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ABSTRACT: The riboflavin-photosensitized singlet oxygen ox-
idation of vitamin D, in a model system of 12% water and 88%
acetone was studied to understand the possible oxidation of for-
tified vitamin D in milk. Only the samples containing vitamin
D, and riboflavin under light storage showed two new peaks in
the HPLC chromatogram, indicating that singlet oxygen oxida-
tion of vitamin D, had occurred. UV analysis indicated that a
new compound was formed from the reaction of the triene of
vitamin D, with oxygen. The mass spectrum showed that one
of the two compounds had a molecular ion at m/z =412, which
was an increase of the mass of vitamin D, by the mass of ex-
actly one oxygen. The IR spectrum suggested the presence of a
hydroxyl group and no carbonyl group in the product. The com-
bined information from UV, MS, and FTIR spectra and the
chemical mechanisms of singlet oxygen oxidation of vitamin
D, indicated that a 5,6-epoxide of vitamin D, was formed from
vitamin D, in the presence of riboflavin under light.
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Vitamin D is important for normal mineralization and growth
of bones. Both cholecalciferol, Dj;, and ergocalciferol, D,, are
used in the fortification of milk and infant formulas to help
prevent rickets in children and osteomalacia in adults (1).
However, excess vitamin D can cause hypercalcemia, kidney
stones, and oxidation of tissue lipids (2). Increased levels of
free radicals in animal tissues after dosage with excess levels
of vitamin D have been observed by electron spin resonance
spectroscopy (3). Intake of antioxidants such as tocopherol
are known to reduce the oxidation of vitamin D and the for-
mation of kidney stones (3).

Compounds such as tachysterol, lumisterol, and 7-dehy-
drocholesterol can be formed through photo-isomerization of
vitamin D (4). The conjugated triene structure of vitamin D is
susceptible to oxidation. The type of solvent, the wavelength
of light used during irradiation, and the presence of a sensi-
tizer (e.g., Rose Bengal) can influence the photochemistry of
vitamin D (5-8).

Foods naturally contain sensitizers, such as chlorophyll in
vegetable oils (9) and riboflavin in milk (10), that can initiate
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oxidation by absorbing light to produce singlet oxygen. Sin-
glet oxygen can react directly with electron-rich compounds
such as unsaturated FA and with fat-soluble vitamins such as
vitamin D, resulting in the degradation of essential nutrients
and the formation of possibly toxic compounds (11).

Many studies have been done to test the stability of vita-
mins in milk. These studies analyzed the photooxidation of
vitamins A, C, and riboflavin. Although vitamin A was fairly
stable (12), riboflavin was shown to initiate deteriorative re-
actions in milk, and off-flavors could be formed in milk ex-
posed to light (13). Aurand et al. (14) suggested that ri-
boflavin caused the formation of singlet oxygen in milk, since
oxidation in milk decreased when a singlet oxygen quencher
was added. Berliner et al. (10) confirmed that singlet oxygen
was formed by riboflavin in milk by using electron spin reso-
nance spectroscopy. Renken and Warthesen (15) found that
light did not affect vitamin D loss in an acetonitrile system
but did cause loss of vitamin D in skim milk containing ri-
boflavin. The authors hypothesized that the loss of vitamin D
was due to photosensitized oxidation by singlet oxygen, but
they did not test this hypothesis. King and Min (16) and Li
et al. (17) showed, in a model system, that singlet oxygen ox-
idation of vitamin D occurred only in the presence of ri-
boflavin, light, and oxygen and that the singlet oxygen could
be quenched by a-tocopherol, ascorbic acid, or carotenoids.

King and Min (16) reported that vitamin D is susceptible to
singlet oxygen oxidation and that various metabolites and prod-
ucts of vitamin D may interfere with calcium metabolism or
may be toxic. Therefore, the objective of this work was to sepa-
rate and identify the major product formed from the oxidation
of vitamin D, by riboflavin-photosensitized singlet oxygen.

