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A method has been established for the simultaneous determination of vitamins
D,,D; and their metabolites in plasma. Vitamin D,/D;, 25-hydroxyvitamin
D,/D; (25-OH-Dy/D3), 24R,25-dihydroxyvitamin D,/D, [24,25(0OH),D,/D;} and
1a,25-dihydroxyvitamin D,/D; [1,25(OH),Dy/D;] in 1-5 ml of a plasma sample
were simultaneously assayed. The method includes extraction of lipid, followed
by three steps of high-performance liquid chromatography (HPLC) for clean-up
and separation. Vitamin Dy/D; and 25-OH-D,/D, were quantified by a UV de-
tector, while 24,25(OH),D,/D; and 1,25(0OH),D,/D, were assayed by competitive
protein binding assay (CPBA) and radioreceptor assay (RRA) methods, respec-
tively. Existing interfering substances in a sample could be effectively eliminated
by HPLC and reliable results with small coefficients of variation were obtained.
The method was applied to plasma samples obtained from normal subjects and
patients with epilepsy, liver cirrhosis, leukaemia, diabetes, sensorineural deaf-

ness and hypophosphataemic osteomalacia; satisfactory results were obtained.

INTRODUCTION

It is well known that vitamins D, and D, with different
side chain structures show practically the same physio-
logical activity in mammals including human beings.
(‘Vitamin D’ is used as a general name for vitamins D,
and D, and the same nomenclature system is applied to
the metabolites.) The vitamins are similarly metabo-
lized to 25-OH-D in the liver and subsequently to
1,25(OH),D or 24,25(0H),D in the kidney according to
lower or higher levels of calcium in plasma than nor-
mal, respectively (DeLuca er al, 1976; Lawson &
Davie, 1979). 7-Dehydrocholesterol in the epidermis of
mammal skin is photochemically and thermally con-
verted into vitamin D, by sun exposure and the en-
dogenously formed vitamin is transported to the kidney
via the liver to be metabolized to 1,25(OH),D; or
24,25(0H),D; via 25-OH-D; in the same manner as
orally taken vitamin D; (Holick et al., 1977; Okano et
al., 1977). Since no vitamin D, is found in most foods
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except some fish, e.g. eel, skipjack, tuna and Japanese
pilchard (Kobayashi et al., 1986), the vitamin and its
metabolites found in plasma of normal subjects are
mainly derived from the endogenous material formed
in the skin. In contrast, since vitamin D, is not endoge-
nously formed (like vitamin D,) and is widely used in
commercial drugs and enriched foods in Japan, all of
the D, compounds in plasma originate from
exogenous sources. Therefore, separative determination
of the D, and D, compounds in human plasma allows
distinction between endogenous and exogenous sources.
Moreover, when vitamin D, is used for nutritional
and/or clinical purposes, the assayed values of the D,
compounds in plasma give direct information on the
fate of exogenous vitamin D,. The authors previously
reported a method for the determination of 25-OH-D,
and 25-OH-D, in plasma using high-performance liquid
chromatography (HPLC) (Okano et al, 1981) and
applied it to the plasma of mothers and neonates
(Kuroda et al., 1981), and healthy subjects (Kobayashi
et al., 1983). However, the results are limited to the
determination of 25-OH-Dy/D,. In order to evaluate
the nutritional and clinical problems completely, the
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plasma levels of vitamin D,/D,, 24,25(0H),D,/D; and
1,25(OH),D,/D; in addition to 25-OH-D,/D, should be
assayed. From these considerations, the authors have
established a method for the simultaneous determina-
tion of vitamins D,,D; and their metabolites in plasma,
and applied it to plasma samples obtained from normal
subjects and patients with epilepsy, liver cirrhosis,
leukaemia, diabetes, sensorineural deafness and hypo-
phosphataemic osteomalacia.

EXPERIMENTAL
Compounds and reagents

Among the standard compounds for the assay,
commercially available crystalline vitamin D,, vitamin
D;, 25-OH-D,, 24,25(OH),D; and 1,25(0OH),D,
{Dupher Co., Weesp, The Netherlands) were used.
Purified compounds of 25-OH-D, and 1,25(0H),D,
were obtained by in-vivo (Okano et al., 1984) and in-
vitro (Horiuchi et al., 1984) experiments, respectively,
while 24,25(OH),D, was chemically synthesized by the
present authors (Katsumi et al, 1987). These com-
pounds were dissolved in absolute ethanol with a
stream of argon gas to make appropriate concentra-
tions and stored at —20°C until used. Commercial
grades of [la,2a(n)-3H]-vitamin D, (specific activity,
740 GBq mmol), [23,24(n)-3H]}-25-OH-D, (specific
activity, 3-3 TBq mmol-'), [23,24(n)-3H]-24R,25(OH),D,
(specific activity, 2:3 TBq mmol-') and [26,27-methyl-3H}-
la,25(OH),D, (specific activity, 6-7 TBq mmol-!) were
purchased from Amersham Co. (Buckinghamshire,
UK). 2,5-Diphenyloxazole, 1,4-bis-2-(4-methyl-5-phenyl-
oxazoyl)-benzene, Triton X and toluene for liquid scin-
tillator were purchased from Nakarai Chem. Co.
(Kyoto, Japan). Organic solvents of analytical grades

were distilled before use. Other guaranteed reagents
were used.

