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Abstract The formation of fatty acid esters of vitamin DS was 
demonstrated in rat skin exposed to artificial ultraviolet rays 
by using multi-dimensional high-performance liquid chroma- 
tography, ultraviolet spectrophotometry, and gas-liquid chro- 
matography-mass spectrometry. This result indicated that the 
fatty acid esters of 7-dehydrocholesterol in rat skin (at least 
80% of 7-dehydrocholesterol in rat skin is esterified) is also 
isomerized into vitamin Ds ester in vivo. The initial percentage 
of the esterified form was 84.3% and this did not significantly 
change up to the time when about half of the skin total vitamin 
DS disappeared (2 days). Consequently, it was speculated that 
the vitamin D3 ester was delivered into the blood circulation 
from skin without having been hydrolyzed. This was sup- 
ported by the presence of vitamin DS ester in rat plasma ex- 
posed to ultraviolet radiation. In addition, in connection with 
the study of the restriction of vitamin D3 synthesis, distribution 
of total vitamin Ds in rat skin exposed to ultraviolet irradiation 
in vivo was compared with that in isolated skin exposed to 
ultraviolet radiation. The dermal layer of the isolated skin 
contained about 4 times more total vitamin Ds than that of 
in vivo skin. This finding suggests not only that ultraviolet 
rays could not penetrate deeply into the in vivo skin, but that 
the restriction of cutaneous synthesis of vitamin Ds observed 
in vivo may arise from this reduced penetration of ultraviolet 
rays.-Takada, K. Formation of fatty acid esterified vitamin 
Ds in rat skin by exposure to ultraviolet radiation.]. Lijid Res. 
1983. 2 4  441-448. 
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During the past decade, our  understanding of the 
vitamin D endocrine system has improved enormously. 
It has been revealed that the major source of the vitamin 
D3 is its endogenous photosynthesis in the skin (1-3). 
The vitamin DS generated in the skin is delivered into 
the blood circulation and metabolized to 25-hydroxy- 
vitamin D3 in the liver (4) and subsequently to 1,25- 
dihydroxyvitamin Ds in the kidney (5) before it can ex- 
ert  its effect on target tissues. T h e  cutaneous synthesis 
of vitamin Ds has long been noted in the study of this 
endocrine system. T h e  skin is not only the site in which 
vitamin D3 synthesis occurs but it is also a target tissue 
of 1,25-dihydroxyvitamin D3 like other endocrine sys- 

tems (6-8). Several investigators have revealed that 7- 
dehydrocholesterol (7-DHC) in the skin is converted to 
previtamin D3 by ultraviolet (UV) radiation (9-1 l), and 
that the previtamin D3 is thermally isomerized into vi- 
tamin D3 in the skin at body temperature (12) in the 
same manner as demonstrated in organic solvents (1 3). 

7-DHC is a normal metabolic intermediate in the 
biogenesis of cholesterol (1 4) and attains a higher con- 
centration in skin than in most other body tissues (15, 
16). The  7-DHC content of rat skin is affected by UV 
radiation (1 7) and by the action of 1,25-dihydroxyvi- 
tamin D3 (1 8). The  optimum wavelength for the cuta- 
neous synthesis of vitamin D3 is 305 nm (19), which is 
longer than that in organic solvents (20), and this affects 
the yield of by-products, Le., tachysterol and lumisterol 
(2 1). In addition, vitamin D3 synthesis in rat skin in vivo 
is restricted to a small extent in order not to induce 
hypervitaminosis D resulting from excess exposure to 
UV radiation (19, 22). 

As reported in our previous paper (1 7), the greater 
part of 7-DHC in rat skin is present as fatty acid esters 
The  observations reported so far have not taken the 
esterified form into consideration but have concen- 
trated only on the free form or  the total of the free and 
esterified forms of vitamin D3. In this report, the for- 
mation of esterified vitamin D3 in rat skin and its deliv- 
ery from the skin to the blood circulation were inves- 
tigated. In addition, in the investigation of the factors 
that restrict the vitamin D3 synthesis in vivo, the distri- 
bution of total vitamin D3 in rat skin irradiated in vivo 
and in vitro was examined. 

MATERIALS AND METHODS 

Chemicals 
Crystalline vitamin D3 was purchased from Philips- 

Dupher Co. Ltd. (Amsterdam, The  Netherlands) and 

Abbreviations: 7-DHC. 7-dehydrocholesterol; U V ,  ultraviolet; 
HPLC, high-performance liquid chromatography; N2. nitrogen; GLC- 
MS, gas-liquid chromatography-mass spectrometry. 
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was recrystallized from acetone-water 4: 1. Crystalline 
7-DHC was obtained from Sigma Chemical Co. Ltd. 
(St. Louis, MO) and was recrystallized from diethyl 
ether. The  palmityl ester of vitamin D3 was synthesized 
according to the method described by Swell and Tread- 
well (23). 