EXPERIMENTAL PROCEDURES

Chemical and reagents. Analytical reagent-grade acetone
(Mallinckrodt Specialty Chemical Co., Paris, KY) was used
for sample preparation. Ergocalciferol (vitamin D,, >97% pu-
rity) and riboflavin were obtained from Sigma Chemical Com-
pany (St. Louis, MO). HPLC-grade acetonitrile and methanol
were obtained from Fisher Scientific (St. Louis, MO).
Preparation of samples and storage conditions. Samples
containing 3,000 ppm of standard vitamin D, in a mixture of
12% water and 88% acetone with and without 15 ppm
riboflavin were prepared to form a simple mixed-model sys-
tem in which both riboflavin and vitamin D were soluble.
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Prepared samples (16 mL) were transferred into 25-mL serum
bottles. The bottles were tightly sealed with Teflon-coated
septa and aluminum caps (Supelco, Inc., Bellefonte, PA).
Sample bottles were placed in the dark or in a 4,000-lux light
storage box at 45°C for 8§ or 24 h. Sample concentrations were
chosen based on our previous work (17).

Separation of vitamin D, oxidation products. HPLC was
used to separate the products of vitamin D, oxidation. A
Hewlett-Packard 1050 high-performance liquid chromato-
graph (Avondale, PA) with UV detection at 254 nm and an
Econosphere C18 column of 3-um particle size (150 x 4.6
mm; Alltech, Deerfield, IL) was used. Helium was used to
sparge the mobile phase prior to starting the pumping system.
The mobile phase was a mixture of 50% acetonitrile and 50%
methanol at a flow rate of 1 mL/min. The 200 UL of sample
was injected with an auto injection system operated with oil-
free compressed air.

MS, FTIR, and UV analyses. The samples were repeatedly
separated by injecting them multiple times into the chromato-
graph, and the separated individual peak was collected into a
5-mL brown glass vial. The individual samples collected
were evaporated to dryness under a stream of nitrogen. The
samples were stored in the dark under nitrogen at 4°C to pre-
vent oxidation until analyzed for identification by spectrome-
try. MS was performed on a Hewlett-Packard 5971A mass
spectrometer. Spectra were obtained by electron ionization at
70 eV and an ion source temperature of 220°C. Samples were
dissolved in acetonitrile, and the UV spectrum was ob-
tained by scanning from 190 to 268 nm on a Spectronic 1001
spectrophotometer (Milton Roy, Rochester, NY). The FTIR
spectrum was determined with the use of a KBr pellet, made
with sample dried from acetone, for transmission analysis
using a Mattson Cygnus 100 FTIR (Madison, WI). The
resolution was 2 cm_l, and 128 scans were performed for
each peak.

RESULTS AND DISCUSSION

Sample analysis by HPLC. The HPLC chromatogram of the
fresh sample containing 3,000 ppm vitamin D, only (without
riboflavin) is shown in Figure 1 A. This indicated that the vi-
tamin D, was not a pure compound. Photo-isomerization of
vitamin D, can occur during storage (5). Because the vitamin
D, obtained from Sigma was formed by irradiation of ergos-
terol, the B, D, and F peaks of Figure 1A may be photo-iso-
mers of vitamin D,. The HPLC chromatogram of sample con-
taining 3,000 ppm vitamin D, with 15 ppm riboflavin held for
8 h in darkness was essentially the same as that of Figure 1A
and so is not shown here. The HPLC chromatogram of sam-
ple containing 3,000 ppm vitamin D, in the absence of 15
ppm riboflavin stored for 8 h in light was also essentially the
same as that of Figure 1A and is not shown. Both vitamin D,
with 15 ppm riboflavin in darkness and vitamin D, without
riboflavin under light were stable for 8 h. The presence of 15
ppm riboflavin and storage time had no effect on vitamin D,
stability during storage in darkness.
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FIG. 1. (A) HPLC chromatogram of 3,000 ppm fresh vitamin D, without
riboflavin in 12% water and 88% acetone; (B) HPLC chromatogram of
3,000 ppm vitamin D, and 15 ppm riboflavin in 12% water and 88%
acetone under light storage for 8 h. All peak retention times are noted
in Table 1.

