactating
women receiving a substantial daily oral dose of vitamin D3. Surprisingly, a study such as this
previously had not been undertaken. There are several reasons for this. First, finding a group
of sun-exposed individuals is not an easy task; in fact, we had to go to Hawaii to find them.
Secondly, very few studies have been performed where subjects actually received adequate
vitamin D3 supplementation to make them replete. Finally, it is very difficult and costly to
measure circulating vitamin D3 and relate it to circulating 25(OH)D. The results of our study
are far-reaching.

At a maternal intake of 6,400 IU vitamin D3/day, circulating vitamin D3 increased dramatically.
Maternal circulating 25(OH)D also increase; however, the increase appeared to be limited and
controlled (Figure 2). A similar relationship was observed in the sun-exposed individuals
(Figure 1). In these individuals, sun exposure was greater than fifteen hours/week—although
not all had total body exposure, some only hands, arms, and head. The data from our study
suggests the following: The relationship between circulating vitamin D3 and 25(OH)D is not
linear in either case; rather it appears saturable and controlled. This suggest either/or product-
substrate inhibition of the vitamin D-25-hydroxylase. Optimal nutritional vitamin D status may
occur when approaching equimolar concentrations of circulating vitamin D3 and 25(OH)D
(>100 nmol). At this point, the Vmax of the enzyme appears to be achieved. It is important to
note that as humans live today, the vitamin D-25-hydroxylase operates well below its Vmax
because of chronic substrate (vitamin D) deficiency. Not a single other steroidal hormone
system in the body is limited in this fashion since their starting point is cholesterol. When
humans are sun- (or dietary-) replete, the vitamin D endocrine system will function in a fashion
as do these other steroid synthetic pathways, not limited by substrate availability.

This study also demonstrates that individuals can be vitamin D deficient with significant sun
exposure if the skin area exposed is limited as was suggested several years ago (19). Finally,
whether one receives their vitamin D3 orally or through UV exposure, the vitamin D-25-
hydroxylase appears to handle it in an equivalent fashion with respect to maintaining circulating
25(OH)D levels. Thus, we believe that the relationship between circulating vitamin D and 25
(OH)D may define adequate nutritional vitamin D status.
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Figure 1. Circulating 25(OH)D as a Function of Vitamin D3 Status in Subjects from a Sun-Rich
Environment
Circulating 25(OH)D as a function of circulating vitamin D3 in a sun-exposed population. Best-
fit regression analysis yielded the equation y=21.5 + 1.6X − 0.02X2, r2=0.75, n=20.
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Figure 2. Circulating 25(OH)D as a Function of Vitamin D3 Status in Supplemented Subjects
Circulating 25(OH)D as a function of circulating vitamin D3 in high dose (6,400 IU vitamin
D3/day) subjects. Best-fit regression analysis yielded the equation y = 30.8 + 0.7x − 0.01X2,
r2= 0.60, n=82.
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