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Thus, while these results would support the possibility that 
any phospholipase C derived from complement may differ 
from the exogenous enzyme as regards accessibility to the 
sphingomyelin substrate, in our opinion, the same observa- 
tions may be used to  argue that phospholipase C activity is 
not produced upon activation of the terminal complement 
components. 
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25,26-Dihydroxycholecalciferol, a Metabolite of Vitamin D, with 
Intestinal Calcium Transport A c t i v i t y *  

T. Suda, H. F. DeLuca,? H. K. Schnoes, Y .  Tanaka, and M. F. Holick 

ABSTRACT: A metabolite of vitamin D Q  (40 pg) has been 
isolated in pure form from the plasma of eight pigs given 
250,000 IU of vitamin D3/day for 28 days. It has been unequiv- 
ocally identified as 25,26-dihydroxycholecalciferol by means 

S ince the successful identification of 25-HCC1 (Blunt et al., 
1968a) and 25-HEC (Suda et a[., 1969), it has been strongly 
suggested that all vitamin D compounds must be hydroxylated 
in the 25 position before they are active. Both 25-HCC and 
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1 Abbreviations used are: 25-HCC, 25-hydroxycholecalciferol ; 

25-HEC, 25-hydroxyergocalciferol; 21,25-DHCC, 21,25-dihydroxy- 
cholecalciferol ; 25,26-DHCC, 25,26-dihydroxycholecalciferol. 

of mass spectrometry and ultraviolet absorption spectra. This 
metabolite has some activity in intestinal calcium transport, 
but is birtually inactive in the cure of rickets and in the 
mobilization of bone mineral in rats. 

25-HEC were 1.4-1.5 times more active than vitamin DZ or 
Dz in curing rickets in rats (Blunt et al., 1968b; Suda et al., 
1969). Not only were they more active than their parent 
vitamins in the stimulation of intestinal calcium transport 
and in the mobilization of bone mineral, but they acted more 
rapidly (Blunt et al., 1968b; Suda et al., 1970a). In addition, 
25-HCC was effective in isolated target organs while vitamin 
D 3  itself was without effect (Olson and DeLuca, 1969; Trurnmel 
et al., 1969). Therefore, 25-hydroxy D vitamins seemed to be 
at least the circulating or hormonal active forms of the 
vitamins (DeLuca, 1969). 

Recent studies on the metabolism of [3H]vitamin D B  have 
demonstrated that other metabolites, more polar chrorna- 
tographically than either vitamin D 3  or 25-HCC, are present 
in certain tissues and blood following administration of 
physiological doses of the radioactive vitamin D or 25-HCC 
(Ponchon and DeLuca, 1969; Haussler et al., 1968; Lawson 
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et a/., 1969; Cousins et a/., 1970a,b). Although the biological 
activity of these polar metabolites is still unclear, their identi- 
fication appeared important to a thorough understanding 
of the mechanism of vitamin D action. 

More recently one of these polar metabolites has been 
isolated in pure form from hog plasma and identified as 
21,25-DHCC (Suda et a/., 1970b). It was found to have a 
marked action on mobilization of bone mineral while having 
a small effect on intestinal calcium transport and in the cure 
of rickets in rats (Suda et a/., 1970b). 

Another polar metabolite has now been isolated in pure 
form from hog plasma and unequivocally identified as 
25,26-DHCC. This metabolite was shown to have activity in 
intestinal calcium transport while having no effect on bone 
mineral mobilization and in the cure of rickets in rats. It is 
the purpose of this communicaion to report these results. 

Methods and Results 

General Procedures. Ultraviolet spectra were recorded 
with a Beckman DB-G spectrophotometer. Samples were 
dissolved in ethanol. A molar extinction coefficient of 18,000 
at  265 mp was used for vitamin D3 and 25-HCC (Blunt et a/., 
196Sa). A molar extinction of 18,000 a t  265 mp  was assumed 
for 25,26-DHCC as well. Mass spectra were determined with 
an  MS-902 mass spectrometer (electron energy, 70 eV; 
ionizing current, 450 pA; source temperature, 135-1 50 O 
above ambient) using a direct introduction probe. 

All radioactive determinations were carried out with a 
Packard Tri-Carb liquid scintillation spectrometer, Model 
3003, equipped with an external standardization system. 
Samples for tritium determination were evaporated to  dryness 
with a stream of air, dissolved in toluene-counting solution 
(2 g of 2,5-diphenyloxazole and 100 mg of 1,4-bis-2-(4-methyl- 
5-phenyloxazolyl)benzene per 1. of toluene), and counted. 

