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ABSTRACT

Despite abundant sunshine throughout the year, vitamin D deficiency is endemic in the UAE. Solar
radiation within the UVB range of the spectrum is required for the photosynthesis of previtamin D3 in
the skin. Atmospheric transmission of UVB is strongly influenced by atmospheric conditions and solar
zenith angle. We investigated the effects of diurnal and seasonal variation on the availability of
sufficient UVB radiation for adequate previtamin D3 synthesis using an established in vitro model.
Borosilicate ampoules of 7-dehydrocholesterol, the precursor of previtamin D3, in ethanol (50 pg/mL)
were exposed to direct sunlight in an urban area of Abu Dhabi, at one hourly intervals between 0800
and 1700, on one day of each month over a period of one year. Conversion to previtamin D3, vitamin
D3 and metabolically inactive photoisomers was analyzed using high performance liquid
chromatography. The efficiency of 7-dehydrocholesterol conversion to previtamin D3 varied estimated
UVB intensity. At the latitude of Abu Dhabi (24.2 N) previtamin D3 synthesis can occur throughout the
year. However very little if any previtamin D3 was produced before 0900 hrs.and after 1600 hrs. Local
conditions in Abu Dhabi are likely sufficient to maintain vitamin D levels throughout the year given
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adequate sun exposure.

Introduction

Despite the increasing public awareness of the poten-
tial health benefits of adequate vitamin D intake, vita-
min D deficiency remains endemic worldwide." The
active form, 1,25-dihydroxyvitamin D (1,25(OH),D),
plays a crucial role in metabolic processes ranging
from calcium and phosphorous metabolism to cell
maturation and growth.

Given sufficient sunlight containing UVB radiation
the 7-dehydrocholesterol in the skin is converted to
previtamin D.> 7-dehydrocholesterol is isomerised to
previtamin D; by photons at wavelengths of 290-
315nm, corresponding to the ultraviolet B (UVB) range
of the electromagnetic spectrum. A heat-dependent
process converts previtamin D3 (which is thermody-
namically unstable) to vitamin D;, while further expo-
sure to UVB radiation photoisomerises previtamin Dj
into lumisterol;, tachysterol; or 7-dehydrocholesterol.
Consequently, even brief exposure to sunlight allows
for the synthesis of vitamin Ds;, while protracted

sunlight exposure leads to production of the biologi-
cally inert isomers, averting vitamin D toxicity.” Vita-
min D; is itself degraded by solar irradiation to the
metabolically inactive suprasterol 1 and 2,* providing
an additional safeguard against toxicity in conditions of
high sunlight exposure. Vitamin D, together with vita-
min D, acquired from dietary sources, undergoes 25-
hydroxylation in the liver by Cyp2R1 to 25-hydroxyvi-
tamin D (25(OH)D). 25(OH)D is the major circulatory
form of vitamin D and correlates with total body
stores, and hence is used as the substrate for most com-
mercially available vitamin D assays.” The metabolically
active form of vitamin D, 1,25-dihydroxyvitamin D
(1,25(0OH),D), is synthesized from 25(OH)D by further
hydroxylation in the kidney.

Dietary vitamin D intake is usually insufficient to meet
requirements and therefore most humans remain depen-
dent on photosynthesis.” UVB intensity at ground level is
determined predominantly by solar zenith angle and
atmospheric ozone. In general, terrain has a low albedo
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to UV and hence reflected rays do not contribute signifi-
cantly to local UVB intensity.” While shade from trees
permits sufficient transmission of UVB for vitamin D
synthesis, shade from buildings and glass windows signif-
icantly attenuates biologically significant wavelengths.®
Cultural differences in clothing, and consequently the
area of skin exposed to sunlight, affect vitamin D produc-
tion when overall UVB exposure is low, although the
effect of clothing is greatly reduced when there is an
excess of available UVB.” Melanin absorbs electromag-
netic radiation at wavelengths of 280-400 nm, and hence
darker skin pigmentation can diminish the potential for
vitamin D synthesis.'” Assessment of individual vitamin
D status is complicated by polymorphisms of the vitamin
D binding protein,'*"* and by sequestration of the fat-
soluble vitamin D in adipose tissue."