All organic solvents used were analytical reagent 
grade and were redistilled before use. Other reagents 
were of analytical reagent grade. 

Apparatus 

Two high-performance liquid chromatography 
(HPLC) systems were used. The  system used for the 
preparative chromatography of skin or  plasma lipid ex- 
tracts consisted of a Shimadzu-DuPont LC-84 1 high- 
performance liquid chromatograph including a UV de- 
tector (254 nm), a SIL-IA sample injector (Shimadzu 
Co. Ltd., Kyoto, Japan) and a Zorbax SIL column (6.2 
mm X 25 cm, DuPont Instruments, Wilmington, DE). 
The other system used for the analysis of vitamin D3 in 
unsaponifiable matter obtained from rat skin or plasma 
consisted of a Shimadzu LC-SA high-performance liq- 
uid chromatograph, a Shimadzu UVD-2 fixed wave- 
length UV detector (254 nm), a SIL-IA sample injector, 
and a Zorbax SIL column (4.6 mm X 25 cm). In the 
reversed phase HPLC system used for the purification 
and identification of vitamin D3, a Nucleosil 5CI8 col- 
umn (7.5 mm X 30 cm, Nakarai Chem. Co. Ltd., Kyoto, 
Japan) was used with this latter HPLC system instead 
of the Zorbax SIL column. 

Animals 

Male rats of the Wistar strain (8 weeks old, weighing 
150-160 g) were used for the isolation and identifica- 
tion of esterified vitamin D3 and the analyses of the 
distribution of vitamin D3 in rat skin. Two vitamin D- 
deficient rats were used for the isolation and identifi- 
cation of esterified vitamin D3 in rat plasma according 
to the method described by Suda, DeLuca, and Tanaka 
(24). Male weanling rats of the Wistar strain (4 weeks 
old, weighing 50-60 g) were fed a purified vitamin D- 
deficient diet (0.47% calcium, 0.3% phosporus) supple- 
mented with fat-soluble vitamins A, E, and K for 6 
weeks; water was provided ad libitum. After 6 weeks, 
they weighed about 180 g. 

Irradiation procedures 
ZH uivo irradiation. The dorsal hair of rats was removed 

with an electric animal clipper just prior to UV irradia- 
tion and the animals were exposed to an erythemal UV 
lamp (Matsushita Electric Co. Ltd., Osaka, Japan; main 
wavelength was 280-360 nm, X max 305 nm) at  the 
distance of 25 cm for 2 hr (radiation: 88 pW/cm2). 

ZJZ 7dro irradiation. The dorsal skins were removed 

from the backs prior to UV irradiation and then placed 
on a glass plate. The  subcutaneous adipose tissue was 
not removed from the skin. The  irradiation conditions 
were identical with those described above. 

Lipid extraction 

After the UV exposure, the skin tissues, from which 
adipose tissue was removed, were cut into small pieces 
and they were homogenized in 70 ml of a mixture of 
methanol-chloroform-saturated KCI solution for 90 
sec (30 sec X 3; cooling period, 2 min) at 0-4OC. To 
separate phases, 20 ml of chloroform and 20 ml of sat- 
urated KCI were added to the homogenate and the ho- 
mogenate was centrifuged at 1800 g for 5 min at  4°C. 
After the removal of the chloroform layer, the aqueous 
phase was re-extracted with 50 ml of chloroform. The  
two chloroform phases were filtered through a What- 
man 1 PS phase-separating paper. The  filtrates were 
combined and dried under a stream of nitrogen gas. 

The  lipid extract was dissolved in 1 .0 ml of n-hexane, 
and then 100-pl volumes of the solution were succes- 
sively chromatographed (preparative HPLC) on a Zor- 
bax SIL column (6.2 mm X 25 cm) to separate the es- 
terified fraction. A solvent system consisting of 1.0% 
isopropanol in n-hexane was used as a mobile phase and 
the flow rate was 1.6 ml/min. After discarding the first 
eluate (5.0 ml), the esterified sterol fraction (5.0-16.7 
ml) was collected. 

Saponification 

The esterified fraction was evaporated to dryness 
under reduced pressure. The  residue was redissolved 
in 25 ml of ethanol and was saponified by refluxing for 
2 hr with a mixture of 10 ml of 20% pyrogallol in 
ethanol and 4 ml of 90% (w/v) KOH solution. After 
cooling immediately the unsaponifiable matter was iso- 
lated by using 50 ml of benzene according to the 
method described by Mulder (25). The  separated ben- 
zene layer was filtered through a Whatman 1 PS phase- 
separating paper to remove water. During this saponi- 
fication process, the fatty acid esters were hydrolyzed 
and the previtamin D, was isomerized into vitamin D3 
simultaneously (isomerization coefficient: K = 1.25). 

