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25-Hydroxyvitamin D; 26,23-Lactone: A New in Vivo Metabolite of

Vitamin DY

Joseph K. Wichmann, Hector F. DeLuca,* Heinrich K. Schnoes, Ronald L. Horst,} Richard M. Shepard,

and Neal A. Jorgensen

ABSTRACT: A major vitamin D metabolite was isolated in pure
form from the blood plasma of chicks given either maintenance
levels or large doses of vitamin D;. The isolation involved
methanol—-chloroform extraction and five column chroma-
tographic procedures. The metabolite purification and elution
position on these columns were followed by a competitive
protein binding assay. The metabolite was identified, using

Tle metabolism of vitamin D, to physiologically active forms
has been well established (DeLuca & Schnoes, 1976; Kodicek,
1974; DeLuca, 1974). Vitamin D, is first hydroxylated in liver
to 25-hydroxyvitamin D, (25-OH-D;).! 25-OH-D; is then
hydroxylated in kidney to form either 1,25-dihydroxyvitamin
D, [1,25-(OH),D;], the most active form of the vitamin, or
24,25-dihydroxyvitamin D, (24,25-(OH),Ds]. Other known
metabolites include 25,26-dihydroxyvitamin D; [25,26-(O-
H),D;} and 1,24,25-trihydroxyvitamin D, [1,24,25-(OH);Ds}.
These compounds, however, do not represent all vitamin D,
metabolites. Other metabolites have been detected, several

t From the Department of Biochemistry and the Department of Dairy
Science, College of Agricultural and Life Sciences, University of
Wisconsin—Madison, Madison, Wisconsin 53706. Received March 28,
1979. Supported by National Institutes of Health Program-Project Grant
AM-14881 and Grant GM-00236 and the Harry Steenbock Research Fund.

tPresent address: National Animal Disease Center, ARS, U.S.D.A.,
Ames, Iowa 50010.

high- and low-resolution mass spectrometry, 270-MHz proton
nuclear magnetic resonance spectrometry, ultraviolet ab-
sorption spectrophotometry, Fourier transform infrared
spectrophotometry, and specific chemical reactions, as 38,-
25-dihydroxy-9,10-seco-5,7,10(19)-cholestatrieno-26,23-
lactone. The trivial names 25-hydroxyvitamin D, 26,23-lactone
or calcidiol 26,23-lactone are suggested for this compound.

of which appear to have their circulating levels influenced by
dietary factors such as calcium and phosphorus (Ribovich &
DeLuca, 1978a—c).

During the course of developing an assay procedure for
determining plasma levels of 24,25-(OH),D; and 25,26-
(OH),Ds, a previously unidentified compound was detected
in chick plasma by using the competitive protein binding
radioassay technique (Horst et al., 1979; Shepard et al., 1979).
We wish to report here the isolation of this vitamin D; me-
tabolite from plasma of chicks receiving maintenance and

! Abbreviations used: 25-OH-Ds, 25-hydroxyvitamin Dj; 1,25-(OH),D;,
1,25-dihydroxyvitamin Dj; 24,25-(OH),D,, 24,25-dihydroxyvitamin Dj;
25,26-(OH),D,, 25,26-dihydroxyvitamin Dj; 1,24,25-(OH);D5, 1,-
24,25-trihydroxyvitamin D4; MLP, plasma from chicks on maintenance
levels of vitamin Dy; HDP, plasma from chicks given high doses of vitamin
D,; LC, high-pressure liquid chromatography; FT-IR, Fourier transform
infrared spectroscopy; Me;Si, trimethylsilyl; BSTFA, N,O-bis(tri-
methylsilyl)trifluoroacetamide.

0006-2960/79/0418-4775%01.00/0 © 1979 American Chemical Society
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Calcidiot lactone
25 hydroxy vitamin D,-26,23-lactone
34,25 dihydroxy -9, 10-sec0-5,7,10(19) cholestatrieno- 26,23 lactone
FIGURE 1. Structure of calcidiol lactone or 25-hydroxyvitamin D,
26,23-lactone or 3(3,25-dihydroxy-9,10-seco-5,7,10(19)-cholesta-
trieno-26,23-lactone.

elevated levels of vitamin D, and its identification as 25-
hydroxyvitamin D, 26,23-lactone (Figure 1).