Plasma samples

Plasma samples were obtained from normal subjects
with or without oral administration of vitamin D,, and
patients with epilepsy, liver cirrhosis, leukaemia, dia-
betes, sensorineural deafness and hypophosphataemic
osteomalacia were used. The samples were stored at
—20°C until used. The studies are approved by each of
the medical ethics committees of the hospitals.

Procedure for the simultaneous determination of vitamin
D./D;, 25-OH-D,/D,, 24,25(0OH),D,/D, and
1,25(OH),D,/D; in plasma

The proposed procedure for the simultancous de-
termination of vitamins D,/D,, 25-OH-D,/D,, 24,25-
(OH),D,/D; and 1,25(0H),Dy/D; in plasma is sum-
marized in Fig. 1. Shimadzu LC-6A high-performance
liquid chromatographs (Kyoto, Japan) with Shimadzu
SPD-6A (265 nm; absorbance unit of full scale (AUFS)
0-001) detectors for HPLC analysis and a minifraction
collector with a drop counter (Model 201, Gilson Co.,
Wisconsin, USA) were used.

Extraction of lipid

A plasma sample (1-5 ml) is placed in a glass centrifuge
tube (10 ml) with a screw cap and then the radioactive
standard solutions (2500 dpm in 25 ul of ethanol)
of [la,2a(n)-3H]-vitamin D,, [23,24(n)-3H]-25-OH-D,,
[23,24(n)-*H]-24,25(0H),D, and [26,27-methyl-3H}-1,25
(OH),D, ethanolic solutions are added for measuring
recovery. After standing for 1 h at room temperature,
tetrahydrofuran (THF) (0-75 ml) is added with stirring
and then ethyl acetate (4-5 ml). Extraction of lipid is

Plasma 1.5mi + ['Hl-Metabolites

Extracted with THF and ethyl acetate
Lipid

{ Zorbax SiL., 20% 2-PrOH/Hexane }

O 26-0H-D .
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Fig. 1. Procedure for simultaneous determination of vitamins D,,D; and their metabolites in plasma.
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performed by vortex mixing for 2 min, standing for 10
min, and again vortex mixing for a further 2 min. After
centrifugation at 3000 rpm for 10 min, the separated
ethyl acetate layer is taken in another centrifuge tube
(10 ml) and the remaining water layer is extracted again
with ethyl acetate (3-0 ml). The combined ethyl acetate
extract is dehydrated with anhydrous sodium sulphate
and centrifuged at 3000 rpm for 5 min. The separated
ethyl acetate layer is evaporated under reduced pressure.

Separation of vitamin D, 25-OH-D, 24,25(OH ),D and
1,25(0OH ),D fractions :

The residue thus obtained is dissolved in 20% (v/v)
2-propanol in n-hexane (20 ml) and then filtered
through a membrane filter (Kurabo Co., Kurashiki,
Japan) to eliminate any remaining sodium sulphate.
The filtrate is evaporated under reduced pressure and
the resulting residue is dissolved in 20% (v/v) 2-
propanol in n-hexane (200 wl). The solution is applied
to the following preparative HPLC I to collect the
fractions of vitamin D, 25-OH-D, 24,25(0OH),D and
1,25(0OH),D.

Preparative HPLC I

Column: Zorbax SIL (4-6 i.d. X 250 mm, DuPont
Co., Wilmington, DE, USA)

Mobile phase: 20% (v/v) 2-propanol in n-hexane
Flow rate: 1-0 ml min-' (40 kg cm-?)

Collection: vitamin D fraction, 270-320 drops (reten-
tion time, 4-7-5-6 min); 25-OH-D fraction, 320-370
drops (retention time, 5-6-6-5 min); 24,25(OH),D
fraction, 370-470 drops (retention time 6-5-8-3 min);
1,25(OH),D fraction, 490-620 drops, (retention time,
8-6-10-9 min)

Assay of vitamins D, and D,

The collected vitamin D fraction is evaporated under
reduced pressure and the resulting residue is dissolved
in 0-4% (v/v) 2-propanol in n-hexane (200 ul) for apph-
cation to the following preparative HPLC II for further
clean-up.