Chromatography 

The  unsaponifiable matter obtained from the ester- 
ified fraction was dissolved in 500 p1 of n-hexane and 
100-p1 volumes were applied to a Zorbax SIL column 
(4.6 mm X 25 cm) by using 0.5% isopropanol in n-hex- 
ane as an eluent. The  flow rate was 1.5 ml/min at a 
pressure of 60-80 kg/cm'. As Fig. 1A shows, the vi- 
tamin D3 peak, which is considered to result from the 
esterified previtamin D3 and vitamin D3, was detected. 
The  eluates corresponding to the vitamin Ds peak were 
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collected. After drying the solvent the residue was re- 
dissolved in methanol and the solution was applied to 
a Nucleosil 5cl8 column (7.5 mm x 30 cm) with a flow 
rate of 1.7 ml/min of methanol-isopropanol-water 
4:2: 1. As Fig. 1 B shows, a single peak corresponding to 
vitamin D3 was clearly separated from other peaks (un- 
known material). The vitamin D3 fraction was collected 
and further purified by chromatography on a Zorbax 
SIL column (4.6 mm X 25 cm). The finally purified 
vitamin D3 fraction was analyzed by UV spectropho- 
tometry and gas-liquid chromatography-mass spec- 
trometry (GLC-MS). 

Mass spectrometry 

GLC-MS was carried out with a Model JMS D300 
combined with a Model, JMA-2000 data processing sys- 
tem (Japan Electric Optics Laboratory Co. Ltd., Tokyo, 
Japan). The GLC was performed on a 1.5% OV-17 col- 
umn (Gaschrom Q, 80-100 mesh, 2.0 mm X 1.0 m). 
Helium carrier gas flow rate was 20 ml/min and the 
column temperature was 260°C. After the sample had 
been run through the GLC-MS, the mass spectra (mass 
range: 50-400 m/e, scan interval: 6 sec) of all com- 
ponents’ peaks were on file. Mass chromatograms were 
illustrated by plotting the ion intensity of characteristic 
fragment ions in the mass spectra of pyrovitamin D3 and 
isopyrovitamin D3 against retention time. 

Separative assay of three vitamin D3 forms in skin 
Each dorsal skin sample (1.5 g) was cut into small 

pieces on dry ice, and was homogenized in 14 ml of 
methanol-chloroform-saturated KCl 2: 1 :0.5. T o  sep- 
arate phases, 4 ml of chloroform and 4 ml of saturated 
KCI were added to the homogenate, and it was centri- 
fuged at 1800 g for 5 min. After the removal of the 
chloroform layer, the aqueous phase was re-extracted 
with 10 ml of chloroform. The two chloroform phases 
were filtered through a Whatman 1 PS phase-separat- 
ing paper and the filtrates were combined and dried 
under a stream of N2  gas. 

The lipid extract was dissolved in 250 pI of n-hexane, 
and then a 100-p1 volume of the solution was chro- 
matographed (HPLC) on a Zorbax SIL column (6.2 mm 
X 25 cm) with a flow rate of 1.6 ml/min of 1.0% iso- 
propanol in n-hexane at a pressure of 60 kg/cm2. The 
esterified potential vitamin D3 fraction (5.0-16.7 ml), 
the free previtamin D3 fraction (16.7-25.0 ml), and the 
free vitamin D3 fraction (25.0-37.5 ml) were fraction- 
ated and then saponified. The unsaponifiable matter 
was analyzed by straight-phase HPLC on a Zorbax SIL 
column (4.6 mm X 25 cm) with a flow rate of 1.5 ml/ 
min of 0.5% isopropanol in n-hexane. Peak identifica- 
tion was determined by reversed-phase HPLC and 
GLC-MS. The overall recovery by this assay method 

* 
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Fig. 1. A: Straight-phase HPLC-chromatogram of the unsaponifiable 
matter obtained from esterified vitamin DS fraction of UV-exposed 
rat skin. The unsaponifiable matter obtained from esterified sterol 
fraction was applied to a straight-phase HPLC on a Zorbax SIL column 
(4.6 mm X 25 cm) with a flow rate of 1.5 ml/min of 0.5% isopropanol 
in n-hexane. B: Rechromatography of the vitamin Ds fraction eluted 
from the preceding straight-phase column on a reversed-phase Nu- 
cleosil5CI, column. The collected eluate corresponding to the vitamin 
DS peak in the preceding straight-phase HPLC was dried under a 
stream of N2 gas. The residue was redissolved in methanol and then 
applied to a reversed-phase HPLC Nucleosil 5C18 column (7.5 mm 
X 30 cm) with a flow rate of 1.7 ml/min (methanol-isopropanol-water 
4:2:1). 

calculated by the addition of authentic vitamin D3 pal- 
mitate and vitamin D3 was 80.1 -t 5.6% and 83.6 
-t 4.5% (mean -t S.D., n = 6), respectively. 