Materials and Methods

Procurement and Extraction of Chick Plasma from Chicks
Given Maintenance Levels of Vitamin D,. A total of 24 L of
blood was collected by decapitation of 8-week-old fryers (A-G
coop; Arcadia, WI). These chicks had been fed a diet con-
taining a maintenance level of vitamin D5 (1000 IU/Ib of feed).
Blood was collected in containers having a sufficient amount
of 0.1 M sodium oxalate, pH 7.0, to give a final volume/
volume concentration of 10% and stored at 0 °C until used
(not more than 4 h). The blood was separated in a continuous
flow DeLaval blood separator and yielded 16 L of plasma.

Plasma was then heated with stirring at 70 °C for 1 h in
1 L batches. After cooling to 4 °C, we centrifuged the de-
natured plasma at 13000g for 1 h in a Beckman J-21C
centrifuge equipped with a JA-14 rotor. This facilitated
handling large volumes of plasma and gave the same results
as when plasma was extracted directly with methanol—chlo-
roform. The recovered pellet was resuspended in 400 mL of
distilled water and extracted at 4 °C for 1 h with 2:1
methanol-chloroform by using the procedure of Blunt et al.
(1968).

The combined chloroform phases from all extractions were
concentrated and partitioned at 4 °C in 500 mL of hexane and
500 mL of 10% water in methanol for 1 h with shaking. The
phases were separated, and the methanol-water phase was
extracted 2 times with 500 mL of chloroform. Ethanol was
added to the chloroform extract, and solvents were evaporated
under vacuum. The residue taken up in dry chloroform was
then used for chromatography.

Procurement and Extraction of Plasma from Chicks
Receiving High Levels of Vitamin D,. Seventy-one, 1-day-old
white Leghorn Cockerals (Northern Hatcheries, Beaver Dam,
WI) were maintained on a purified 22% protein diet containing
3% calcium for 10 weeks. The chicks were then dosed in-
tramuscularly with 10° IU of vitamin Dy (Aldrich Chemicals,
Milwaukee, WI) in 50 uL of ethanol daily for 3 days. On the
fourth day they were dosed intramuscularly with 107 IU of
vitamin D; in four doses in 125 uL of ethanol. Five days after
this dose, blood was collected by cardiac puncture using a small
amount of heparin to avoid clotting. The blood was imme-
diately centrifuged and 1.1 L of plasma was obtained. The
plasma was extracted at 4 °C for 1 h by using 2:1 metha-
nol-chloroform as described by Blunt et al. (1968). The
chloroform phase was evaporated, and the residue was dried
by ethanol azeotrope and used for chromatography.

Chromatographic Purification Procedures. The chloroform
extracts of both plasma samples were first chromatographed
on a 3 X 30 cm Sephadex LH-20 column eluted with 9:1:1
hexane—chloroform—methanol. The plasma extract obtained
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from chickens given maintenance levels (MLP) of vitamin D,
was chromatographed in three equal batches while the plasma
extract from chicks given large doses of vitamin D, (HDP)
was chromatographed in one run. A total of 110 fractions (9
mL) were collected from each column run. Fractions were
assayed by using the competitive protein binding method of
Haddad et al. (1977). For MLP runs, an aliquot equivalent
to 10 mL of plasma was used for assay purposes while the
HDP run was assayed by using 1 mL of plasma-equivalent
aliquots. The competitive binding peak eluting from 618 to
806 mL was pooled and concentrated from the MLP sample.
A larger binding peak eluting from 608 to 913 mL was pooled
and concentrated from the HDP sample. These binding peaks
were then chromatographed individually on a 2 X 55 ¢m
Sephadex LH-20 column eluted with 70:30 chloroform-
hexane. The MLP sample was chromatographed in three
equal batches while the HDP sample was chromatographed
in one run. A total of 110 fractions (6 mL) were collected
and assayed as described above. The binding peak eluting from
240 to 258 mL was pooled and concentrated from the HDP
sample, while the binding peak eluting from 240 to 318 mL
was pooled and concentrated from the MLP sample. The peak
from the MLP sample was further chromatographed on a 1
X 58 cm Sephadex LH-20 column eluted with 9:1:1 hex-
ane—chloroform—methanol. Seventy fractions (3.7 mL) were
collected and assayed as described above. The binding peak
eluting from 133 to 162 mL was pooled and concentrated.

