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Abstract

Human foreskin keratinocytes in vitro metabolize 25-hydroxy-
vitamin D3 to a number of metabolites, including 1,25-dihy-
droxyvitamin D3 (1,25(OH)2D3). This metabolite remains mostly
within the cell and does not accumulate in the medium under the
conditions of these experiments. With time, 1,25(OH)D3 is ca-
tabolized, and more polar metabolites appear in both the cells
and the medium. The production of 1,25(OH)D3 has an apparent
Michaelis constant (K.) for 25-hydroxyvitamin D3 of 5.4 X 10-8
M. The levels of 1,25(OH)2D3 within the cell are increased both
by increased production and decreased catabolism when para-
thyroid hormone(1-34) and isobutylmethylxanthine are added.
Exogenously added 1,25(OH)2D3 at concentrations as low as
10-12 Mreduces endogenous 1,25(OH)D3 production, increases
1,25(OH)D3 catabolism, and increases 24,25-dihydroxyvitamin
D3 production by an actinomycin D-sensitive process. These data
indicate that the regulation of 1,25(OH)2D3 production by ker-
atinocytes is similar to, but not identical to the regulation of
1,25(OH)2D3 by the kidney.

Introduction

A number of recent studies have suggested that the kidney may
not be unique in metabolizing 25-hydroxyvitamin D3 (250HD3)'
to 1,25-dihydroxyvitamin D3 (1,25(OH)2D3). The placenta (1-
3), bone cells (4, 5), and possibly embryonic intestinal cells (6)
produce a metabolite from 250HD3 with the chromatographic
properties of 1,25(OH)2D3. Likewise, sarcoid tissue or cells (7,
8) and melanoma cells (9) produce a metabolite thought to be
1,25(OH)2D3. Whether such cells and tissues produce
1,25(OH)2D3 in vivo is unclear. Acutely nephrectomized rats
fail to convert 250HD3 to detectable amounts of 1,25(OH)2D3
(10, 11); anephric patients in one study had undetectable
1 ,25(OH)2D3 levels ( 12). Detectable levels of this metabolite were
recently reported in an anephric patient with sarcoidosis (13),
however, and in other anephric patients and anephric pigs given
high doses of vitamin D (14, 15). Therefore, anephric humans
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and pigs may be able to produce 1,25(OH)2D3 in tissues other
than the kidney, especially when circulating 250HD3 and para-
thyroid hormone (PTH) concentrations are high.

The skin is a likely alternate source for 1,25(OH)2D3 because
previous investigations have shown that in addition to synthe-
sizing vitamin D3 (16, 17), the skin can synthesize 24,25(OH)2D3
(18). Furthermore, the skin is well established as a target tissue
for 1,25(OH)2D3 because it contains receptors for 1,25(OH)2D3
(19) as well as 1,25(0H)2D3-regulated functions such as vitamin
D3 production and keratin synthesis (18, 20-23). Production of
1,25(OH)2D3 by the skin, therefore, could serve not only a sys-
temic need in times of reduced production of 1,25(OH)2D3 by
the kidney, but also a local need in regulating the unique epi-
dermal functions of vitamin Dproduction and keratin synthesis.
In recent studies we have observed that human foreskin kera-
tinocytes (but not fibroblasts) produce 1,25(OH)2D3 (24). Iden-
tification was based on its elution pattern in several different
high performance liquid chromatography (HPLC) systems, its
potency in displacing [3H] 1,25(OH)2D3 from the intestinal cy-
tosol receptor for 1,25(OH)2D3, and its mass spectrum. We
present evidence here indicating that the production of
1,25(OH)2D3 by keratinocytes is regulated by substrate
(250HD3) availability, PTH, and 1,25(OH)2D3 in a fashion
somewhat similar to the regulation of 1,25(OHf)2D3 production
by the kidney but with several important differences. These data
support the hypothesis that the skin may be an important source
of this metabolite, not only for use by the epidermis, but also
by the rest of the body when renal production of 1,25(OH)2D3
is impaired.

Methods

Cells. Humannewborn foreskins were obtained at circumcision. Kera-
tinocytes were isolated by treatment with trypsin and collagenase and
plated onto a monolayer of mitomycin C-treated feeder 3T3 cells in
Dulbecco's modified Eagle's medium containing 20% fetal calf serum,
penicillin, streptomycin, and amphotericin B, according to the method
of Rheinwald and Green (25). Immediately prior to assay, feeder cells
were removed from the cultures with 0.1% EDTA. Second or third passage
cells were studied after they achieved confluence. All experiments were
done on keratinocyte cultures within 1 or 2 d of reaching confluence.
At this stage, a few 3T3 cells (<5%) remained attached to the dish under
the overlying, multilayered islands of keratinocytes. The relative numbers
of 3T3 cells and keratinocytes were ascertained by fluorescence micros-
copy of cultures after treatment with 1 mg/fll of acridine orange (pH
7.0). Whereas acridine orange labeled the cytosol and nuclei of 3T3 cells
orange to red, keratinocytes were easily distinguished by their green-
staining cytosol. Moreover, ultrastructural studies on these cultures re-
vealed that virtually all of the cells in confluent cultures were keratinocytes
with desmosomes and bundles of intermediate filaments.