Identification of plasma esterified vitamin DS 

Two vitamin D-deficient rats were exposed daily to 
an erythemal UV lamp (at the distance of 50 cm, for 
1 hr) for 3 weeks. The rats were maintained on vitamin 
D-deficient diet throughout the UV exposure period so 
that the only source of vitamin D3 was photo-generated 
vitamin D3. Lipid was extracted from 8 ml of plasma 
by the method of Bligh and Dyer (26). The lipid extract 
was treated by the two-step HPLC in the same manner 
as the skin lipid extracts in order to identify the vitamin 
D3 resulting from esterified vitamin D3. For further 
identification, reversed-phase HPLC was carried out on 
a Nucleosil 5Cl8 column (7.5 mm x 30 cm) with’a 
flow rate of 1.7 ml/min of methanol-isopropanol- 
water 4:2:1. 

Distribution of vitamin D3 in rat skin 

Rat skin is composed of three main layers, i.e., keratin 
layer, epidermal layer, and dermal layer. Distribution 
of total vitamin D3 in the skin was estimated by remov- 
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hexane. The amounts of vitamin D3 were calculated by 
correcting the peak height of vitamin D3 with the equi- 
librium coefficient between previtamin D3 and vitamin 
D3 (k = 1.25). This corrected value, therefore, gave the 
total vitamin D3 (sum of free and esterified vitamin D3). 

\ 
\ 

RESULTS 

Identification of esterified vitamin DS in rat skin 
As shown in Fig. 1, the unsaponifiable matter ob- 

tained from the esterified fract.ion of rat skin lipids con- 
tained a substance which had the same chromatographic 

I I I 1 properties in both straight-phase and reversed-phase 
HPLC as those of authentic vitamin D3. The peaks are 
indicated by asterisks in the chromatograms. The re- 
tention times were 22.4 min and 20.3 min, respectively. 
For further identification of this substance as vitamin 

290 nm 210 230 250 270 
Fig. 4. 
from esterified vitamin DB fraction. 

U V  spectrum of the purified vitamin D3 fraction obtained 

ing the external layers of the skin in order. The keratin 
layer was removed by shaving. The epidermal layer was 
removed according to the method described by Baum- 
berger, Suntzeff, and Cowdry (27). The amounts of to- 
tal vitamin D3 in the skin were assayed by HPLC as 
already reported in our previous paper (20). Areas (6 
cm2) of rat skin that were exposed to UV irradiation in 
vivo or in vitro were treated as described above. The 
skin preparations were cut into small pieces and directly 
saponified. The unsaponifiable matter was analyzed by 
HPLC on a Zorbax SIL column (4.6 mm X 25 cm) with 
a flow rate of 1.5 ml/min of 0.5% isopropanol in n- 

D3, which was generated from esterified previtamin DS 
or vitamin D3 by saponification, the eluate correspond- 
ing to the vitamin D3 peak in the final straight-phase 
HPLC was collected and then subjected to UV spectro- 
photometry and GLC-MS. 

The UV absorption spectrum shown in Fig. 2 clearly 
revealed the presence of characteristic 5,6-cis triene 
chromophore as vitamin D3 (A max at 265 nm, h min 
at 228 nm). Vitamin D3 is known to be isomerized into 
two cyclized products, Le., pyrovitamin D3 and isopy- 
rovitamin D3 at a temperature above 150°C. Conse- 
quently, vitamin D3 was identified by demonstrating the 
formation of the two characteristic thermoisomers. Fig. 

n 

0 5 10 15 

Retention Time ( m i n )  
Fig. 3. Mass chromatogram of the purified vitamin D, fraction obtained from esterified vitamin D:, fraction. 
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TABLE 1. Changes in the total vitamin D3 and the percentage of three vitamin D3 
forms in the skin after UV exposure 

Days after Total vitamin Esterified Potential Previtamin Vitamin 
UV Exposure D3 Vitamin Ds Ds Ds 

I%'&! R 

0 1.56 f 0.12 84.3 f 5.8 11.2 * 4.3 4.6 k 3.5 
1 1.33 k 0.15 84.7 k 1.5 5.9 f 2.3 9.4 f 2.5 
2 0.82 f 0.06 82.4 k 5.2 3.2 f 1.8 14.5 f 3.7 
3 0.49 f 0.05 75.6 k 4.0 5.7 f 4.6 18.7 f 0.8 

~~ 

All values are the means of four rats f S.D. 