The MLP peak from the 1 X 58 c¢cm Sephadex LH-20
column and the HDP sample from the 2 X 55 cm Sephadex
LH-20 column were then subjected to high-pressure liquid
chromatography (LC) on a Waters Model ALP/6PC 204
instrument equipped with a Model 440 absorbance detector
(Waters Associates, Milford, MA). The samples were
chromatographed on a 0.46 X 25 cm Partisil ODS (Whatman
Inc., Clifton, NJ) column eluted with 25% v/v water in
methanol at a flow rate of 1.5 mL/min. A total of 40 1-mL
fractions were collected in both cases and assayed as described
above. The binding peak eluting from 25.5 to 28.5 mL was
pooled from both runs. Both MLP and HDP samples were
rechromatographed by using the same system, and the sole
binding peak and major ultraviolet (254-nm) absorbing peak
eluting from 25.5 to 28.5 mL were pooled and concentrated.
These samples were further purified by LC using a 0.46 X 25
cm Zorbax-SIL (Du Pont, Inc.) column eluted with 8% v/v
2-propanol in hexane at a flow rate of 2 mL/min. A total of
40 1-mL fractions were collected and assayed as described
above. The sole binding peak and major 254-nm absorbing
peak eluting from 14.5 to 16.5 mL were pooled for both
samples. These samples were then rechromatographed on the
same system, and the sole binding peak and sole ultraviolet
254-nm absorbing peak eluting from 14.5 to 16.5 mL were
pooled for each sample and used for structural identification.

Spectroscopy. Ultraviolet spectra were recorded from
ethanol solutions by using a Beckman Model 24 spectro-
photometer.

Low-resolution and high-resolution mass spectra were
obtained by using an AEI 902 mass spectrometer (Associated
Electrial Industries, Ltd., Manchester, England) interfaced
with a DS-50 data system (Data General Corporation,
Southboro, MA). All spectra were run at 70 eV, with a source
temperature between 100 and 130 °C above ambient tem-
perature.

The Fourier transform infrared (FT-IR) spectrum was
obtained from a chloroform solution by using a Nicolet 7199
FT-IR instrument (Nicolet Instrument Corp., Madison, WI).
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CHROMATOGRAPHY OF PLASMA EXTRACTS

column Neo.
105}
1 1

3 x 30 cm LH-20 89:1:1 hexane:CHCla:HeOH
pool 25,26-(OH)2D3 region

2 x 55 cm LH-20 70:30 CHCl,:hexane
pool 24,25-(0H),D, Region
3 1 x 58 cm LH-20 8:1:1 hexane:CHCla:HeOH
pool 25,26-(0H)2D3 region

3,4 4,5 HPLC on .45 x 25 cm Zorbax ODS 25%
H,0 in MeOH
pool binding peak eluting before
214,25-(01"1)2D3

5,6 6,7 HPLC on .45 x 25 cm Zorbax-SIL 8%
iPrOH in Hexane
pool binding peak eluting before
2&,25-(0H)2D3

2 2

HDP = High dosed D, plasma extract

MLP

3
Maintenance level D3 plasma extract

FIGURE 2: Flow sheet of the isolation of calcidiol lactone from both
MLP and HDP samples.