Two new peaks, A and C, were present in the HPLC chro-
matogram of the sample containing 3,000 ppm vitamin D,
and 15 ppm riboflavin that was exposed to light for 8 h (Fig.
1B). Our previous research (16) showed that vitamin D, was
oxidized by riboflavin-photosensitized singlet oxygen in the
sample containing riboflavin and stored in the light box. Sup-
port for riboflavin-induced singlet oxygen formation in light
and in the presence of air was reported by Berliner ef al. (10).

For peak E of Figure 1B, which was later positively iden-
tified as vitamin D, by MS and which had the HPLC reten-
tion time of the authentic compound, the vitamin D, content
decreased by 33 and 52% as the storage time increased from
0 to 8 and 24 h in light storage (Table 1). However vitamin
D, did not decrease as the storage time increased from 0 to
8 h in darkness. The peak C area in Figure 1B increased 160-
fold from O to 8 h and then an additional 15.6% as the storage
time increased from 8 to 24 h in light. These results indicate
that photosensitized oxidation of vitamin D, occurred only in
the presence of riboflavin, light, and oxygen in our study. The

TABLE 1

Average HPLC Percentage Peak Area (based on total
chromatogram area) of Duplicate Vitamin D, Samples
Stored in the Light for 8 and 24 h

Retention time 15 ppm riboflavin

Vitamin D, alone

(min)? (% control) Light 8 h (%)  Light 24 h (%)
6.27 (A) 0.04 0.61 1.52

7.72 (B) 0.53 0.34 0.22

8.97 (O) 0.03 4.79 5.54

9.70 (D) 1.16 0.80 0.84

10.9 (E) 29.8 20.0 14.2

129 (F) 0.24 0.16 0.13

9Letters correspond to the peaks in Figure 1.



SINGLET OXYGEN OXIDATION PRODUCT OF VITAMIN D,

presence of an extremely small area for peak C retention time
in the pure vitamin D, sample could be attributed to a photo-
sensitized singlet oxygen oxidation product of vitamin D,
formed during the production of vitamin D, from ergosterol
by irradiation during manufacturing. The singlet oxygen was
most likely formed from residual plant chlorophyll in vitamin
D,, as chlorophyll is a strong sensitizer of singlet oxygen.

Analyses of peaks C and E by MS, UV, and FTIR. The max-
imum absorbances of peak C (Fig. 1B) and vitamin D, were
250 and 264 nm, respectively. The absorbance at 264 nm was
due to the conjugated triene of vitamin D,. The maximum ab-
sorbance of acyclic conjugated diene was between 215 and
230 nm (18). For peak C the maximum absorbance of 250 nm
indicated that this peak did not have a conjugated triene struc-
ture but that it still had at least two double bonds. These two
double bonds were not conjugated double bonds, which
would have a maximum absorbance at around 215 to 230 nm.
Therefore, the singlet oxygen must have reacted with one of
the double bonds at carbons 5 and 6 or 7 and 8. If the singlet
oxygen had reacted with double bonds at carbons 7 and 8, the
new compound would have had a conjugated diene with max-
imum absorbance between 215 and 230 nm. The UV spec-
trum showed that it did not have conjugated double bond ab-
sorbance at this range of wavelengths. The UV spectrum
strongly suggested that the singlet oxygen reacted with the
double bond of the conjugated triene of vitamin D, at carbons
5and 6.