3 shows the mass chromatogram made by plotting the 
ion intensities of the molecular ion m/e 384 and frag- 
ment ions (m/e 366, 351, 325, 271, 145, 143) against 
retention time. Two peaks corresponding to pyrovi- 
tamin D3 and isopyrovitamin D3 were observed at the 
retention times of 10.8 min and 12.7 min, respectively. 
The relative ion intensities of the plotted ions were iden- 
tical with those of authentic pyrovitamin D3 and iso- 
pyrovitamin D3. 

Translocation of esterified vitamin D3 from skin to 
blood circulation 

Table 1 shows the changes in the contents of total 
vitamin D3, esterified potential vitamin D3, free pre- 
vitamin D3, and free vitamin D3 in the skin up to 3 days 
after UV irradiation. There was no significant change 
in the relative amount of esterified potential vitamin D3 
by 2 days, despite the disappearance of about half 
amount of the initial content of skin total vitamin D3. 
This fact suggests that almost all of the esterified form 
of vitamin D3 is not hydrolyzed prior to delivery from 
the skin to the blood circulation. In the period from 2 
days to 3 days after UV irradiation, however, a slight 
decrease in the percentage of the esterified form to total 
vitamin D3 was observed (0.025 < P < 0.05; by Stu- 
dent's t-test). This slightly reduced amount of the es- 
terified form may represent the difference in the deliv- 
ery rate from the skin to blood circulation between the 
esterified form and free form, or of the hydrolysis of 
the ester linkage. Even so, the difference in delivery rate 
or the extent of the hydrolysis would be small. 

As already described above, the esterified vitamin D3 
may be translocated to the blood circulation without 
cleavage of the ester linkage. Therefore, the presence 
of the translocated esterified vitamin D3 in UV-exposed 
rat plasma was investigated 7 days after UV irradiation. 
However, the amount of total vitamin D3 generated by 
a single UV exposure was so small that the esterified 
vitamin D3 was not detected in that plasma. Accord- 
ingly, vitamin D-deficient rats were exposed to UV ra- 
diation for 3 weeks and then the plasma was analyzed 
by HPLC as described under Materials and Methods. 
The rate of esterified potential vitamin D3 to total vi- 

tamin D3 in the skin at the end of this UV exposure 
treatment was 72.0 k 3.9% (mean f. S.D., n = 4) of that 
in the skin after UV exposure treatment. It is possible 
to regard the vitamin D-deficient rats as being repleted 
mainly with esterified vitamin D3 for 3 weeks. As Fig. 
4(a) shows, a peak corresponding to vitamin D3 was 
observed in the straight-phase HPLC chromatogram of 
the esterified fraction. The peak was collected and re- 
chromatographed on a reversed-phase HPLC. A peak 
that comigrated with authentic vitamin D3 was observed 
(Fig. 4(b)). Since the plasma obtained from the rat sup- 
plemented with vitamin D3 orally for 2 weeks did not 
exhibit the presence of the esterified vitamin D3, the 
esterified vitamin D3 in UV-exposed rat plasma was COII- 

sidered to be translocated from the skin. 

Distribution of total vitamin DS in rat skin 

In our previous paper (19), the cutaneous synthesis 
of vitamin D3 in rat skin in vivo was revealed to be 
restricted within a small range. On the other hand, the 
synthesis of vitamin D3 in the isolated rat skin was not 
restricted. For further investigation of this phenome- 

0 a 16 24 0 8 16 24 
Tlme ( mln ) Time ( mln ) 

Fig. 4. Chromatographic evidence for the presence of esterified vi- 
tamin D:, in UV-exposed rat plasma. The lipid extract obtained from 
UV-exposed rat plasma was subjected to two-step HPLC as described 
in Materials and Methods. (a), Straight-phase HPLC of the unsapon- 
ifiable matter obtained from esterified vitamin D3 fraction. (b), Re- 
versed-phase HPLC of the eluate corresponding to the peak of vitamin 
D3 in the straight-phase HPLC. 
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TABLE 2. Distribution of total vitamin D3 produced by UV exposure in rat skin 
in vivo and in isolated skin 

Dermal Layer 
Whole Skin Shaved Skin Dermal Layer Whole Skin 

~ 

ng/cm2 Q 

In vivo skin 148 f 29 128 f 45 12 f 9 7.9 
Isolatedskin 375 k 154 305 f 154 96 f 27 25.3 

All values are the means of five specimens k S.D. 

non, the distribution of vitamin D3 produced in the skin 
in vivo and in isolated skin was analyzed. Table 2 shows 
the contents of total vitamin D3 in the three skin frac- 
tions. The shaved skin represents the fraction in which 
the external keratin layer was removed. The percent- 
ages of vitamin D3 present beneath the keratin layer 
(epidermal layer plus dermal layer) in both skin samples 
were not different. However, the percentage in the der- 
mal layer was significantly higher in the isolated skin 
than in the skin in vivo. These facts indicate that the 
exposed UV rays penetrate more deeply into the iso- 
lated skin than into the skin in vivo. 

