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Abstract: Vitamin D which is formed upon UV solar radiation in human skin is essential in many physiological
functions. To estimate beneficial vitamin-D-synthetic capacity of sunlight a bio-equivalent UV dosimeter that is based
on the same molecular photochemistry from which vitamin D is photosynthesized in human skin has been developed.
The examples of an in situ monitoring of the vitamin-D-synthetic capacity of sunlight using an in vitro model of
vitamin D synthesis are presented, and various operational principles of the UV biodosimeter are discussed. In
addition, reliable algorithm is presented for direct calculation of previtamin D, accumulation using the photoreaction
mathematical model with solar UV spectra as input data. Critical dependence of previtamin D, accumulation on
cloudiness and aerosols is demonstrated.
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Introduction

It is well understood now that the appropriate doses of UV sunlight are beneficial for humans initiating vitamin
D! synthesis in skin as opposed to excessive UV exposures that are generally associated with acute and chronic health
effects (erythema, skin cancer, immune system suppression, cataract, etc.). Natural exposure to sunlight is responsible
for maintaining adequate vitamin D nutrition for most of the population in the world, and the importance of sunshine
as a therapeutic measure for preventing the bone deforming diseases is now appreciated. Moreover, in addition to the
well-established effects of vitamin D on maintenance of mineral homeostasis, recent evidences suggest a wider biologic
role of vitamin D not primarily related to mineral metabolism [2-4]. The findings of recent epidemiological studies [5]
demonstrate that vitamin D can significantly reduce the risk for several types of cancer (breast, colon, kidney, myeloid
leukemia, ovary, pancreas, prostate), and the cancer mortality rates are correlated inversely with local solar UV-B doses.
The most likely mechanism whereby solar UV-B radiation provides protection against cancer is natural production of
vitamin D.

Sunlight has long been recognized as the main source of vitamin D, for humans, and all higher vertebrates as well
as most plants, zooplankton, avian species and aquatic mammals have an endogenous mechanism involving solar UV
radiation that affects the synthesis of vitamin D from its precursor [6].

These facts testify that an in situ control of solar UV radiation with respect to its ability to initiate vitamin D
synthesis demands particular care, especially in view of dramatic effect of seasonal and latitudinal changes of the UV-B
intensity on the vitamin D synthetic capacity of sunlight [7]. (There are numerous observations that people previously
living near equator have severe vitamin D deficiency and the associated health problems when moving to the North). It
is just sharp decrease in provitamin D absorbance spectrum from its maximum at 282 nm to the longer wavelengths that
implies selective sensitivity of vitamin D synthesis solely to the UV-B part (280 — 315 nm) of solar spectrum which is
very changeable (Figure 1). The solar zenith angle change (daily, seasonal and latitudinal) is the governing factor, but
clouds, aerosols, albedo and air pollution also affect the UV-B irradiance at the Earth surface. Just adverse effects of
air pollution include primary health effects, environmental acidification, and possible long-term changes in the global
climate and in UV radiation levels. As one can see from Figure 1, the absorption spectrum of SO, overlaps UV-B region
and therefore increase in its level due to volcanic eruptions can inhibit the vitamin D synthesis.

1 * Vitamin D is represented by cholecalciferol (vitamin D3) and ergocalciferol (vitamin D2) that are structurally similar secoster-
oids derived from the UV irradiation of provitamin D sterols. (Secosteroids are steroids in which one of the rings has broken). In
vertebrates vitamin D3 is produced in vivo by the action of sunlight on 7-dehydrocholesterol (7-DHC) in the skin. Vitamin D2 is
produced in plants, fungi and yeasts by the solar irradiation of ergosterol.

Vitamin D2 and vitamin D3 differ structurally only in the C-17 side-chain, which in vitamin D2 has a double-bond and an addition-
al methyl group. Irradiation of parent steroid results in breakage of the B-ring at the 9,10-carbon bond, resulting in the conjugated
triene system of double bonds in. previtamin D molecule [1].
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Figure 1. Absorption cross section of 7-DHC (provitamin D3) molecule versus solar UV spectra calculated by
FASTRT program [8] (http://nadir.nilu.no/~olaeng/fastrt/) for Kiev (50°27°N, 30°31°E), June, 22 and December, 22,
10:00 GMT, total ozone column 300 DU, clouds- and aerosol-free sky (a), and absorption cross section of gaseous
molecules SO, and NO, [9] (www.atmosphere.mpg.de/spectral-atlas-mainz) (b).

Methodical part

Prediction of biologic effects of solar radiation on human health, in particular, involving terrestrial level of
solar UV radiation, requires development of adequate methodological strategy.