After achieving confluence, the protein and DNAcontent of the
culture dishes remained stable for at least 9 d. The mean intraassay
coefficients of variation for protein and DNAcontent from three exper-
iments each with six replicate dishes were 9.9 and 7.3%, respectively.
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The interassay coefficients of variation for protein and DNAcontent for
these three experiments were 4.7 and 3.6%, respectively.

250HD3 metabolism. Serum-free medium replaced the original me-
dium 40 h prior to the assay of 250HD3 metabolism. In general, 0.1
gCi 25-hydroxy[26,27-methyl-3H]vitamin D3 (148-153 Ci/mmol,
Amersham Corp., Arlington Heights, IL) was added to the culture dish
(3 cmdiam, 1 ml medium) in 10 .ld ethanol. Following the desired period
of incubation at 370C under 1 atmosphere (atm) 5% CO2 in air, the
reaction was stopped with I ml methanol. For most experiments, cells
and medium were extracted together by the method of Bligh and Dyer
(26). The aqueous extract was counted for radioactivity without' further
processing. The chloroform extract was chromatographed using a Waters
HPLC system (Waters Associates, Milford, MA) equipped with a Ra-
diomatics Flo OneHPradioactivity detector, a Dupont Zorbax Sil column
(4.6 mmX 25 cm) (E. I. Dupont, Wilmington, DE), and a Waters Systems
controller to deliver a nonlinear (program 9) gradient from 97:3 to
90:10 hexane/isopropanol at 2 ml/min. The radioactivity monitor de-
termined radioactivity at 6-s intervals, plotted the peaks, summed the
radioactivity within each peak, and expressed each sum as a fraction of
the total radioactivity in each sample. The results were converted to
femtomoles of metabolite per well, based on the specific activity and the
amount of [3H]250HD3 originally added to the incubate. This calculation
assumes that each metabolite formed has the same specific activity as
the substrate. This assumption would not be valid if tritium loss occurred
(as would happen for the production of 25,26-dihydroxyvitamin D3 using
the 26,27-labeled 250HD3 substrate) during the production of the me-
tabolite. Accordingly, for metabolites whose structure is not known, the
results must be considered relative and not absolute. Prior to chromato-
graphic analysis of each group of samples, the column was calibrated
with the standards 250HD', 24(R),25(OH)2D3, 1,25(OH)2D3, and for
some experiments with 25(R),26(OH)2D3, l,24(R),25(OH)2D3, and
l,25(R),26(OH)3D3. The details of each experiment are in the figure
legends. In these experiments, recovery of radioactivity was 80±5% in
the combined aqueous extract and chromatogram of the' chloroform
extract.

Identification of metabolites. The presumptive 1,25(OH)2D peak
was identified by co-chromatography with chemically synthesized
1,25(OH)2D3 in four different HPLCsystems (92 mmX 25 cm MPorasil
column eluted with 9: 1'hexane/isopropanol; 46 mmX 25 cm Zorbax
Sil column eluted with 97:3 to 90:10 hexane/isopropanol gradient or
with 96:4 dichloromethane/isopropanol; and 46 mmX 25 cm C18

,uBondapakcolumnelutedwith 75:25 methanol/water),byitsequipotency
to chemically synthesized 1,25(OH)2D3 in displacing [3H]1,25(OH)2D
from the chick intestinal cytosol receptor, and by mass spectroscopy.
These results have been reported elsewhere (24). The presumptive
24,25(OH)2D and 1,24,25(OH)2D peaks have been identified by co-
chromatography with chemically synthesized 24,25(OH)2D3 and
1,24(R),25(OH)3D3 on three HPLCsystems (92 mmX 25 cm gPorasil
column eluted with 9:1 hexane/isopropanol; 46 mmX 25 cm Zorbax
Sil column eluted with 97:3 to 90:10 hexane/isopropanol gradient; and
C18IBondapak column eluted with 75:25 methanol/water) and complete
(>95%) loss of radioactivity (the metabolites are labeled in the 26,27
position) following periodate cleavage (27).

Other assays. Cells assayed for protein and DNAcontent were washed
with ice-cold phosphate-buffered saline followed by a hypertonic phos-
phate saline solution (0.05 MNaH2PO4, 2.0 MNaCI) containing 2 mM
EDTA. The cells were scraped from the plate into the hypertonic saline
solution and homogenized' with three 15-s bursts of a Fisher sonic dis-
membrator (model 300, Fisher Scientific, Pittsburgh) at 30% maximal
output. The homogenate was stored at -20°C until assay for protein
and DNA. The protein determinations were made using the Pierce BCA
protein assay reagent (Pierce Chemical Co., Rockford, IL). The DNA
determinations were made by the fluorescence assay described by Labarca
and Paigen (28).

Statistical analyses. All statistical analyses, including univariable and
multivariable analyses of variance, were performed on an IBM-XT com-
puter using the Systat program (Systat Inc., Evanston, IL).

Chemicals. The 25OHD3 was a gift from J. C. Babcock, Upjohn
Pharmaceuticals, Kalamazoo, MI; all other vitamin Dmetabolites were
a gift from M. R. Uskokovic, Hoffmann-LaRoche, Nutley, NJ; bovine
PTH(1-34) was' obtained from Peninsula Laboratories, Belmont,
CA. The [3H] 1,25(OH)2D3 was biosynthesized from 250H[26,27-
methyl3H]D3 (153 Ci/mmol, Amersham), using the method of Bikle et
al. (29). All other chemicals were reagent grade and were obtained from
commercial suppliers.