DISCUSSION 

It was reported that the 7-DHC in rat skin is present 
in two forms different from that in human skin (28). 
The major form is the fatty acid-esterified form (78- 
92%) and the minor form is free 7-DHC (17). In the 
present study, the fraction containing esterified previ- 
tamin D3 and vitamin D3 was isolated from the UV- 
exposed rat skin by preparative HPLC and was then 
saponified. The resulting free vitamin D3 in the unsa- 
ponifiable fraction was isolated and identified by HPLC, 
UV spectrophotometry, and GLC-MS. 

Analyses of three vitamin D3 forms by a two-step 
HPLC system revealed that at least 80% of total vitamin 
D3 is present in the esterified form and this was not 
significantly changed after UV exposure up to the time 
when about half the amount of the skin total vitamin 
D3 disappeared. Hence, almost all of the esterified form 
of vitamin D3 was considered to be delivered into the 
blood circulation from skin without ester hydrolysis. 
This speculation was supported by the chromatographic 
evidence for the presence of esterified vitamin D3 in 
long-term UV-exposed rat plasma. 

As already clarified by Holick et al. (12), the initial 
photolytic product of free 7-DHC is previtamin D3 and 
the isomerization of previtamin D3 to vitamin D3 occurs 
in the skin. The proportion of free previtamin D3 grad- 
ually decreased by 2 days and then plateaued. The initial 
percentage of vitamin D3 was 29.3% and this increased 
to 61.6% in 1 day, and by day 2 and thereafter was 

78.3-83.0% of vitamin D3. This rate of formation of 
vitamin D3 at an equilibrium state is identical with the 
reaction in organic solvents. Since the HPLC method 
used in this study could not separate the esterified pre- 
vitamin D3 from esterified vitamin D3, it remains un- 
certain as to whether the initial photolytic product of 
esterified 7-DHC is esterified previtamin D3 or not. In 
organic solvents, however, the photo-reaction of the 
esterified 7-DHC is identical with that of free 7-DHC. 
Therefore, this concept might apply to the case in rat 
skin. 

It is known that a small quantity of vitamin D3 ester 
is formed during intestinal absorption (29, 30) and it 
has been detected in the liver, kidney, and adipose tissue 
(31, 32). It was suggested that esterified vitamin D3 
might be a storage form or a protection form for ex- 
cessive vitamin Ds. Although the role of esterified vi- 
tamin D3 has not been clarified in detail (33), it must 
be noted that the major form of vitamin D3, generated 
in rat skin, was in the esterified from and the esterified 
vitamin D3 may be translocated to blood circulation. 
Daily UV exposures of vitamin D-deficient rats for 3 
weeks raised the plasma 25-hydroxyvitamin D3 (only the 
free form) level from a value below the detection limit 
(1 ng/ml) to a normal level (1 4.3 ng/ml). The esterified 
vitamin D3 must be hydrolyzed in the blood or liver and 
metabolized to 25-hydroxyvitamin D3 in the liver. In 
fact, the daily UV-exposed rat plasma contained free 
vitamin D3 as well as esterified vitamin D3 in about equal 
amounts. 

It has been reported that there are significant dif- 
ferences with respect to the cutaneous synthesis of vi- 
tamin D3 between the skin in vivo and in isolated skin. 
Our previous experiments had indicated that there was 
restriction of vitamin D3 synthesis in rat skin in vivo 
after repeated UV exposure as well as after a single UV 
exposure. As shown in Table 1, this restriction may be 
explained by the reduced penetration of UV rays into 
the skin in vivo. This result revealed that UV rays could 
not penetrate deeply into the skin in vivo in comparison 
with the isolated skin. Although the cause for this re- 
duced penetration of UV rays into the skin in vivo has 
been unresolved, this phenomenon may relate to the 
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systematic protective response of skin to UV rays. As 
a result, the 7-DHC available for the synthesis of vitamin 
D3 in vivo is restricted within upper layer of epidermis. 
This speculation is supported by the fact that the in- 
crease in 7-DHC content in rat skin induced by UV 
irradiation did not affect the restriction level of vitamin 
D3 synthesis (21). Newly synthesized 7-DHC under the 
influence of UV rays is supposed to be present within 
an unavailable site for the photochemical reaction by 
UV rays. 

Although further investigations are needed concern- 
ing the penetration of UV rays into rat skin in vivo, our 
assumption of the mechanism of vitamin D3 synthesis 
in rat skin in vivo can be summarized as follows. I) 
Available 7-DHC for the synthesis of vitamin D3 is re- 
stricted within the upper layer of epidermis. Conse- 
quently, the synthetic reaction of previtamin D3 reaches 
an equilibrium state at the time when about 1-2% of 
total 7-DHC present in whole skin is isomerized into 
previtamin D3. 2) This equilibrium state breaks with the 
thermal isomerization of previtamin D3 to vitamin D3, 
and then new synthesis of previtamin D3 from 7-DHC, 
tachysterol, and lumisterol occurs under the influence 
of repeated UV exposures. 