Preparative HPLC II

Column: Zorbax SIL (4-6 i.d. X 250 mm)

Mobile phase: 0-4% (v/v) 2-propanol in n-hexane
Flow rate: 1-8 ml min-! (60 kg cm-2)

Collection: vitamin D fraction, 2300-2630 drops
(retention time, 20-0-22-0 min)

The collected vitamin D fraction is evaporated under
reduced pressure and the resulting residue is dissolved
in 50% (v/v) methanol in acetonitrile (200 nl) for appli-
cation to the following analytical HPLC I for assaying
vitamins D, and D;.

Analytical HPLC 1
Column: Nucleosil 5C,; (7-5 i.d. X 300 mm, Chemco
Scientific Co., Osaka, Japan)

Mobile phase: 50% (v/v) methanol in acetonitrile
Flow rate: 2:0 ml min-! (45 kg cm-2)

Retention time: vitamin D,, 21-0 min; vitamin D;,
22-7 min

The peak heights corresponding to vitamins D, and
D, in the profile of analytical HPLC 1 are estimated
and the vitamin D; fraction is collected. After adding
the liquid scintillator (3 ml) to the collected solution,
the radioactivity is measured by a liquid scintillation
counter (Aloka LSC-700, Aloka Co., Tokyo, Japan)
for measuring the recovery of vitamin D;. The counting
efficiency is approximately 45%. The recovery value is
also applied to vitamin D,. Exactly 100 ul of vitamin
D, or D, standard solution (the concentrations are
made as 100 ng ml! in 50% (v/v) methanol in aceto-
nitrile) is applied to the analytical HPLC I to estimate
the peak heights corresponding to vitamin D, and D,.
The concentration of vitamin D, or D; (ng ml-) is cal-
culated using the following formula:

Concentration of Psa 1 1
vitamin D,or D, =S X TXEXVXIOO
in plasma ¢(ng ml-) st

where S is the quantity of vitamin D, or D, in the
respective standard solutions (ng), Psa is the peak
height of vitamin D, or vitamin D, in the HPLC
chromatogram obtained from a sample, Pst is the peak
height in the HPLC chromatogram obtained from the
respective standard solution, R is recovery (%), and V
is the volume of a sample (ml) taken for assay.

Assay of 25-OH-D, and 25-OH-D,

The 25-OH-D fraction obtained from the preparative
HPLC 1 is evaporated under reduced pressure and the
resulting residue is dissolved in 10% (v/v) methanol in
acetonitrile (200 ul) for application to the preparative
HPLC 111 for further clean-up.

Preparative HPLC 111

Column: Nucleosil 5C,q (7-5 i.d. X 300 mm)

Mobile phase: 10% (v/v) methanol in acetonitrile
Flow rate: 1-4 ml min-' (30 kg cm-2)

Coliection: 25-OH-D fraction, 1250-1600 drops
(retention time, 16:0-20-5 min)

The 25-OH-D fraction obtained from the prepara-
tion HPLC III is evaporated under reduced pressure and
the resuilting residue is dissolved in 2:5% (v/v) of 2-
propanol in n-hexane (200 ul) for application to the ana-
lytical HPLC II for assaying 25-OH-D, and 25-OH-D,.

Analytical HPLC 11

Column: Zorbax SIL (4:6 i.d. X 250 mm)

Mobile phase: 2-5% (v/v) 2-propanol in n-hexane
Flow rate: 1-:3 ml min-! (40 kg cm-2)

Retention time: 25-OH-D,, 16-8 min; 25-OH-D,,
20-8 min
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Fig. 2. Chromatograms of preparative HPLC and analytical HPLC of vitamins D,,D; and their metabolites in plasma.

The peak heights corresponding to 25-OH-D, and
25-OH-D; in the chromatogram obtained from analyti-
cal HPLC II are estimated and the 25-OH-D; fraction
is collected. After adding the liquid scintillator (3 ml)
to the collected solution, the radioactivity is measured
by a liquid scintillation counter for measuring the re-
covery of 25-OH-D;. The counting efficiency is approx-
imately 45%. The value of 25-OH-D, is also applied to
25-OH-D,. Exactly 100 ul of 25-OH-D, or 25-OH-D,
standard solution (the concentrations are made as 100
ng ml-! in 2-5% (v/v) 2-propanol in n-hexane) is applied
to the analytical HPLC II to estimate the peak heights
corresponding to 25-OH-D, and 25-OH-D;. The con-
centration of 25-OH-D, or 25-OH-D; (ng ml-!) is calcu-
lated using the following formula:

Concentration of
250HD20r250HD3“S><
in plasma (ng ml-')

Psa x
Pst

x L x

% 100

1
R

where S is the quantity of 25-OH-D, or 25-OH-D, in
the respective standard solution (ng), Psa is the peak
height of 25-OH-D, or 25-OH-D; in the HPLC chro-
matogram obtained from a sample, Pst is the peak
height on the HPLC chromatogram obtained from the
respective standard solution, R is recovery (%), and V
is volume of a sample (ml) taken for assay.