The FTIR spectrum of peak C is shown in Figure 2. The
strong absorption band at around 3400 cm™! was due to the
functional group of an alcohol OH stretching vibration. The
shape and relative strength of absorbance of the OH group to
the other functional group absorbances of the vitamin D, spec-
trum indicated that peak C most likely had one alcohol group
in the molecule. The absorbance at 2900 cm™! was due to C-H
stretching in vitamin D,. The medium-size absorbance at 1711
cm™! was due to nonconjugated carbon—carbon double bond
stretching of vitamin D, (18). It was not due to the absorbance
of a carbonyl group because the absorbance in this range was
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FIG. 2. FTIR spectrum of peak C of Figure 1B.
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not strong enough for a carbonyl group compared to ab-
sorbance of the OH group at around 3400 cm™". It would be
very difficult to form a ketone or aldehyde from the double
bonds of carbon 5 and 6 or of 7 and 8 with singlet oxygen.
Therefore, the possibility of the presence of a carbonyl group
at peak C was eliminated. Epoxide ring bonds showed stretch-
ing at 1250 cm™!, and the C—C bond of the ring showed
stretching at 810 to 950 cm_l, whereas a third band was ob-
served at the 750 to 840 cm™! range (18). We observed weak
to medium bands at each of these regions. The IR spectrum in-
dicated that peak C of Figure 1B had only one OH group and
double bonds, but a carbonyl group was not present according
to comparisons of absorbances with vitamin D,,.

The molecular ion, M*, of peak E was at m/z = 396, which
is the actual mass of vitamin D,. The fragment at m/z = 271
represents the loss of the side chain of mass = 125, whereas
m/z = 253 includes the loss of the side chain plus the loss of
water (Figs. 3A and B). The fragment at m/z = 136 represents
the mass of the A ring up to position 7 with a molecular for-
mula of CQHIZO, and the fragment at m/z = 118 includes the
loss of water and CyH,,0 (Figs. 3A and B). The retention
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FIG. 3. (A) Mass spectrum of HPLC peak E of Figure 1B; (B) mass spec-
trum of peak C of Figure 1B.
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Molecular ion 412 — 16 from epoxide
oxygen (16) = 396

396 —43 =353

412 — 125 — 16 (epoxide oxygen) = 271
271 — 18 (H,O from alcohol) = 253

m/z =152 (151 + one hydrogen
rearrangement)

152 — 16 (epoxide oxygen) = 136

136 — 18 [H,O from alcohol group = 118
(base peak)]

SCHEME 1

time of peak E was the same as that of the authentic vitamin
D,. The mass spectrum of peak E was essentially the same as
the MS analysis of vitamin D, reported by Elliott and Waller
(19). Based on the UV, IR, and MS data in this study as com-
pared to the literature, peak E was identified as vitamin D,.

The mass spectrum of peak C is shown in Figure 3B. The
spectrum also showed fragments at m/z = 396, 271, 253, 136,
and 118. However, mass fragments at m/z = 396, 271, and 253
for peak C had a lower intensity than those of peak E. Both
peaks C and E had a base peak at m/z = 118. The molecular
ion of peak C was m/z =412, which is an increase of the mass
of vitamin D, (396 g/mol) by the mass of exactly one oxygen
(16 g/atom). The molecular ion at m/z 412 strongly suggested
that peak C was a product oxidized by adding one oxygen
atom to vitamin D,. Matsueda and Katsukura (20) observed a
loss of mass of 16 for an (M* — O) fragment in the mass spec-
tral analysis of an epoxide of cholesta-5,7-dien-33-ol. The
mass spectrum of peak C suggested that the compound was
an epoxide of vitamin D,. The singlet oxygen, which was
formed by riboflavin in the sample, could easily react with the
double bond of vitamin D, to form an epoxide, as shown in
Scheme 1. The electrophilic singlet oxygen would react di-
rectly with the electron-rich double bonds of compounds (21).

The logical mechanism for the formation of epoxide from
vitamin D, and singlet oxygen during oxidation is shown in
Scheme 2. The information from MS, UV, and IR spectra and
the mechanism for the chemical reaction of vitamin D, with
singlet oxygen showed that peak C is a 5,6-epoxide of vita-
min D, formed from the reaction of singlet oxygen with vita-
min D,. This research also showed that 33 and 53% of vita-
min D, was lost during 8 and 24 h of storage (Table 1). Based
on this study and those of others, milk should not be exposed
to light during processing and storage because the vitamin D,
present may be susceptible to oxidation by riboflavin-photo-
sensitized singlet oxygen.
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