Recently, Adams et al. (33) reported that vitamin D3 
synthesis in human skin in vivo occurs in proportion to 
the energy of UV exposure and claimed that there was 
no mechanism for the restriction of vitamin D3 synthesis 
in human skin except for the extent of pigmentation. 
Although the issue of legitimacy of extrapolating from 
animal studies to humans is present, their observations 
in human skin correspond to the range below a restric- 
tion level in the case of rat skin. Further investigations 
for resolving the reduced penetration of UV rays in rat 
skin in vivo are in pr0gress.a 

The  author wishes to thank Mr. H. Takei and Miss K. Saiki 
for their skilled technical assistance in the GLC-MS analyses. 

iManusrrzpt recezved 2 Derember 1981, zn revised form 27 June 1982, and 
2 n  re-revised form 17 November 1982. 

REFERENCES 

Haddad, J. G., and T. J. Hahn. 1973. Natural and syn- 
thetic sources of circulating 25-hydroxyvitamin D in man. 
Nature. 244: 515-517. 
Arnaud, S. E., M. Matthusen, J. B. Gilkinson, and R. S. 
Goldsmith. 1977. Components of 25-hydroxyvitamin D 
in serum of young children in upper midwestern United 
States. Am. J. Clin. Nutr. 30: 1082-1086. 
Jones, G., B. Byrnes, D. Dothi, and K. N. Jeejeebhoy. 
1979. Contribution of skin vitamin D3 synthesis in patients 
receiving total parenteral nutrition. In Vitamin D: Basic 
Research and Its Clinical Application. K. Schaefer and 

D. V. Herrath, editors. De Gruyter, Hawthorne, NY. 

4. Blunt, J. W., H. F. DeLuca, and H. K. Schnoes. 1968.25- 
Hydroxycholecalciferol: a biologically active metabolite 
of vitamin DS. Biochemistry. 7: 3317-3322. 

5. Holick, M. F., H. K. Schnoes, H. F. DeLuca, T. Suda, 
and R. J. Cousins. 1971. Isolation and identification of 
1,25dihydroxycholecalciferol: a metabolite of vitamin D 
active in intestine. Biochemistry. 1 0  2799-2804. 

6. Lawson, D. E. M., and M. Davie. 1979. Aspects of the 
metabolism and functions of vitamin D. Vitam. Horm. NY. 
37: 1-67. 

7. Stumpf, W. E., M. Sar, F. A. Reid, Y. Tanaka, and H. F. 
DeLuca. 1979. Target cells for 1,25-dihydroxyvitamin DS 
in intestinal tract, stomach, kidney, skin, pituitary, and 
parathyroid. Science. 206  1 188- 1 190. 

8. Eil, C., and S. J. Marx. 1981. Nuclear uptake of 1,25- 
dihydroxy-[ 3H]cholecalciferol in dispersed fibroblasts cul- 
tured from normal human skin. Proc. Natl. Acad. Sci. USA. 
78: 2562-2566. 

9. Petrova, E. A., S. I. Nikulicheva, and N. P. Lazareva. 
1976. Formation of precholecalciferol in vivo. Vopr. Pitan. 
5: 50-55. 

10. Holick, M. F., J. A. MacLaughlin, and S. H. Doppelt. 
198 1. Regulation of cutaneous previtamin DS photosyn- 
thesis in man: skin pigment is not an essential regulator. 
Science. 211: 590-593. 

11. Holick, M. F., J. A. MacLaughlin, M. B. Clark, S. A. 
Holick, J. T. Potts, Jr., R. R. Anderson, I. H. Blank, 
J. A. Parrish, and P. Elias. 1980. Photosynthesis of prev- 
itamin D3 in human skin and the physiologic conse- 
quences. Science. 210: 203-205, 

12. Holick, M. F., N. M. Richtand, S. C. McNeill, S. A. Holick, 
J. E. Frommer, J. W. Henley, and J. T. Potts, Jr. 1979. 
Isolation and identification of previtamin D3 from the skin 
of rats exposed to ultraviolet irradiation. Biochemistry. 18: 
1003-1008. 

13. Havinga, E. 1973. Vitamin D, example and challenge. 
Experientia. 29: 1181-1 193. 

14. Dempsey, M. E. 1965. Pathways of enzymatic synthesis 
and conversion to cholesterol of A5*7.24-cholestatriene-3j3- 
01 and other naturally occurring sterols.]. Biol. Chem. 240  
4176-4188. 