Assay of 24,25(OH ),D, and 24,25(OH ),D;

The collected 24,25(0OH),D fraction from the prepara-
tive HPLC I is evaporated under reduced pressure and
the resulting residue is applied to the procedure of
competitive protein binding assay (CPBA) described in
a previous paper (Matsuoka et al., 1989) to assay
24,25(0H),D, and 24,25(0OH),D,.

Assay of 1,25(0OH },D, and 1,25(0OH ),D,
The collected 1,25(OH),D fraction from the preparatlve
HPLC 1 is evaporated under reduced pressure and the

Table 1. Analytical data obtained by the proposed method

n Vitamin D, 25-OH-D;, 24,25(0H),D, 1,25(0OH),D;

Detection limit 0-3 ng 0-5ng 12-5pg 2pg
Recovery (%) 4 56-6 60-6 527 56-4
Intra-assay

x (ml-) 4 1-7 ng 181 ng 22 ng 52:8 pg

CV (%) 9-6 90 46 54
Inter-assay

x (ml-1) 4 1-8 ng 19-7 ng 23 ng 50-3 pg

CV (%) 33 53 6-6 10-9
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resulting residue is applied to the procedure of radio-
receptor assay (RRA) described in a previous paper
(Matsuoka er al, 1989) to assay 1,25(OH),D, and
1,25(0OH),D,.

RESULTS

Chromatograms of the preparative and analytical HPLC
As shown in Fig. 2, the respective D, and D, standard
compounds were completely separated in the chro-

matograms of the final HPLC. Successful separations
between vitamins D, and D, and between 25-OH-D,

(B/By)
1.0
[

#—e 24,25(0H),D,
0—0 24,25(0H),D,

0.5}
O Y L ' —
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Fig. 3. (a) Calibration curves of 24,25(OH),D, and 24,25-

(OH),D;; vitamin-D-deficient rat plasma was used as a bind-

ing protein for CPBA. (b) Calibration curves of 1,25(OH),D,

and 1,25(0OH),D;; chick embryonal intestinal receptor was
used as a binding protein for RRA.

and 25-OH-D, were also observed in the respective
chromatograms of the sample as shown in Fig. 2.
No significant peaks corresponding to 24,25(0OH),D,,
24,25(0OH),D;, 1,25(OH),D, and 1,25(OH),D; were
observed in the respective chromatograms, but no
apparent peaks due to interfering substances could be
observed in the fractions.

Calibration curves of 24,25(OH),D,, 24,25(OH),D;,
1,25(OH),D, and 1,25(0OH),D,

Figures 3(a) and (b) show the calibration curves of
24,25(0H),D, and 24,25(0OH).D, for CPBA and those
of 1,25(0OH),D, and 1,25(OH),D; for RRA, respec-
tively. Satisfactory sensitivities were obtained for both
assays. Since both 1,25(OH),D, and 1,25(OH),D, gave
practically the same calibration curve, as shown in Fig.
3(b), the latter compound, easily obtained from com-
mercial sources, can be used as a standard compound
for RRA of both compounds. On the other hand, since
the displacement potency of 24,25(0OH).D, to vitamin
D protein (DBP) was 1-7 times weaker than that of
24,25(0H),D;,, as shown in Fig. 3(a), the latter could
not be substituted for the former’s assay and
24,25(0OH),D; itself should be used as a standard com-
pound for the assay.

Analytical data on the proposed method

The proposed method was applied to pooled plasma
samples of healthy subjects to check the sensitivity and
reproducibility. As shown in Table 1, the detection
limits of vitamin D,, 25-OH-D,, 24,25(OH),D; and
1.25(OH),D; were 0-3 and 0-5 ng and 12-5 and 2-0 pg
per tube, respectively. All of the overall recoveries
were higher than 50%. The coefficients of variation
(CV) values of the intra- and inter-assay of 25-OH-D,,
24,25(0H).D; and 1,25(0OH),D, were smaller than 15%
(a satisfactory result), although those of vitamin D,
were comparatively high.

Comparison between the assayed values of 25-OH-D in
plasma by the proposed and CPBA methods

The authors’ proposed method for determination of
25-OH-D, and 25-OH-D, is based on direct UV detec-
tion of the corresponding peaks observed in HPLC. In
order to check the reliability of the assayed values,
those of 25-OH-D, and 25-OH-D; in eight plasma sam-
ples obtained by the authors’ proposed method were
compared with those obtained by a CPBA method
which was performed by applying the fractions of 25-
OH-D, and 25-OH-D; from the analytical HPLC 1I in
the authors' proposed method to a method according
to Belsey et al. (1974).