Vitamin D deficiency is highly prevalent in the
UAE population. A limited number of studies have
investigated the prevalence of, and local factors associ-
ated with, vitamin D deficiency. A study conducted in
Al Ain demonstrated hypovitaminosis D in 65.1% of a
population of 143 adolescents, with vitamin D defi-
ciency < 50 nmol/l in 10% of boys and 28% of girls."*
Vitamin D status was found to be paradoxically lower
in summer than in winter in a population of 138
female university students in Abu Dhabi, in whom
sun avoidance behavior was common and indepen-
dently negatively correlated with vitamin D status."
Of children aged 8-14 attending an ambulatory clinic
at Sheikh Khalifa Medical City in Abu Dhabi, 31.2%
had evidence of severe vitamin D deficiency with
serum 25(OH)D < 25 nmol/L.'¢

We hypothesized that local environmental and
atmospheric factors such as dust and ground level
ozone might contribute to the high local prevalence of
vitamin D deficiency; we explored this hypothesis by
examining seasonal and diurnal variation in photo-
synthesis of vitamin D in an established in vitro
model, and compared the results with predicted con-
version of 7-dehydrocholesterol to previtamin D3
based on atmospheric modeling and the action spec-
trum of UVB for photoisomerisation of 7-dehydro-
cholesterol to previtamin D3.

Materials and methods

In vitro conversion of 7-dehydrocholesterol

Borosilicate glass ampoules of 7-dehydrocholesterol
dissolved in ethanol (50 pg/mL) were sealed under

argon as previously described,'” and stored in a cool
dark location prior to use. Each ampoule was placed
outside in direct sunlight, for a period of one hour, at
hourly intervals between 8:00 to 16:00 on the last
Wednesday of each month of 2012. Once exposed,
ampoules were stored in darkness at —4°C pending
analysis. The proportions of 7-dehydrocholesterol,
previtamin D and vitamin D, tachysterol and lumi-
sterol in each sample were assayed using high perfor-
mance liquid chromatography (Boston University
Hospital, Boston, USA) as previously described."®

Atmospheric model and predicted
7-dehydrocholesterol conversion

We developed a model to predict the potential for inci-
dent UVB to convert 7-dehydrocholesterol into previta-
min D3 at each of the time points sampled. Sufficiently
detailed meteorological data during the period of study
were not available, and it was therefore necessary to esti-
mate UVB intensity. A simplified model of clear-sky
spectral irradiance at the earth’s surface, SPCTRL2," as
implemented in the C programming language by M.
Rimes (NREL, 1998),%° was used to estimate irradiance of
a horizontal surface at the latitude and longitude of Abu
Dhabi (24.4667° N, 54.3667° E). Total precipitable water
content was estimated at 1.5 cm. The SPCTRL2 default
setting for atmospheric ozone was used. Surface albedo
was estimated at 0.1. Spectral irradiance was modeled
between 290 and 310 nm; at wavelengths shorter than
300 nm very little UV penetrates to ground level due to
absorption by atmospheric ozone,”" while wavelengths
longer than 310 nm convert 7-dehydrocholesterol to vita-
min D3 with very low efficiency.”*** SPCTRL2 estimates
of combined direct and diffuse incident energy at wave-
lengths of 290, 295, 300, 305 and 310 nm were obtained
studied period,
Js~'m2~'nm~’, and linearly interpolated to determine

for each time expressed in
the number of joules of energy delivered at each 1 nm
interval of wavelength over one hour. These estimates
were weighted by the action spectrum of UVB on 7-dehy-
drocholesterol,” and interpolated with the assumption of
a quadratic relationship between required incident
energy and conversion at wavelengths between 300 and
310 nm. The results were summed, integrating the poten-
tial for photoisomerisation of 7-dehydrocholesterol by
the 290-310 nm spectrum and providing an estimate of
total percentage conversion to previtamin D during each
time interval studied.



Results
Diurnal variation

The conversion of 7-dehydrocholesterol to previtamin
D varied with time of day on each individual day stud-
ied. Over the 12 sampled days, conversion was negli-
gable during the 0800-0900 (mean 0.53%, range 0.0—
0.94%) and 1600-1700 (mean 0.33%, range 0.0-1.0%)
time periods, and peaked during the 1200-1300 time
period (mean 4.8%, range 4.7-11.0%). Rates of con-
version to tachysterol and lumisterol followed a simi-
lar pattern, although absolute values were smaller. The
conversion followed a sinusoidal pattern on each day
studied, indicating that zenith angle was the most
important determinant (see Fig. 1).