15. Takada, T., R. Ito, K. Tokunaga, T. Kobayashi, and T. 
Takao. 198 1. Determination of 7-dehydrocholesterol in 
rat skin and liver by high-performance liquid chromatog- 
raphy. J. Chromatogr. 216 385-388. 

16. Glover, M., J. Glover, and R. A. Morton. 1952. Provi- 
tamin Ds in tissues and the conversion of cholesterol to 
7-dehydrocholesterol in vivo. Biochem. J. 51: 1-9. 

17. Takada, K., A. Takashima, T. Kobayashi, and Y. Shimoi. 
198 1. Application of high-performance liquid chroma- 
tography to the study of esterified 7-dehydrocholesterol 
in rat skin. Biochzm. Biophys. Acta. 666  307-312. 

18. Esvelt, R. P., H. F. DeLuca, J. K. Wichmann, S. Yoshi- 
zawa, J. Zurcher, M. Sar, and W. E. Stumpf. 1980. 1,25- 
Dihydroxyvitamin D3 stimulated increase of 7 &dihydro- 
cholesterol levels in rat skin. Biochemistry 19: 61 58-616 1. 

19. Takada, K., T. Okano, Y. Tamura, S. Matsui, and T .  
Kobayashi. 1979. A rapid and precise method for the 
determination of vitamin D3 in rat skin by high-perfor- 
mance liquid chromatography. J .  Nutr. Sci. Vitaminol. 25: 
385-398. 

169-172. 

Trikndrr Formation of esterified vitamin D3 447 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


20. Kobayashi, T., and M. Yasumura. 1973. Studies on the 
ultraviolet irradiation of provitamin D and its related 
compounds. 111. Effect of wavelength on the formation 
of potential vitamin D2 in the irradiation of ergosterol by 
monochromatic ultraviolet rays.]. Nutr. Sci. Vitaminol. 19: 

21. Duaben, W. G., and R. B. Phillips. 1982. Wavelength- 
controlled production of previtamin Ds.J. Am. Chem. Soc. 

22. Takada, K., A. Takashima, and Y. Shimoi. 1981. A study 
of the photobiogenesis of cholecalciferol in vivo and the 
constraint on its 25-hydroxylation in rat.]. Steroid Biochem. 
14: 1361-1367. 

23. Swell, L., and C. R. Treadwell. 1955. Cholesterol ester- 
ases. VI. Relative specificity and activity of pancreatic cho- 
lesterol esterases.]. Biol. Chem. 212: 141-150. 

24. Suda, T. ,  H. F. DeLuca, and Y. Tanaka. 1970. Biological 
activity of 25-hydroxyergocalciferol in rats. J. Nutr. 100: 

25.  Mulder, F. J. 1954. Simplified isolation of the nonsapon- 
ifiable matter in the analysis of oils. Rec. Trav. Chim. 73: 

26. Bligh, E. G., and W. J. Dyer. 1959. A rapid method of 
total lipid extraction and purification. Can. J. Biochem. 
Physiol. 37: 9 1 1-9 17. 

123-1 28. 

104: 355-356. 

1049- 1052. 

626-628. 

27. Baumberger, J. P., V. Suntzeff, and E. V. Cowdry. 1942. 
Methods for the separation of epidermis from dermis and 
some physiologic and chemical properties of isolated epi- 
dermis. J. Natl. Cancer Inst. 2: 413-423. 

28. Reinertson, R. P., and V. R. Wheatley. 1959. Studies on 
the chemical composition of human epidermal lipids. ]. 
Invest. Dermatol. 32: 49-55. 

29. Blomstrand, R., and L. Forsgren. 1967. Intestinal ab- 
sorption and esterification of vitamin Ds-l ,2-’H in man. 
Acta Chem. Scand. 21: 1662-1663. 

30. Lund, J., H. F. DeLuca, and M. Horsting. 1967. For- 
mation of vitamin D esters in vivo. Arch. Biochem. Bzophys. 

31. Rosenstreich, S. J., C. Rich, and W. Volwiler. 1971. De- 
position in and release of vitamin D3 from body fat: ev- 
idence for a storage site in the rat.J. Clin. Invest. 50: 679- 
687. 

32. Rambeck, W. A., H. Weiser, R. Haselbauer, and H. 
Zucker. 198 1 .  Vitamin D activity of different vitamin D3 
esters in chicken, Japanese quail, and in rats. Int. J.  Vitam. 
Nutr. Res. 51: 353-358. 

33. Adams, J. S., T. L. Clemens, J. A. Parrish, and M. F. 
Holick. 1982. Vitamin D synthesis and metabolism after 
ultraviolet irradiation of normal and vitamin D-deficient 
subjects. N .  Eng. J. Med. 306 722-725. 

120: 513-517. 

448 Journal of Lipid Research Volume 24, 1983 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