As shown in Table 2, the respective assayed values
were very close to each other, and there was a highly
significant correlation (P < 0-01) between the two
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Table 2. Comparison between the assayed values of 25-OH-D in plasma by HPLC and CPBA methods

Sample 25-OH-D, (ng ml-1) 25-OH-D; (ng ml-!)
HPLC CPBA HPLC CPBA
1 ND ND 218 265
2 ND ND 20-1 237
3 ND ND 267 255
4 ND ND 272 313
5 ND ND 205 249
6 ND ND 338 29-1
7 4-6 66 227 28-2
8 3459 3321 51 48
Correlation (HPLC versus CPBA): r = 1-00
n = 10 (25-OH-D, + 25-OH-D;)
P <001

ND, Not detected.

Samples 1-6 were normal subjects. Samples 7 and 8 were obtained from patients with hypophosphataemic osteomalacia, who

received orally massive doses of vitamin D,.

groups. The results show that the authors’ proposed
HPLC method for determination of 25-OH-D, and 25-
OH-D; using UV detection gives reliable data without
application of CPBA.

Comparison between the assayed values of 1,25(OH),D
in plasma by the proposed method and the previously
used method

The authors previously assayed 1,25(OH),D in plasma
by an RRA method (Takeuchi et al., 1988). The method
includes extraction of lipid, preliminary purification on
a silica Sep-Pak cartridge, clean-up by HPLC using a
Zorbax SIL column with 10% 2-propanol in n-hexane
as a mobile phase and application to the RRA (Eisman
et al., 1976). However, the authors found a few samples,
including those from normal aduits and children, and
various kinds of patients gave unexpectedly high values
which might be due to insufficient clean-up. The exam-

Table 3. Comparison between the assayed values of 1,25-
(OH),D; in plasma by the proposed method and previously

used method
Case Previous method?  Proposed method
(pg ml-1) (pg ml')

Normal adult 287-8 58-8
Normal child 238-6 85-6
Patient with diabetes 271-3 41-0
Patient with epilepsy 2140 50-2
Patient with epilepsy 229-8 72:2
Normal range 35-65

2 The previous method involves extraction with ethyl acetate
and THF, preliminary purification on a silica Sep-Pak
cartridge, followed by final purification on a normal-phase
HPLC using 10% 2-propanol in n-hexane. Quantitation of
1,25(OH),D; is achieved using radioreceptor assay.

ples are shown in Table 3. Five kinds of plasma sam-
ples obtained from normal subjects and patients with
diabetes and epilepsy were studied by the previous
method and the presently proposed method and they
were compared with the respective assayed values. As
shown in Table 3, the assayed values by the previous
method were 3-6 times higher than the respective
values assayed by the proposed method. When the
1,25(OH),D, fraction obtained from the HPLC of the
previous method were successively applied to the pre-
parative HPLC VI and VII and RRA described in the
proposed method, all of the assayed values decreased
to reach closely the respective values assayed by the
proposed method. Therefore, the authors have con-
cluded that the abnormal high values observed in the
samples by the previous method were due to
insufficient clean-up and use of additional one or two
steps of HPLC is essential for complete clean-up.

Concentrations of vitamin D and its metabolites in
plasma of normal subjects

The proposed method was applied to the plasma sam-
ples obtained from 29 normal male subjects aged in
their twenties in December 1988. The assayed values of
vitamin D,, 25-OH-D,, 24,25(0OH),D, and 1,25(OH),D,
and their distributions are shown in Fig. 4. Vitamin D,
and its metabolites were not detected in any of the
samples. As shown in Fig. 4, the histograms of 25-OH-
D, and 1,25(0OH),D, show regular distributions, while
those of vitamin D, and 24,25(OH),D, were irregular.

Table 4 shows the concentrations of vitamins D,,D,
and their metabolites in the plasma samples obtained
from seven normal male volunteers aged in their twen-
ties who have orally taken 400 international units (IU)
per day for 10 months (Dec. 1988-Oct. 1989) via multi-
vitamin preparations.
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normal subjects are expressed as mean t SE.