Results

The addition of [3H]250HD3 to human keratinocytes resulted
in rapid uptake (or binding) of radioactivity by the cells that was
maximal by 1 h of incubation (Fig. 1). After 1 h, the radioactivity

Figure 1. The distribution of radioac-
tivity (3H) between cells and medium
as a function of time after the admin-
istration of [3H]25OHD3 to the cul-
tured keratinocytes. In this experi-
ment, 18 culture dishes received equal
aliquots of [3H]25OHD3. The medium
was removed from the duplicate dishes
at each of the indicated times after the
addition of [3H]250HD3 and counted
for radioactivity. The cells were gently
washed once with 1 'ml fresh medium
(serum free); little radioactivity was
present in the wash, so it was dis-
carded. The cells were then scraped
into an additional 1 ml of fresh me-
dium, removed from the plate, and
counted for radioactivity. The residual
radioactivity is that which was ex-
tracted by methanol rinses of the
dishes'after the medium and cells were
removed.
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Figure 2. The recovery of 250HD3 from cells and
medium as a function of time following the addi-
tion of 1,600 fmol [3H]250HD3 to the culture me-
dium (as in Fig. 1). The medium was removed,
and the cells were rinsed once and scraped off into
fresh medium. Both cells and medium were ex-
tracted separately and analyzed for 250HD3 by
HPLC. The mean value of determinations from
duplicate wells is shown.

disappeared from the cells and reappeared in the medium. As
seen in Fig. 2, most of the radioactivity was in the form of
250HD3 for the first hour. However, very little 250HD3 re-

mained after 24 h. The principal metabolites formed from
250HD3 after 4 h incubation are depicted in the chromatogram
in Fig. 3. In this figure, peaks with the elution positions of the

0 5

1,25(OH) D,

PK 22

24,25(OH) ,D3

15

MINUTES

Figure 3. A representative chromatogram of the lipid extract of a kera-
tinocyte culture (cells plus medium) incubated with [3H]250HD3.
This sample was incubated with 1.5 X 10-8 M250HD3 for 4 h. The
peaks eluting in the positions of the standards 250HD3,
24,25(OH)2D3, and 1,25(OH)2D3 are so labeled.

250HD3, 24,25(OH)2D3, and 1,25(OH)2D3 standards are so la-
beled. Two minor metabolites eluted earlier than the 250HD3,
and another metabolite (minor in this chromatogram) eluted in
the position of 24,25(OH)2D3 at 13 min. Other metabolites eluted
at approximately 22, 23, 24, 27, and 28 min in this chromato-
graphic system. Only the metabolite eluting at 23 min has been
completely identified, and it is 1,25(OH)2D3. The presumptive
24,25(OH)2D3 peak is periodate sensitive, but its structural
identity by mass spectroscopy has not been confirmed. The
standards 25(R),26(OH)2D3, 1,24(R),25(OH)2D3 and
1,25(R),26(OH)2D3 elute at 21, 31, and 35 min, respectively.
Peaks eluting at these times were minor or nonexistent in this
experiment, although in other experiments a substantial peak
eluting in the position of 1,24,25(OH)2D3 was observed (see de-
scription below). This peak also was periodate sensitive. The
unidentified metabolites are referred to as peaks 22, 24, 27, and
28 according to their elution time in minutes in this chromato-
graphic system.

The amount of these metabolites recovered from the cells
and the medium depended on the duration of the incubation
as shown in Fig. 4. A metabolite in peak 22 rapidly appeared in
the medium, reaching a peak at 15 min, followed by an expo-

nential decay over the next 24 h. A second metabolite may have
appeared in peak 22, increasing in the cell more slowly and
reaching a maximum level at 4 h before disappearing by 24 h.
The metabolite 1,25(OH)2D3 was found in greatest concentration
1 h after the addition of 250HD3. Very little 1,25(OH)2D3 was

released into the medium. The amount of peak 24 in the cells
and in the medium increased in parallel (although the cells con-

tained more at all times), reaching a maximum concentration
8 h after the addition of 250HD3. Peak 27 also increased in
parallel in both cells and medium, reaching a maximum con-
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Figure 4. The effect of time of incubation on the recovery of the major metabolites of 250HD3 in cells and medium following the addition
of 1,600 fmol H3H]250HD3 to the culture medium. This experiment illustrates the production and secretion into the medium of the major
metabolites of 250HD3 by the keratinocytes. Each point is the mean value of duplicate wells.
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Figure 5. Eadie-Hofstee analysis of 1,25(OH)2D3 production by cul-
tured keratinocytes incubated for 1 h at various 250HD3 concentra-
tions. The velocity (V) units are pmol 1,25(OH)2D3 per h/well; the
substrate (S) units are 10-9 M. Each point is the mean value of dupli-
cate wells.

centration 4 h after the addition of 250HD3. Unlike peak 24,
peak 27 was found in greater amounts in the medium than in
the cells. Peak 28 appeared more quickly in the cells than in the
medium, although maximum levels were reached in both by 4
h; after 4 h peak 28 disappeared more quickly from cells than
from medium. Little 24,25(OH)2D3 or 1,24,25(OH)3D3 was
formed in this experiment (data not shown). Little radioactivity
was found in the aqueous extract of the cells at any time. Instead,

the water-soluble metabolites appeared in the medium where
they increased in amount, at least through 16 h of incubation.