Proton nuclear magnetic resonance spectra were taken in
CDCl; solution (56 ug of compound in 190 L) on a Brucker
270-MHz instrument (Bruker Instruments, Billerica, MA) at
4 and 21 °C.

Preparation of Derivatives. The trimethylsilyl (Me;Si)
derivative was prepared by reacting 1 ug of compound in 30
uL of pyridine with 25 uL of N,O-bis(trimethylsilyl)tri-
fluoroacetamide (BSTFA) containing 1% trimethylsilyl
chloride at 55 °C for 40 min. The reaction mixture was
purified by LC on a 0.46 X 25 cm Zorbax-SIL column eluted
with 5% v/v ethyl acetate in hexane. The major 254-nm
absorbing peak eluting between 8.5 and 9.5 mL was collected
and used for mass spectrometry and further derivatization.

The methyl lactol of the Me,Si derivative was prepared by
reacting 1 ug of (Me;Si), compound (prepared as above) with
25 uL of 0.01 M methyllithium in diethyl ether at room
temperature for 1 h. The reaction was quenched with 50 uL
of water and extracted twice with 200 uL of methylene
chloride. The methylene chloride extract was purified by LC
on a 0.46 X 25 cm Zorbax-SIL column eluted with 5% ethyl
acetate in hexane. The major 254-nm absorbing peak eluting
between 30 and 42 mL was collected and concentrated for
mass spectrometry and further derivatization.

The (Me;Si); derivative of the methyl lactol was prepared
by reacting 1 ug of (Me;Si), methyl lactol (prepared as
described above) in 30 uL of pyridine with 25 uL of BSTFA
as described above for the preparation of the (Me,Si), de-
rivative. The reaction mixture was used without further
purification for mass spectrometry.

Results and Discussion

A flow sheet of the procedures used in the isolation of the
metabolite is presented in Figure 2. To conserve space, the
actual column profiles are not presented except for the final
LC profile demonstrating homogeneity of the isolated sub-
stance from the HDP sample (Figure 3). To follow the
purification and elution position of the metabolite, we used
the binding assay of Haddad et al. (1977) as modified by Horst
et al. (1979). Following our identification of the lactone, we
determined that it is 5 times more effectively bound to the rat
plasma transport protein than is 25-hydroxyvitamin D. It is
interesting that the lactone shows the highest affinity among
the vitamin D metabolites for the serum vitamin D transport
protein.

The ultraviolet spectrum of the compound isolated from the
HDP sample is presented in Figure 4. The spectrum displays
the typical vitamin Dj; triene chromophore with Ap,, = 264
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FIGURE 3: Column profile of the final LC purification step from the
HDP sample. The arrow indicates the elution volume of 24,25-
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FIGURE 4: Ultraviolet absorption spectrum of the isolated calcidiol
lactone taken in ethanol.

nm, Ay, = 228 nm, and OD,g,/OD;ys = 1.51. The ultraviolet
spectrum from the MLP sample (not shown) gave an es-
sentially identical spectrum with A, = 264 nm, A, = 229
nm, and OD,,/OD,y5 = 1.40. A total recovery of 8 ug was
calculated for the MLP sample, assuming an ¢ of 18 600 M™!
(DeLuca, 1971), and a total recovery of 56.3 ug was calculated
for the HDP sample, assuming the same e.

Identical low-resolution mass spectra were obtained from
the compound isolated from both sources. Figure 5 shows the
mass spectrum of the compound isolated from the HDP
sample. The diagnostic ions, relative intensities, and structural
assignments are as follows: m/e 428, 27.6%, M™*; m/e 410,
4.1%, M* — H,0; m/e 395, 12.0%, M* - H,0 - CH;; m/e
271, 4.5%, M* — side chain; m/e 253, 9.3%, M* - side chain
- H,0; m/e 136, 100%, A ring + C-6 + C-7* (A-ring
fragment®); m/e 118, 94%, A-ring fragment* — H,O. This
spectrum displays the diagnostic ions (m/e 271, 253, 136, and
118) of vitamin D; derivatives containing only the 38-hydroxyl
group on the A ring (DeLuca, 1971). It is thus assumed that
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FIGURE 7: Proton nuclear magnetic resonance spectrum of calcidiol lactone taken in CDCl; at 21 °C. Insert shows the 6 1.5-1.8 region at