But as far as excessive UV exposures cause negative health effects, in most cases biological activity of solar
UV radiation is calculated by weighting solar UV spectra with CIE erythema action spectrum [10]. Yet, the beneficial
vitamin D synthetic capacity of sunlight cannot be correctly estimated by this way in view of significant difference
between the erythemic and the vitamin D synthesis action spectra [11, 12]. With due regard to the essential role of
vitamin D, for human health we have developed a bio-equivalent UV dosimeter that is based on the same molecular
photochemistry from which vitamin D is photosynthesized in human skin, i.e. 7-dehydrocholesterol (provitamin D,)
photoconversion [13- 17].

The complex network of vitamin D synthesis consists in the two stages of monomolecular isomerizations [16].
At the first stage UV irradiation of provitamin D within its absorption band (240-315 nm) yields previtamin D, which
further is converted into vitamin D (Figure 2) and just amount of previtamin D accumulated during an UV exposure is
a measure of biologically active UV dose.

However, upon UV-B radiation previtamin D itself undergoes a number of side photoconversions. As a result, UV
irradiation of initial provitamin D gives rise to formation of multicomponent photoisomer mixture which composition is
highly dependent on the irradiation wavelength [19, 20].

1. Original spectrophotometric (SPM) analysis which takes into account irreversible photodegradation has been
designed to follow the photoreaction course in real time as alternative to the time-consuming HPLC analysis [15]. This
opened the way to an in situ UV monitoring using the photochemical stage of vitamin D synthesis (in vitro model).
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Figure 2. Simplified scheme of vitamin D3 synthesis from initial 7-Dehydrocholesterol.

With this aim solution of 7-dehydrocholesterol (provitamin D,) in ethanol is exposed to sunlight in rectangular
quartz cuvette, and the solution absorption spectrum is recorded before and after an exposure with UV spectrophotometer.
The previtamin D concentration (accumulated ‘antirachitic’ UV dose) is determined by computer processing of the
recorded spectra using specially designed computer program which allows deriving the photoisomer concentrations
based on the photoisomer individual absorption spectra [21]. An important point is that the ambiguity in the solution of
the over determined system of equations requires expertise in pursuance of concentration analysis. Therefore, for general
use, the simplified method of UV dosimetry was introduced [17] similar to a number of chemical UV dosimeters as, for
instance, polysulphone film, that measured an accepted UV dose by the absorbance decrease at the fixed wavelength
[22].

2. Previous data on transformation of provitamin D absorption spectrum during the summer day exposure to
sunlight in Greece [14] suggest that the ‘antirachitic’ UV dosimetry can be carried out by recording the absorbance
decrease at L = 282 nm as a function of exposure time after a calibration procedure. As was shown in [17], the absorbance
decrease plotted as a function of the previtamin D concentrations determined by the spectrophotometric analysis was
described rather well by a linear approximation ¥ = A4 + Bx: (4 = 0,995, B =—-0.0096, R = - 0.996, SD = 0.0069, R =

correlation coefficient, SD — standard deviation). Therefore the previtamin D concentration (Cp, , (%) can be calculated

from the absorbance 4 at 2, = 282 nm before (AS82 ) and after ( Aész ) UV irradiation using the formula:

Chr (%) = (1= A3 /Afgz)/O.Ol "

Although comparison of calculated previtamin D concentrations during long term monitoring of ‘antirachitic’
solar UV radiation in Kiev (50°23’N, 30°32°E) showed larger data scatter, nevertheless, the correlation coefficient R
(between previtamin D concentrations determined by means of the optical density decrease at 282 nm and those ones
determined by spectrophotometric analysis) was rather high (R = 0.77) within upper and lower 90% prediction limits
[17].

3. These results provided a basis for the new method of in sifu determination of a vitamin D synthesizing
amount of natural and artificial UV irradiation [23]. The method comprises: (1) exposing a polymer film doped with
7-dehydrocholesterol to an UV radiation the vitamin-D synthesizing amount of which is to be determined; (2) measuring
change of absorbance of the film before and after an exposition to the UV radiation using specially elaborated opto-
electronic device (or UV spectrophotometer); and (3) correlating the measured change of the absorbance to a previtamin
D synthesizing amount.

4. Finally, to visualize the process of previtamin D photosynthesis and provide the easiest detection of previtamin
D synthesis the optically active 7-DHC (provitamin D,) molecules were dissolved in liquid crystalline (LC) matrix [24].
It was assumed that alteration of molecular geometry of provitamin D by the photoinduced conversion into previtamin D
should affect the selective reflection and, as a result, the LC cell color [25, 26]. This could provide the easiest detection
of previtamin D synthesis and evaluation of the accumulated UV dose in sifu by comparison of the LC cell color with
the calibration scale (like litmus paper measures a solution pH).

5.Additionally, the vitamin D synthetic capacity of sunlight can be directly calculated using adequate mathematical
model which enables calculation of the photoreaction kinetics for any UV radiation source with known spectral irradiance,
and the results of the laboratory and field tests lent validity of both the model and the spectrophotometric analysis [14,
17].