The data in Fig. 4 indicate that 1,25(OH)2D3 was the major
metabolite of 250HD3 produced by these keratinocytes during
the first 4 h of incubation. Maximal levels of 1,25(OH)2D3 (at

1 h) were 190 fmol/well (12% of the original substrate in this
experiment), compared to 35 fmol/well of peak 22 (at 4 h), 57
fmol/well of peak 24 (at 8 h), 55 fmol/well of peak 27 (at 4 h),
and 90 fmol/well of peak 28 (at 4 h).

The substrate dependence of 1,25(OH)2D3 production was
determined using a 1-h incubation and a total 250HD3 con-
centration from 0.65 X 10-9 M(tracer only) to 500 X 10-9 M.
The results analyzed by an Eadie-Hofstee plot (Fig. 5) indicate
an apparent Kmfor 250HD3 of 5.4 X 1o-8 M. This value is only
approximate because, as shown in Fig. 2, the actual substrate
(250HD3) concentration available to the intracellular 1 a-hy-
droxylase increased during the 1-h incubation and thus is less
than the total substrate concentration upon which these calcu-
lations were made. Furthermore, a portion of the 1,25(OH)2D3
produced may have been catabolized during the 1-h incubation
so that the amount recovered may have been less than the
amount formed (see below). The limited amount of other me-
tabolites formed during the 1 h incubation indicates that catab-
olism of the 1,25(OH)2D3 was not substantial, however.

Regulation of 250HD3 metabolism was explored. Increasing
the calcium concentration in the medium from 0 (calcium free)
to 4 mMduring incubation had little effect on 250HD3 metab-
olism (not shown). Likewise, 8-Br-cAMP (0 to 10-6 M) or di-
butyryl cAMP(0 to I0-' M) had little effect (not shown). How-
ever, in the experiments described below (Fig. 6), 1 mMiso-
butylmethylxanthine (IBMX) increased 1,25(OH)2D3 levels from
94 to 139 fmol/well when added concurrently with [3H]250HD3,
and from 92 to 203 fmol/well when added 4 h prior to a 4-h
incubation with [3H]250HD3.
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Figure 6. The effect of IBMX and PTH on
1,25(OH)2D3 levels. Three experiments are shown.
In the left panel the cells were incubated for 4 h with
the indicated concentrations of PTH in the absence
of IBMX prior to the addition of 625 fmol
[3H]250HD3 for an additional 4-h incubation. In
the middle panel the cells were placed into medium
containing 1 mMIBMX and the indicated concen-
tration of PTH at the beginning of the 4-h incuba-
tion with 625 fmol of [3H]250HD3. In the right
panel the cells were preincubated with IBMX and
the indicated PTH concentration for 4 h before the
4-h incubation with 625 fmol [3H]250HD3. In all
cases, duplicate dishes were run and the data are ex-
pressed as mean±range of duplicate determinations.
In each of the three experiments, analysis by AN-
OVAshowed that PTH increased 1,25(OH)2D levels
significantly (P = 0.0 17, P < 0.001, and P = 0.017
for the three experiments, respectively). For the
combined data, IBMX had a significant (P < 0.00 1)
effect on 1,25(OH)2D levels as did preincubation
with PTH and IBMX (P < 0.001).
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PTH increased 1,25(OH)2D3 levels after a 4-h incubation
with [3H]250HD3 (Fig. 6). In the absence of IBMX, increasing
the PTHconcentrations from 0 to 20 ng/ml raised 1,25(OH)2D3
levels 33% from 54 to 72 fmol/well. Higher concentrations of
PTH(200 ng/ml) were less effective. WhenPTHwas added with
IBMX at the start of the 4-h incubation with [3H]250HD3, it
enhanced the stimulatory effect of IBMX; again at the optimal
concentration of 20 ng/ml, 163 fmol 1,25(OH)2D3/well were
recovered in comparison to 139 fmol/well in the presence of
IBMX alone. Whenthe cells were incubated for 4 h with IBMX
and PTH before [3H]250HD3 was added, the 200-ng/ml PTH
concentration was optimal in increasing 1,25(OH)2D3 levels,
raising them from 203 fmol/well in the absence of PTH to 266
fmol/well in the presence of PTH. In this experiment the recovery
of 266 fmol of 1,25(OH)2D3 represented 43% of the initial sub-
strate added (625 fmol of [3H]250HD3).

The effects of IBMX and PTHon the levels of 1,25(OH)2D3
were associated with marked changes in the levels of other me-
tabolites. In particular, the amount of peak 28 showed a recip-
rocal relationship to the amount of 1,25(OH)2D3 recovered dur-
ing these 4-h incubations with [3H]250HD3. The combination
of PTHand IBMX markedly inhibited the appearance of peak
28. These effects on 1,25(OH)2D3 levels thus are consistent either
with a stimulation by PTHand IBMX of 1,25(OH)2D3 produc-
tion or with an inhibition by PTHand IBMX of 1,25(OH)2D3
catabolism to other metabolites (such as peak 28).