4 °C.

the isolated compound has the monohydroxylated (33-OH)

formula C,;H,O, (caled M, of Mt = 428.2926). The
high-resolution mass spectra also confirmed the peak as-

A ring of vitamin D;. The fragments at m/e 271 and 253
further illustrate that the secosteroid nucleus of vitamin D has
remained unchanged and that all the metabolic alterations
have taken place on the side chain.

High-resolution mass spectrometry of the compound yielded
a molecular weight of 428.2901 for the MLP sample and
428.2905 for the HDP sample which requires the molecular

signments given for the low-resolution mass spectra. Thus,
the compound is a derivative of vitamin D3 and not a di-
hydroxylated derivative of vitamin D, (C,3H440;3; caled M,
of M* = 428.3290). The ions of m/e 271 {C)yH»;,0) and 253
{Cy9H,s) which represent the steroid nucleus establish the
presence of the other three oxygen atoms on the side chain.
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Identical mass spectra were also obtained from the Me;Si
derivative of the compound isolated from both sources. Figure
6 presents the mass spectrum of the (Me;Si), derivative of the
compound. Diagnostic ions, their relative intensities, and
structural assignments are as follows: m/e 572, 20%, M*; m/e
482, 15%, M* — HOSiMe;; m/e 467, 10%, M* -
HOSiMe,CH3; m/e 208, 34%, A-ring fragment*; m/e 118,
100%, A-ring fragmentt — HOSiMe,. The formation of only
a (Me;Si), derivative establishes that only two of the four
oxygen atoms of the compound are present as free hydroxyl
groups, one of which must be on the side chain. The ions of
m/e 208 and 118 indicate only one hydroxyl group on the A

100
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ring, probably at the 35 position. The location of the hydroxyl
group on the side chain cannot be deduced from the mass
spectral data. The two nonhydroxyl oxygen atoms must then
be present as carbonyl functions and/or as ethers or esters.

The 270-MHz proton NMR spectrum of the metabolite is
presented in Figure 7. The spectrum shows the typical
resonances for the olefinic protons of the vitamin D 5,6-cis-
triene chromophore, including the C-6 and C-7 protons (AB
quartet centered at 6 6.14) and the C-19 protons at é 4.82 and
5.05. The multiplet resonance at & 3.97, which represents the
3a proton, confirms the presence of a 38-hydroxy group (in
the spectrum of vitamin Dj this signal occurs at § 3.95). The
sharp three-proton singlet at é 0.63 and the three-proton
doublet at & 1.09 can be assigned to the C-18 and C-21 methyl
groups, respectively. Both resonances are shifted slightly
downfield from their position in the spectrum of vitamin Ds.
The doublet resonance (J = 6.3 Hz) for the C-21 protons
indicates that C-20 is not functionalized. The key signals in
the spectrum of the metabolite are the one-proton multiplet
at 6 4.46, which must represent a carbinyl proton of an ether
or ester, and the three-proton singlet at § 1.56 (see 4 °C inset
in Figure 7) which can be assigned to a terminal methyl group
(C-27) of the side chain. The singlet resonance for this methyl
group requires that C-25 be substituted, and the absence of
any signal attributable to another methyl group implies that
C-26 is fully substituted or oxidized. Since the side chain must
contain one hydroxy group, the postulate of a C-25 hydroxy
and a C-26 carbonyl function is consistent with these ob-
servations and also explains the downfield chemical shift of
the C-26 methyl group (6 1.56). Assignment of the third
side-chain oxygen as a part of a lactone then accounts for the
carbinyl proton signal at 6 4.46 and satisfies the elemental
composition determined for the metabolite. The only logical
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interpretation of these results is a 25-hydroxy 26,X-lactone
derivative of vitamin D;. The lactone ring size cannot be
determined from the NMR and mass spectral data.