The kinetics of provitamin D photoisomerization is described by the following system of rate equations (2)
[14]:
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where C, are the photoisomers concentrations, €,(2) the molar absorption coefficients and (I)ij the quantum yields
photoreaction in the channel i => j. Photoisomers Provitamin D, Previtamin D, Tachysterol, Lumisterol and

irreversible photoproducts Toxisterols are designated by the numbers 1, 2, 3, 4, 5 respectively.
_ —A(4)
I*(2) is co-called photokinetics factor: /"(1) = I, (/1)& , (3)
A(A)
where 7 (}) is the intensity of the incident light at the wavelength A, and A(}) is the solution absorbance:

5

A =1 £(DC, (4)
i=1

The initial conditions for the concentrations are C 1= 100% and C = C 3= C 4= C 5= 0.

The system of rate equations (2) can be numerically solved for any monochromatic or/and polychromatic light

source with the intensity distribution /,(A). To estimate the vitamin D synthetic capacity of sunlight at any latitude the
solar spectra (either calculated using a radiative transfer model or measured by a spectroradiometer) might be used at

the model input.

Results and Discussion

The two cuvettes of 0.5cm thickness with 7-DHC ethanol solution (C = 20 mkg/ml) were exposed at the roof of

the Institute of Physics building in Kiev during 3 hours around noon (from 11:30 to 14:30 local time). Solar rays were
kept normal to the cuvette surface by using a specially constructed mechanism for automatic tracking of the solar zenith
angle. Further, the change of optical density at A =282 nm was determined for each measurement and concentrations of
previtamin D were calculated using equation (1). The examples of the 7-DHC spectrum changes as a result of exposure

to sunlight in summer and in autumn are shown in Figure 3.
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Figure 3. Absorption spectra of 7-DHC in ethanol before (solid line) and after (dash line) exposure to sunlight

during 3 hours in early July (clear sky) (a) and September (scattered clouds) (b), and (¢) concentrations of
previtamin D calculated from the spectra using formula (1).

It is seen from Figure 3c that two previtamin D concentrations occur just within 290% prediction limit.
The examples of calculated kinetics of previtamin D accumulation using the system (2) and FASTRT program
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[8] for the three hours exposure to sunlight depending on the atmosphere properties (cloudiness and aerosol content) are
shown in Figure 4.
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Figure 4. (a) Calculated kinetics of previtamin D photosynthesis in vitro on June 22 in Kiev (SZA = 27°52’, ozone
300 DU depending on cloudiness (cloud liquid water column = 400 gm—2 for clouds fractions 25-100%, aerosol
free sky, albedo 0, exposure time 180 min), (b) calculated effect of aerosol content on previtamin D photosynthesis
in vitro (P = acrosol optical thickness at 1 pm) [8].

It is apparent that effect of air pollution on previtamin D synthesis can be also estimated using the equations
system (2) with solar spectra corrected for the absorption of gaseous air pollutants.

Conclusion

Initiation of endogenous synthesis of vitamin D in human skin is important biological function of solar UV-B
radiation. Air pollution and the increase in tropospheric ozone hinder penetration of solar UVB to the Earth surface.
Nowadays emerging research indicates that Vitamin D is more important to human health than previously thought.
Vitamin D is recognized as a critical hormone that helps regulate the health of more than 30 different tissues, from the
brain to the prostate [4].

Many ecologic, cohort and case control studies have shown that cancer mortality and in some cases cancer
incidence depend inversely on ground level UV radiation. Prostate, colorectal, and breast cancers are most studied,
although new data has shown that non-Hodgkin lymphoma [27, 28] and even survival with melanoma [20] are also
inversely associated with sun exposure.

It is suggested that the major reason of a protective effect of sun exposure in the development of cancer and
improved survival is just vitamin D synthesis which is a critical component of cellular networks that inhibit cellular
proliferation and encourage apoptosis [30]. Therefore for validating the hypothesis many researchers today are focused
on the measurements of sun exposure, serum vitamin D levels (and associated metabolites), and genetic variants that
may affect vitamin D synthesis.

Although there are both beneficial and detrimental UV effects, it is an increase in the detrimental effects, associated
with climate change, attract most attention. Concerns range from human health (increases in the incidence of skin cancer
[31] to agriculture (reduction in crop yields), and to aquatic ecosystems (changes in the world’s oceans) [32].

Recent findings on Europe’s darker atmosphere in the solar UV-B [33] are in line with anticipated direct health
consequences of climate change that include increases in air pollution-related illness. The studies in Canada and
the United States indicated a high incidence of vitamin D deficiency in almost all populations, and chronic diseases
associated with vitamin D deficiency are 25 to 50 percent more frequent in northern climates than among people living
closer to equator [5, 34].

We think that global UV mapping as well as annual and daily forecasts should consider both erythemal and
‘antirachitic’ solar indices, and presented methods provide a means for direct monitoring of the vitamin D synthetic
capacity of sunlight and the presented algorithm is useful for predictions of climate change effects on the vitamin D
synthesis
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