Concentration of 25-OH-D, and 1,25(OH),D; in plasma
of various diseases

Figure 5 shows the assayed values of 25-OH-D, and
1,25(0OH),D; in the plasma samples obtained from pa-
tients with epilepsy, liver cirrhosis, leukaemia, diabetes
and sensorineural deafness. All samples were taken be-
fore therapy with vitamin D, or D, and/or la-hydroxy-
vitamin D, (1a-OH-D;). The D, compounds were not
detected in any of the samples. The plasma levels of 25-
OH-D; in the patients with decompensated liver cirrho-
sis (10-5 £ 1-5 ng ml', mean + SE) and leukaemia
(9-3 £ 1-0 ng ml-') were significantly lower than those
of normal adults (24:7 + 1-0 ng m}-!). The plasma levels
of 1,25(0OH),D; in patients with epilepsy (64-8 + 2.3 pg
ml-1) were close to those of the normal children (599 +
3-3 pg ml'). The levels of the patients with diabetes
mellitus type II (63-8 + 5-5 pg ml-1) were slightly higher
than the normal adults (46-6 + 2:8 pg ml-!) but not
significantly so, while those in patients with decom-

Table 4. Changes in the plasma levels of vitamin D and its
metabolites of normal subjects after daily oral administration
of vitamin D, for 10 months

Before  After 10 months

Vitamin D, (ng ml-!) ND 1.7£02
Vitamin D, (ng ml-!) 1.2+02 2-8+03
25-OH-D, (ng ml-1) ND 148 +1-9
25-OH-D; (ng ml-!) 230+ 15 24624
24,25(0OH),D5 (ng ml-1) ND ND

24,25(0OH),D; (ng ml-!) 1-5+£03 22103
1,25(0OH),D, (pg ml-!) ND 298+59
1,25(0OH),D; (pg ml-1) 402 £ 60 482+ 78

Data were expressed as mean + SE of seven samples; ND,
Not detected.

Each normal subject was orally administered 400 IU per day
of vitamin D, for 10 months.

pensated liver cirrhosis (20:9 + 2-5 pg ml), leukaemia
(29-4 £ 4.7 pg ml!) and sensorineural deafness (22-4 +
7-5 pg ml') were significantly lower than in normal
adults.

Changes in the concentrations of vitamin D, and its
metabolites in the plasma obtained from a patient with
hypophosphataemic osteomalacia orally receiving a
massive dose of vitamin D,

Figure 6 shows changes in the concentrations of vita-
mins D,,D; and their metabolites in plasma of a patient
with hypophosphataemic osteomalacia who orally re-
ceived a massive dose of vitamin D,. After oral admin-
istration of vitamin D, (2000 IU per day) for two
weeks, the patient orally received a single dose of
500 000 IU of vitamin D, followed by 1 000 000 IU per
day of vitamin D, for a week. Furthermore, the patient
orally received 1 g per day of sodium phosphate for
two weeks and subsequently 12-20 ug per day of
1,25(OH),D; for three weeks. Blood was taken at least
once a week and the plasma samples were studied using
the proposed method. At the initial stage, the concen-
trations of vitamin D, (not detected), 25-OH-D; (9-2 ng
ml-t), 24,25(0OH),D; (0-6 ng ml') and 1,25(0OH),D,
(24-4 pg ml1) were lower than the respective normal
ranges. The plasma levels of vitamin D,, 25-OH-D, and
24,25(0OH),-D, rapidly increased by the administration
of massive dose of vitamin D, and gradually decreased
after stopping it. In contrast, although the plasma
levels of 1,25(OH),D, significantly increased (P < 0-01)
from the initial level (not detected) by the administra-
tion of a massive dose of vitamin D,, the increase was
not so large and the total levels of 1,25(0OH),D, and
1,25(0H),D; were kept in the normal range. By the
administration of 1,25(OH),D;, the plasma levels of
1,25(0OH),D, gradually decreased according to the in-
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Fig. 5. Concentrations of 25-OH-D; and 1,25(OH),D; in plasma of patients with various diseases. The numbers of subjects in
parentheses; *, significantly different from normal adults, P < 0-01.

crease of 1,25(OH),D, levels and the total levels of
1,25(0OH),D, and 1,25(0OH),D, were strictly controlled
within 50-80 pg ml-'. The plasma levels of vitamin D,
compounds were little changed by the administration
of vitamin D,.

DISCUSSION

Recently, significant progress has been made in the
field of assay of vitamin D and its metabolites in bio-
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logical fluids and many methods have been reported
(Belsey et al., 1974; Eisman et al., 1976; Bikle, 1983;
Horst, 1985; Jones et al., 1985; Porteous et al., 1987;
Takeuchi et al., 1988). Simultaneous determination of
vitamin D and its metabolites has been also reported in
a few papers (Lambert et al., 1981; Parviainen et al.,
1981; Bouillon et al, 1983; Hollis & Pittard, 1984).
However, most of these assayed vitamin D and its
metabolites without separating the respective D, and
D, compounds. Since all of the vitamin D, compounds
are derived from exogenous sources, separative assay of

NaHPO,
D, 500000 IU/d é%

2,000 U/7d |1.000.000 W/d 1,.25(0M),D, 12~20 ug/d

0 1 2 3 4 5 ] 7

Weeks after the first administration
o---0c D, compounds, e— D, compounds, o—o Total D (D,+D,) compound

Fig. 6. Changes in the plasma concentration of vitamin D and its metabolites after oral administration of vitamin D, or
1,25(OH),D;, in a patient with hypophosphataemic osteomalacia.