The FT-IR spectrum of this compound (in chloroform) is
presented in Figure 8. The salient feature that differentiates
the spectrum from that of a typical vitamin D; derivative is
the very intense absorbance at 1787 c¢m™, indicative of a
v-lactone. The structure of the compound must therefore be
34,25-dihydroxy-9,10-seco-5,7,10(19)-cholestatrieno-26,23-
lactone (25-hydroxyvitamin D; 26,23-lactone).

Further evidence for this structure is presented in Figures
9 and 10. Figure 9 is the mass spectrum of the methyl lactol
of the (Me,Si), derivative of the lactone. Diagnostic ions, their
relative intensities, and fragment assignments are as follows:
m/je 588, 4.4%, M*; m/e 570, 7.3%, M* — H,0; m/e 528,
1.5%, M* - HOAc; m/e 498, 2%, M* — HOSiMe;; m/e 208,
33%, A-ring fragment™; m/e 118, 100%, A-ring fragment™
- HOSiMe;. The molecular ion of m/e 588 indicates the
addition of a methyl group and conversion of lactone to lactol.
Loss of H,O from the lactol group leads to the ion of m/e 570;
m/e 528 arises by elimination of the elements C,H,O,, as
shown schematically in Figure 9. Figure 10 shows the mass
spectrum of the (Me;Si); derivative of the methyl lactol.
Diagnostic ions, their relative intensities, and fragment
structures are as follows; m/e 660, 12.7%, M*; m/e 645, 1.8%,
M* - CHj; m/e 570, 4%, M* - HOSiMe;y; m/e 555, 2%, M*
— HOSiMe,CHj; m/e 528, 10%, M* — AcOSiMes; m/e 208,
54%, A-ring fragment™; m/e 118, 100%, A-ring fragment®
- HOSiMe;. The molecular ion at m/e 660 confirms the
formation of a tris(trimethylsilyl ether) derivative. The
elimination of C,H;0,SiMe; by fragmentation through the
lactol ring accounts for the fairly prominent peak at m/e 528.

It is interesting to note that the preparation of the methyl
lactol discussed above was only successful when the alkylation
reaction was performed on the (Me;Si), derivative of the
lactone. Treatment of the underivatized lactone with me-
thyllithium gave no recoverable product. Similarly no product
could be recovered upon attempted hydride reduction of the
lactone using a variety of reagents [LiAlH,, LiB(Et);H, and
LiAI(C4Hy);H] and conditions that proved quite successful
with other vitamin D model compounds. Hydrolysis in either
aqueous or anhydrous methanolic base gave either starting
lactone or no recoverable product. Effective chelation of the
products to be expected from these reactions with the reagent,
or with trace metal in the reagent, appears to be a reasonable
explanation of these results. All reactions were performed on
microgram quantities of sample, and, at such low levels, the
formation of a chelated complex could well preclude recovery
of the desired derivative.

WICHMANN ET AL.

The identification of 25-hydroxyvitamin D4 26,23-lactone
represents the second vitamin D, metabolite isolated to date
with the 23-carbon functionalized. This laboratory recently
isolated 1¢,33-dihydroxy-24-nor-5,7,10(19)-cholatrien-23-oic
acid from livers and intestines of rats dosed with 1,25-(OH),D;
(Esvelt et al., 1979). Thus, the functionalization of the 23-
carbon of vitamin D; compounds represents a new area of
study in the metabolism of vitamin D;. The biological activity
and isolation of intermediates in the formation of 25-
hydroxyvitamin D5 26,23-lactone are currently under inves-
tigation in this laboratory.

As pointed out in a previous publication, this compound
comigrates with 24,25-(OH),D; on Sephadex LH-20 and silica
LC (Horst et al., 1979). Thus, it represents a potential error
in both metabolic studies and plasma measurements concerned
with 24,25-(OH),D;. Its potential presence must therefore
now be taken into account in future investigations.
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