To determine how PTHand IBMX raise 1,25(OH)2D3 levels

in keratinocytes we performed two types of experiments. First
we determined the effects of PTHand IBMX on 250HD3 me-
tabolism at three different times of incubation: 1, 4, and 8 h.
The results for all major metabolites of 250HD3 formed in this
experiment are shown in Table I. In this experiment metabolites
eluting in the position of 24,25(OH)2D3 and 1,24,25(OH)3D3
were observed. At 1 h of incubation, 1,25(OH)2D3 was the major
metabolite formed, and its production was stimulated from 70
to 94 fmol/well by 20 ng/ml PTH and from 70 to 147 fmol/
well by IBMX. No detectable peak 28 was formed by 1 h. Levels
of 24,25(OH)2D3 were little affected by PTHbut were abolished
by IBMX, whereas 1,24,25(OH)2D3 levels were increased from
2.3 to 4.7 fmol/well by PTH and to 11 fmol/well by IBMX.
After a 4-h incubation with [3H]250HD3, peak 28 and
1,24,25(OH)3D3 were the major metabolites recovered (113 and
89 fmol/well, respectively) although substantial amounts of
1,25(OH)2D3 (54 fmol/well) were still present. PTH increased
the levels of both 1 ,25(OH)2D3 (to 79 fmol/well) and
1,24,25(OH)3D3 (to 110 fmol/well) with little effect on the other
metabolites. IBMX increased 1,25(OH)2D3 levels to 231 fmol/
well (a 427% increase over controls), reduced 24,25(OH)2D3 lev-
els from 23 to 2 fmol/well, reduced peak 28 levels from 113 to
14 fmol/well, and reduced 1,24,25(OH)3D3 levels from 89 to 46
fmol/well. After an 8-h incubation, most of the radioactive label
was in the form of water-soluble metabolites (263 fmol equiv-
alents/well). IBMX markedly inhibited the production of the
water-soluble metabolites (reducing them from 263 to 113 fmol

Table I. Time Course of PTHand IBMX Effects on 250HD Metabolism

fmol Recovered

PTH IBMX 24,25(OH)2D3 Peak 22 1,25(OH)2D3 Peak 24 Peak 28 1,24,25(OH)3D3 Aqueous

ng/ml nM

1 h Incubation
o 0 4.7±0.9 3.1±0.1 70±6 1.6±0.3 - 2.3±0.1 7.2±0.3

20 0 3.1±0.6 1.9±0.6 94±9 1.3±0.1 4.7±0.9 11±0.9
0 1 5.0±1.9 147±9 1.6±0.9 - 11±4 13±0.3

20 1 - 1.9±1.9 144±4 2.5±1.2 12±4 18±2

4 h Incubation

0 0 23±0.6 28±3 54±0.6 36±3 113±6 89±1 49±1
20 0 23±6 31±6 79±8 34±6 102±0.3 110±2 53±3

0 1 2±1 23±4 231±5 10±0.9 13±5 46±12 36±2
20 1 1.3±0.6 33±3 274±9 12±2 12±1 50±3 38±3

8 h Incubation

0 0 17±1 11±0.1 28±0.6 29±2 33±2 14±0.9 263±8
20 0 21±2 23±6 34±5 22±4 43±3 11±3 275±10

0 1 32±8 61±6 28±0.6 25±9 91±11 21±1 113±13
20 1 25±6 52±3 48±6 33±0.3 106±34 62±18 102±20

In this experiment the cells were preincubated with the indicated concentrations of PTHand IBMX for 4 h prior to the addition of 625 fmol
[3H]250HD3. The incubation time refers to the duration of the incubation following the addition of [3H]250HD3. Each incubation condition was

performed in duplicate and the results are expressed as fmol/well ± range of duplicates. A line (-) indicates no detectable metabolite. Multivar-
iate ANOVAanalysis showed the following results: 24,25(OH)2D levels were significantly increased with time of incubation (P < 0.001) and de-
creased with IBMX (P = 0.0 19); peak 22 levels were significantly increased with time of incubation (P < 0.001) and IBMX (P < 0.001);
1,25(OH)2D levels were significantly decreased with time of incubation (P < 0.001) but increased with PTH (P < 0.001) and IBMX (P < 0.001);
levels of peaks 24 and 28 were significantly increased with time of incubation (P < 0.001); 1,24,25(OH)2D levels were significantly increased with
time of incubation (P < 0.001) and with PTIH (P = 0.042); aqueous radioactivity was significantly increased with time of incubation (P < 0.001)
and decreased with IBMX (P < 0.001).
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equivalents/well), which resulted in increased levels of the chlo-
roform extractable metabolites, including peak 28. PTH in the
presence of IBMX selectively increased the recovery of
1,25(OH)2D3 (from 28 to 48 fmol/well) and 1,24,25(OH)3D3
(from 21 to 62 fmol/well) in the cells incubated with
[3H]250HD3 for 8 h.