Determination of vitamins D,, D; and their metabolites 223

the D, and D, compounds in human plasma allows
distinction between the endogenous and exogenous
sources. Gas chromatography-mass spectrometry (GC-
MS) was used for simultaneous determination of the
D, and D, compounds of 25-OH-D, 24,25(OH),D and
25,26(0H),D in plasma samples and successful results
were reported (Coldwell er al., 1989).

However, since the sensitivity of GC-MS is insuffi-
cient for the determination of pg amounts in samples,
its application to the determination of 1,25(OH),D in
plasma is difficult.

The authors previously reported a method for the
simultaneous determination of 24,25(0OH),D,, 24,25-
(OH),D,, 1,25(0OH),D, and 1,25(OH),D, in plasma
(Matsuoka et al., 1989) and in bone marrow (Masuda
et al., 1989). In this paper, the authors have added the
determination of vitamins D,,D,, 25-OH-D, and 25-
OH-D, and completed a method for the simultaneous
determination of the D, and D, compounds of vitamin
D, 25-OH-D, 24,25(OH),D and 1,25(0OH),D in plasma.

As shown in Fig. 2, good separations between the D,
and D, standard compounds were obtained by the pro-
posed method. Successful separations between vitamins
D, and D, and between 25-OH-D, and 25-OH-D; in a
plasma sample were also obtained without disturbance
by interfering substances. In order to confirm the relia-
bility of the authors’ assayed values of 25-OH-D, and
25-OH-D;, eight plasma samples were chosen in which
levels of the metabolites were assayed by the presently
proposed method and the CPBA method (Belsey et al.,
1974). As shown in Table 2, the assayed values were
close to each other and a highly significant correlation
was observed between the two groups. Therefore, the
authors’ proposed method for the assay of 25-OH-D,
and 25-OH-D,, based on direct UV measurement, is
confirmed to be a highly reliable one.

As shown in Fig. 2, no significant peaks correspond-
ing to 24,25(0OH),D,, 24,25(OH),D,, 1,25(0OH),D, and
1,25(0OH),D, were observed in the chromatograms of a
sample, because plasma levels of the metabolites were
too low to be detected by a UV detector. Therefore, the
fractions corresponding to the metabolites previously
confirmed by the standard compounds were collected
and applied to the CPBA or RRA method. As shown
in Fig. 2, no apparent peak due to interfering sub-
stances was observed in the corresponding fractions of
the final HPLC. This phenomenon is very important
for carrying out the assay successfully. If apparent in-

terfering peaks are observed in the fractions, it means

there is insufficient clean-up and abnormally high val-
ues of 24,25(0H),D and 1,25(OH),D are usually ob-
tained.

Table 3 shows the comparison between the values of
1,25(0H),D; in five kinds of plasma samples assayed
by the previously used method (Takeuchi e al., 1988)
and the proposed method. The assayed values by the
previous method were approximately 3-6 times higher

than the respective values obtained by the proposed
method. Since the steps of clean-up procedures in the
previous method are less than those in the proposed
method, the high values might be derived from
insufficient clean-up. In fact, the high values obtained
by the previous method could be decreased to values
close to the proposed method’s values by further clean-
up of the 1,25(OH),D, fractions. Abnormally high val-
ues were not always obtained by the previous method
and these were rather rare cases. More than 90% of
plasma samples assayed by the previous method gave
reasonable values, while the remaining samples gave
high values. The authors first found such samples giv-
ing abnormal high values in patients with diabetes and
epilepsy, and therefore it was thought that these phe-
nomena might be special in the patients. Therefore, it
was thought that the problem could be solved by appli-
cation of additional one or two steps of HPLC to such
samples. However, overestimation was observed even
in the plasma obtained from normal adults and chil-
dren. The appearance of such abnormality was irregu-
lar and could not be predicted. Therefore, the authors
conclude that the three steps of HPLC used in the pro-
posed method are essential for the accurate determina-
tion of 1,25(0OH),D is plasma, because the appearance
of samples giving such abnormal high values cannot be
predicted.