By extrapolation we predicted that very little con-
version of 7-dehydrocholesterol would occur outside
the studied time periods. Variation in the proportion
of 7-dehydrocholesterol converted during each month
can therefore be expressed in terms of the area under
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the curve of the graphs of diurnal variation in rate of
conversion. Total daily conversion to previtamin D
and 25(OH)D, expressed as the area under the curve
of conversion at each time point studied, was
2.92 times higher in July than in January (see Fig. 2).

Observed vs. predicted conversion of
7-dehydrocholesterol to previtamin D3

Linear regression of predicted against actual conver-
sion rates showed a strong and highly significant asso-
ciation (r* = 0.82, p < 0.0001, see Fig. 3). On average
the model underestimated conversion, (predicted =
0.79 x observed + 0.12). This may be explained by the
assumption of low surface albedo, excluding the con-
tribution of reflected light, which, while true for a nat-
ural environment, may not apply equally to urban
conditions. Linear regression of predicted against
actual conversion for each time period indicated that
the model tended to underestimate conversion during
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Figure 1. Diurnal variation in 7-dehydrocholesterol conversion in vitro to previtamin D3 or vitamin D3, lumisterol or tachysterol (%) fol-

lowing 1 hour exposure to sunlight, during each month of the year.
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Figure 2. Seasonal variation in in vitro 7-dehydrocholesterol con-
version to previtamin D, expressed as area under the curve of
percentage conversion throughout the day in each month. Values
are normalized to July.

the morning and overestimate conversion during the
evening. Incident UVB at a point on the Earth’s sur-
face varies with time of day according to a sinusoidal,
rather than linear pattern and hence this model would
tend to underestimate while incident UVB was
increasing and overestimate while incident UVB was
decreasing. This model made a number of simplifying

o]
1

(=2}
1

Predicted conversion (%)
i i

Observed conversion (%)

Figure 3. Observed conversion of 7-dehydrocholesterol to previ-
tamin D3 and vitamin D3 (%) plotted against conversion pre-
dicted by the study model, based on estimated irradiance and
action spectrum of UVB on conversion (%). Predicted = (0.794 *
observed) + 0.123, R* = 0.823, p < 0.0001.

assumptions, including a quadratic relationship
between UVB intensity and rate of conversion and lin-
ear interpolation of UV intensities, and therefore while
the significant correlation between the predicted and
observed values indicates that incident UV is likely to
be the most important factor influencing conversion,
the remarkable numerical similarity of the predicted

and observed values is likely to be coincidental.

Discussion

The conversion of 7-dehydrocholesterol to previtamin
D3 and its photoproducts in vitro seen in Abu Dhabi
are comparable with similar ampoule studies per-
formed in the Middle East and around the world, in
locations including Boston, Johannesburg, Riyadh,
South India and Argentina (see Fig. 4).'”***” It has
previously been established that the results of the
ampoule model correlate with those observed in
human skin samples exposed under the same condi-
tions. '7*®

Conversion of 7-dehydrocholesterol to previtamin
D in vitro was well correlated with local availability of
radiation in the UVB spectrum, and the percentage of
previtamin D produced in each ampoule was equal to
or exceeded that predicted by our model for each cor-
responding time period. Although atmospheric ozone
was estimated, it would be expected that significant
ground level ozone would cause measured conversion
to be less, rather than greater than, predicted values.
This pattern of variation suggests that local environ-
mental factors, such as dust and ground ozone, do not
attenuate incident UVB to an extent sufficient to limit
previtamin D synthesis. In addition, the conversion of
7-dehydrocholesterol to previtamin D3 seen in Abu
Dhabi are comparable with other sunny locations
around the world, where vitamin D deficiency is

Boston
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Bergen

Abu Dhabi
Johannesburg
Buenos Aires
Cape Town
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Figure 4. Seasonal variation in 7-dehydrocholesterol conversion
in vitro in ampoules exposed to direct sunlight between 12:00
and 13:00 worldwide. Data supplied by MF Holick.



considerably rarer.””! Other explanations for the
high prevalence of vitamin D deficiency seen in the
UAE therefore need to be considered.
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