The second type of experiment directly assessed the effects
of IBMX and PTH on the metabolism of 1,25(OH)2D3. We
added radioactively labeled 1,25(OH)2D3 to keratinocytes fol-
lowing a 4-h incubation with 20 ng/ml PTH or 1 mMIBMX
for an additional 4-h incubation. The results of this experiment
are shown in Table II. In this experiment, only 29%of the added
[3H] 1,25(OH)2D3 was recovered as 1,25(OH)2D3 in the absence
of PTHand IBMX. 30%appeared in peak 28 and 22%appeared
as 1,24,25(OH)3D3. PTHhad little effect on the metabolism of
1,25(OH)2D3 in the absence of IBMX. In contrast, the inclusion
of IBMX in the medium resulted in substantially less metabolism
of 1,25(OH)2D3. 47%of the added [3H] 1,25(OH)2D3 was recov-
ered as 1,25(OH)2D3; the percent recovered in peak 28 fell from
31 to 10.5%, whereas the amount recovered as 1,24,25(OH)3D3
was not changed. The addition of PTH in the presence of IBMX
further increased the recovery of 1,25(OH)2D3 to 59% and re-
duced the conversion of 1,25(OH)2D3 to peak 28 (6.6%) and
1,24,25(OH)3D3 (14%). These results suggest that IBMX raises
1,25(OH)2D3 levels in keratinocytes by retarding the catabolism
of 1,25(OH)2D3. PTH, on the other hand, appears to increase
1,25(OH)2D3 (and 1,24,25(OH)3D3) levels primarily by stimu-
lating the 1 a-hydroxylase, but also has a synergistic effect with
IBMX to retard 1,25(OH)2D3 catabolism.

Wethen examined the ability of exogenous 1,25(OH)2D3 to
regulate its own production. When 1,25(OH)2D3 was added to
keratinocyte cultures 16 h prior to the addition of 676 fmol
[3H]250HD3, the recovery of [3H] 1,25(OH)2D3 was markedly
reduced (Fig. 7). At the lowest dose tested (10-12 M), the recovery
of [3H] 1,25(OH)2D3 (75 fmol/well) was 83% of that found in
the absence of exogenous 1,25(OH)2D3 (90 fmol/well), and at
10- " M, the recovery of [3H] 1,25(OH)2D3 was reduced by 50%.
In contrast, the recovery of [3H]24,25(OH)2D3 was increased
from 10 to 28 fimol/well by the presence of 10-" ' M1,25(OH)2D3.
As the concentration of exogenous 1,25(OH)2D3 increased, the

Table IL Effect of PTHand IBMX on 1,25(OH)2D3 Metabolism

%Recovery

PlTH IBMX 1,25(OH)2D3 Peak 28 1,24,25(OH)3D3 Aqueous

0 0 28.9±1.5 30.7±1.2 21.8±0.8 8.5±0.5
20 ng/ml 0 28.5±4.0 28.2±1.0 21.2±0.7 7.3±2.9
0 1 mM 46.9±3.3 10.5±0.9 21.0±4.7 4.6±0.3
20 ng/ml 1 mM 58.5±8.0 6.6±0.4 14.4±1.0 4.6±0.3

In this experiment the cells were incubated with the indicated concen-
tration of PTHand/or IBMX for 4 h at which point 0.05 MCi
[3H] 1,25(OH)2D3 was added for an additional 4 h incubation. The
data are expressed as percent of the label recovered in the indicated
peak following HPLCof the chloroform extract or in the aqueous ex-
tract. Each incubation was performed in duplicate, and the
mean±range of duplicates is shown. Multivariate ANOVAanalysis
showed that only IBMX (not PTH) significantly increased the levels of
1,25(OH)2D (P = 0.008) while decreasing the levels of peak 28
(P < 0.001) and aqueous radioactivity (P = 0.05).
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Figure 7. The effect of 1,25(OH)2D on 250HD metabolism by kera-
tinocytes. Keratinocytes were incubated with nonradioactively labeled
1,25(OH)2D3 at the indicated concentrations (p[ 1,25(OH)2D3] is the
negative log of [ 1,25(OH)2D3]) for 16 h. The medium was removed,
the cells were washed once with fresh medium and were then incu-
bated with [3H]250HD for 1 h. The production of 1,25(OH)2D3 (A),
24,25(OH)2D3 (o), and 1,24,25(OH)2D3 (l) is shown. Each point is the
mean value±range of duplicate determinations. ANOVAanalysis
showed that 1,25(OH)2D significantly decreased 1,25(OH)2D levels
(P < 0.001), significantly increased 24,25(OH)2D levels (P < 0.001),
and significantly increased 1,24,25(OH)2D3 levels (P = 0.029).