Table 4 shows the concentrations of vitamins D,,D;
and their metabolites in the plasma samples obtained
from normal subjects who had orally taken 400 IU per
day for 10 months via a multivitamin preparation,
Vitamin D, and its metabolites could not be detected in
any of the samples at the initial stage and this suggests
that nobody took exogenous vitamin D, via pharma-
ceutical preparations or foods at the time. When the
volunteers received orally 400 IU per day of vitamin D,
for 10 months, the plasma levels of vitamins D,, 25-
OH-D, and 1,25(0OH),D, significantly (P < 0-05) in-
creased, but those of 24,25(OH),D, were still below the
limit of detection (Table 4). Since 24,25(OH),D is
formed from 25-OH-D when plasma calcium concen-
trations are higher than normal (DeLuca, 1976), the
fact that no significant amount of 24,25(0H),D, was
observed in the plasma suggests that intake of 400 TU
per day of vitamin D, has little risk of hypervitaminosis
for vitamin D.

Although the histograms of 25-OH-D; and 1,25-
(OH),D, show regular distributions, those of vitamin
D, and 24,25(0OH),D, were irregular (Fig. 4). It is well
known that endogenously photosynthesized vitamin D,
and exogenously taken vitamin D, and D, are rapidly
incorporated in adipose tissue or rapidly metabolized
to 25-OH-D; or 25-OH-D,, and therefore plasma levels
of vitamin D itself are labile and usually much lower
than those of 25-OH-D (Lawson et al., 1986; Liel et al.,
1988). The authors’ resuits, that the distribution of
plasma vitamin D, levels did not show a regular histo-
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gram, might be due to the properties of vitamin D in
vivo. In contrast, plasma levels of 25-OH-D are not
labile and directly reflect incorporated amounts of
vitamin D, the levels usually show regular distribution
and the nutritional status of vitamin D,. The authors’
results, that the plasma levels of 25-OH-D, showed a
regular histogram, agreed with the theory. Since
metabolism of 25-OH-D to 1,25(0OH),D is strictly feed-
back controlled by plasma calcium and phosphorus
levels and other factors (DeLuca, 1976), abnormal
plasma levels of 1,25(OH),D suggest that some dis-
orders in the feedback control system have occurred.
Therefore, plasma levels of normal subjects are usually
within the normal range and the distribution usually
shows a regular histogram. The authors’ results on the
plasma levels of 1,25(OH),D, agreed with the theory. It
is unclear why 24,25(0OH),D did not show a regular his-
togram. It is well known that 25-OH-D is metabolized
into 24,25(OH),D in the kidney when plasma calcium
levels are normal or higher than normal. If 24-hydroxy-
lation of 25-OH-D in the kidney is controlled only by
plasma calcium concentrations, the plasma levels of
24,25(OH),D; should show a regular histogram.
However, the results did not show a regular histogram
and they suggest that the conversion may be not regu-
lated by plasma calcium concentration levels but by
other unknown factors.

The proposed method was applied to the plasma
samples obtained from patients with epilepsy, liver cir-
rhosis, leukaemia, diabetes and sensorineural deafness
(Fig. 5). The patients with decompensated liver cirrho-
sis and leukaemia shown significantly lower 25-OH-D,
levels than normal adults, and the results strongly
suggest that the patients might have little chance of
exposure to sunshine because of their serious illness.
The lower plasma levels of 1,25(OH),D; in patients
with decompensated liver cirrhosis, leukaemia and
senso-rineural deafness suggest that disorder of vitamin
D metabolism might be derived from their illness.

The proposed method was also applied to the plasma
samples obtained from a patient with hypophos-
phataemic osteomalacia receiving massive doses of vita-
min D,. As shown in Fig. 6, the plasma levels of vita-
min D, itself immediately increased by single dose of
500 000 IU vitamin D,, but these rapidly decreased
within three days and increased again by sequential
doses of 1000000 IU of vitamin D,. The changes
suggest that incorporation of vitamin D, in adipose
tissue and/or metabolism to 25-OH-D, in liver might
occur rapidly. The plasma levels of 25-OH-D, and
24,25(0H),D, rapidly increased and gradually de-
creased after stopping the administration. The results
suggest that the in-vivo formation of the two com-
pounds might be not regulated by physiological factors
but correlated with intake of vitamin D,. In contrast,
the formation of 1,25(OH),D, was not so great even
after a massive dose of vitamin D, and the results

suggest that the formation of 1,25(0H),D from 25-OH-
D, in the kidney was strictly controlled by a feedback
regulation system and that the regulation system acted
equally on 25-OH-D, and 25-OH-D, without distin-
guishing the two compounds.

As mentioned above, the presently proposed method
has been confirmed to be useful as a routine method
for the simultaneous determination of the D, and D,
compounds of vitamin D—25-OH-D, 24,25(0OH),D
and 1,25(OH),D—in biological fluids, especially in
human plasma. The authors applied the method not
only to normal subjects but also to patients with epilepsy,
liver cirrhosis, leukaemia, diabetes, sensorineural deaf-
ness and hypophosphataemic osteomalacia; successful
results were obtained. Simultaneous determination of
the D, and D, compounds in 20 plasma samples can be
performed within seven days by the proposed method.
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