recovery of [3H] 1,25(OH)2D3 fell to essentially zero, while the
recovery of [3H]24,25(OH)2D3 continued to increase, reaching
48 fmol/well at 10-8 M 1,25(OH)2D3. The recovery of
[3H] 1,24,25(OH)3D3 was increased (from 11 to 27 fmol/well)
by increasing 1,25(OH)2D3 from 0 to 10-10 M, but at higher
concentrations of exogenous 1,25(OH)2D3, the recovery of this
metabolite fell in parallel with the fall in recovery of
[3H] 1,25(OH)2D3. The amount of radioactivity recovered from
the aqueous extract (38 fmol equivalents/well in controls) was
increased by concentrations of exogenous 1,25(OH)2D3 greater
than 10-12 M, reaching a level of 98 fmol equivalents/well at
10-8 M 1,25(OH)2D3. Similar results were obtained when a 4-
h incubation with [3H]250HD3 was used except that 10-12 M
exogenous 1,25(OH)2D3 was sufficient to reduce recoverable
[3H] 1,25(OH)2D3 to 50% of control (data not shown). None of
these changes induced by 1,25(OH)2D3 was found when acti-
nomycin D (2 tg/ml) was added to the medium at the time
1,25(OH)2D3 was added (data not shown). Actinomycin D
markedly reduced [3H] 1,25(OH)2D3 recovery (to 11 fmol/well)
in all cultures regardless of the presence of exogenous
1,25(OH)2D3. In a parallel experiment, incubation of keratino-
cytes with these same concentrations of 1,25(OH)2D did not
significantly decrease the protein or DNAcontent of the cultures
or alter the extent to which the cells excluded trypan blue.

Because of the possibility that exogenous 1,25(OH)2D3 might
affect its own catabolism as well as production, we incubated
[3H] 1,25(OH)2D3 for 1 h with control cells or with cells previously
exposed to 10-8 M1,25(OH)2D3 for 16 h. The results are shown
in Table III. Even without preincubation with 1,25(OH)2D3,
only 61% of the added [3H] 1,25(OH)2D3 could be recovered as
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Table III. Metabolism of [3H]J,25(OH)2D3
by Keratinocytes as Affected by Prior Incubation
with 10-8 MNonradioactive J,25(OH)2D3

%Recovery

1,25(OH)2D3 Peak 28 1,24,25(0H)2D3 Aqueous

Control
1,25(OH)2D3 60.7±2.3 10.4±0.5 12.9±0.7 8.0±0.8

20.5±4.4 27.8±2.1 19.4±2.5 27.0±1.9

0.05° Ci [3H] 1,25(OH)2D3 was incubated for 1 h with keratinocytes
preincubated for 16 h with either vehicle (control) or 108 Mnonra-
dioactive 1,25(OH)2D3. The data are shown as the percent recovery of
radioactivity in the various peaks following HPLCof the chloroform
extract or in the aqueous extract. Each incubation was performed in
duplicate and the data are given as mean±range of duplicates.
ANOVAanalysis showed that 1,25(OH)2D preincubation significantly
decreased the recovery of radiolabeled 1,25(OH)2D (P = 0.015) and
increased the recovery of peak 28 (P = 0.015) and aqueous radioactiv-
ity (P = 0.012).

1,25(OH)2D3 after a 1-h incubation; 10.4% of the radioactive
label appeared as peak 28 and 13% as 1,24,25(OH)2D3. Prein-
cubation with nonlabeled 1,25(OH)2D3 markedly enhanced the
ability of the cells to metabolize [3H] 1,25(OH)2D3 to both peak
28 (28%) and 1,24,25(OH)3D3 (19%); only 20% of the added
[3H] 1 ,25(OH)2D3 could be recovered as 1 ,25(OH)2D3 . In both
control and 1,25(OH)2D3-treated cells, small amounts (<5%) of
the radioactive label appeared in peaks 22, 24, and 27 (not
shown).

Discussion

Because the skin is the source of vitamin D, and vitamin D
production may be regulated by the biologically active vitamin
D metabolites (20), we evaluated whether skin cells (keratino-
cytes) could produce these active vitamin D metabolites. We
observed that the keratinocytes did metabolize 250HD3 to
1,25(OH)2D3, a metabolite that we identified by chromatography
by its affinity for the intestinal cytosol 1,25(OH)2D3 receptor,
and by mass spectroscopy (24). The keratinocytes also metab-
olized 250HD3 to other metabolites that are not yet fully iden-
tified. The experiments reported here represent our efforts to
assess the regulation of 1,25(OH)2D3 production and catabolism
by these cells.

We observed that the production of 1,25(OH)2D3 by the
keratinocytes is brisk and apparently linear with time for the
first hour of incubation with 250HD3. After 1 h, the levels of
1,25(OH)2D3 decline as other metabolites are produced. The
direct addition of 1,25(OH)2D3 to these cells indicates that at
least some of these metabolites are produced from 1,25(OH)2D3
itself. The time course of 1,25(OH)2D3 production by primary
renal cell cultures has not been well described, but one report
(30) indicates that 7 h was required for maximal conversion of
250HD3 to 1,25(OH)2D3. These differences in time course sug-
gest substantial differences in metabolic rates between keratino-
cytes and renal cells with respect to vitamin D metabolism.

The apparent Kmof the I a-hydroxylase in keratinocytes for
250HD3 was found to be 5.4 X 10-8 M. This value is within

the range reported in two studies for the I a-hydroxylase in pri-
mary renal cell cultures-1.3 X 10-8 M(30) and 12.5 X 10-8
M(31)-and below that reported for freshly isolated renal cell
tubules and mitochondria, 32 X 10-8 M(32). In all these prep-
arations the apparent Km is only an estimate of the true Km
because of the finite amount of time required to transport the
substrate (250HD3) to the enzyme, and because the product
(1 ,25(OH)2D3) continued to be metabolized. If one assumes that
these estimates are reasonable approximations of the true Ki,
and if only the free 250HD3 concentration in blood is available
to the la-hydroxylase (which we have measured as 0.015% of
the total 250HD3, or 15 pM in normal individuals, manu-
script in preparation), then the la-hydroxylase in kidney and
skin should be undersaturated and able to produce 1,25(OH)2D3
almost linearly as the available 250HD3 substrate is increased.
However, this does not seem to occur in vivo in normal indi-
viduals, suggesting that the la-hydroxylase is regulated by
mechanisms other than the substrate availability.

PTH, 1,25(OH)2D3, and calcium are well-established regu-
lators of 1,25(OH)2D3 production by the kidney in vivo. The
effects of calcium on 1,25(OH)2D3 production by intact renal
cells in vitro have been subtle (30-32), so our failure to dem-
onstrate an effect of extracellular calcium on the production of
1,25(OH)2D3 by keratinocytes was not unexpected. Perhaps the
extracellular calcium concentration had little influence on the
intracellular calcium concentration in these experiments. How-
ever, a number of studies have reported that PTH stimulates
1,25(OH)2D3 production by intact renal cells in vitro (30, 31,
33-37). Stimulation of the renal la-hydroxylase in these reports
required 2-200 ng/ml PTH, the same concentration range that
increased the amount of 1,25(OH)2D3 in keratinocytes incubated
with 250HD3. IBMX, a potent phosphodiesterase inhibitor, also
increased the amount of 1,25(OH)2D3 recovered from the kera-
tinocytes despite our inability to demonstrate an effect of cAMP.
The increase in recoverable 1,25(OH)2D3 in cells incubated with
IBMX and PTHwas greater if the IBMX and PTHwere added
4 h before the 4-h incubation with 250HD3. This result contrasts
with our results in freshly isolated renal cells and slices (34, 35)
in which the maximal effect of PTH was acute; however, in
other studies using cultured renal cells, the effects of PTH on
1,25(OH)2D3 production also required several hours (30,
31, 36).

Further exploration into the mechanism by which PTHand
IBMX raised 1,25(OH)2D3 levels in the keratinocytes revealed
that IBMX markedly retarded the further metabolism of
1,25(OH)2D3 especially to an unidentified metabolite (peak 28)
that eluted after 1,25(OH)2D3 but before 1,24,25(OH)3D3. The
very high levels of 1,25(OH)2D3 reached in the keratinocytes
after 4 h of incubation with 250HD3 in the presence of IBMX
thus can be accounted for by the ability of IBMX to block the
catabolism of 1,25(OH)2D3. PTH may potentiate this effect of
IBMX, but it also appears to directly stimulate 1,25(OH)2D3
production since it raised the 1,25(OH)2D3 levels without re-
ducing the levels of other metabolites (such as peak 28) in the
absence of IBMX. The ability of PTH to raise 1,25(OH)2D3
levels is modest compared with the ability of IBMX, but the
degree of stimulation is comparable with that achieved using a
variety of renal preparations.

1 ,25(OH)2D3 is a potent inhibitor of its own production by
renal cells. However, even in serum-free medium, the concen-
tration of this metabolite required to inhibit its own production
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by 50% is at least 10-' M(31, 37, 38). In contrast, the amount
of radioactively labeled 1,25(OH)2D3 recovered from the kera-
tinocytes after a 1-h incubation with [3H]250HD3 was reduced
by 50% at 10-'' Mexogenous 1,25(OH)2D3, with significant
inhibition at 10-12 M. In other experiments in which a 4-h in-
cubation with [3H]250HD3 was employed, 10-12 M
1,25(OH)2D3 was sufficient to reduce recoverable
[3H] 1,25(0H)2D3 to 50% of control values. At least part of this
effect appears to be due to further metabolism of the newly pro-
duced 1 ,25(OH)2D3 following pretreatment of the cells with ex-
ogenous 1,25(OH)2D3. As for the experiments with PTH and
IBMX, peaks 28 and 1,24,25(OH)2D3 are the major metabolites
of 1,25(OH)2D3 under these conditions.

These data suggest that 1,25(OH)2D3 production by kerati-
nocytes is more sensitive to inhibition by exogenous 1,25(OH)2D3
than is the renal production of 1,25(OH)2D3. Our (29) recent
report that the free concentration of 1,25(OH)2D3 in human
sera is -0.5 X 10-12 Msuggests that at normal circulating levels
of free 1,25(OH)2D3, production of that metabolite by epidermal
cells may be more inhibited than is its production by renal tu-
bules. Catabolism of 1,25(OH)2D3 may also be more sensitive
to 1,25(OH)2D3 in epidermal cells than in renal tubules, but
data from such cells regarding this point have not been reported.

The demonstration that human foreskin keratinocytes pro-
duce 1,25(OH)2D3 from 250HD3 in vitro raises the question of
whether the skin is a source of 1,25(OH)2D3 in vivo. Our in
vitro data suggest that under physiologic circumstances, the skin
may contribute little to circulating 1,25(OH)2D levels for two
reasons: (a) at circulating levels of 1,25(OH)2D, production of
this metabolite by the skin may be inhibited and its catabolism
may be stimulated, and (b) secretion of 1,25(OH)2D into the
blood from the skin may be limited. Conceivably, most of the
1,25(OH)2D3 formed by the keratinocytes serves a function
within the cell in which it is produced. Further investigation is
necessary to resolve this important issue.
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