Acetylation Reactions. About 1 pg of the metabolite was 
allowed to stand at  room temperature for approximately 5 
hr in a solution of 5 pl of acetic anhydride and 5 p1 of pyridine. 
The mass spectrum of the derivative was obtained by trans- 
ferring the entire mixture to  the probe tip and allowing the 
solvent to evaporate. 

Silyl Ether Formation. Complete silylation was accom- 
plished by treating the metabolite with about 10 pl of silylating 
reagent (pyridine-hexamethyldisilazane-trimethylchlorosil- 
ane, 7 :2 : 1, v/v) for approximately 2 hr. 

Periodate Cleaaage. To about 1.5 pg of the metabolite in 20 
pl of methanol a drop of 5 % aqueous NaI04  was added. After 
20 min the solution was diluted with water and extracted with 
chloroform. The chloroform solution was concentrated to a 
few microliters which were transferred to the probe tip for 
mass spectral analysis. 

Isolation of Metabolites. Plasma (14.1 I.) was obtained from 
eight hogs which were maintained on normal stock rations 
supplemented with 250,000 IU of vitamin D3 daily for 28 
days. The plasma was made 70% saturated with (“&Sod, 
and the precipitate was extracted with methanol-chloroform 
and partitioned to remove less polar metabolites of vitamin D3 
as previously described (Suda et a/., 1970b). 

Exactly 100 IU (2.5 pg) of [1,2-3H]vitamin DO which was 
prepared in this laboratory, was dosed intravenously to each 
of 51 chickens, which were maintained on a vitamin D 
deficient diet (Imrie et a/., 1967) for 27 days. Twenty hours 
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FIGURE 1 : Silicic acid column chromatographic profile of plasma 
peak V. The column was eluted with an ether-Skelly B-methanol 
gradient as described in the text, (-) Radioactivity; (-----) gra- 
dient; 10-ml fractions were collected and tubes 7G90 were used in 
further purification. 

after administration blood was collected by decapitation 
giving 133 ml of plasma after centrifugation. This was ex- 
tracted with methanol-chloroform, and 3H-labeled polar 
metabolites were partitioned and applied to a silicic acid 
column (Ponchon and DeLuca, 1969) to  obtain the 3H- 
labeled peak V as previously described (Suda et a/., 1970b). 

The radioactive peak V taken from chicken plasma was then 
mixed with the extract from the hog plasma. The combined 
extract was then applied in 20 ml of chloroform to a large 
150-g, 60-cm, multibore silicic acid column measuring step- 
wise in diameter 1.0, 2.0, 3.0, and 4.0 cm. The column was 
eluted with the Skelly B (n-hexane, bp 67-68 O)-ether-methanol 
gradient as previously described (Suda et a/., 1970b). The 
peak V was eluted as a single peak in the 5 % methanol region. 
The peak V was then rechromatographed on a regular 
straight silicic acid (20-g) column as described by Ponchon 
and DeLuca (1969) except that the constant-volume mixing 
chamber contained 250 ml of 50% diethyl ether in Skelly B 
and the holding chamber contained 500 ml of 100% diethyl 
ether. As soon as the holding chamber became empty, it was 
filled with 400 ml of 5 z methanol in diethyl ether. Fractions 
of 10 ml were collected. The elution profile is shown in Figure 
1. Clearly the original peak V has been resolved into at  least 
three components, which were designated Va, Vb, and Vc. 
The peak Va has been identified as 21,25-DHCC (Suda et a/.,  
1970b). The peak Vc collected in tubes 70-90 was then 
rechromatographed on a Celite partition column, especially 
designed for peak V metabolites as previously described 
(Suda et a/., 1970b). The column was developed with the 
mobile phase (20% chloroform-SO z Skelly B equilibrated 
with 90% methanol-10z water) with 5.5-ml fractions col- 
lected. The profile of radioactivity from that column is shown 
in,Figure 2. The peak Vc has now been resolved into four 
peaks. The major peak Vc,3 (tubes 77-90) was then applied 
in 0.1 ml of methanol to a 60 X 1 cm Sephadex LH-20 column 
(Pharmacia Fine Chemicals, Inc., Piscataway, N. J.) which 
was developed in methanol. Fractions of 1 ml were collected. 
Figure 3 shows the profile of radioactivity and 265-mp- 
absorbing material which was eluted from that column. The 
absorbancy at  265 mp exactly coincided with the radioactivity 
plot. The ultraviolet spectrum of the material is shown in 
Figure 4, giving maximum absorption at 265 rnp and minimum 
absorption at  228 mp. A total of 40 pg of the metabolite was 
isola ted. 
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FIGURE 2: Partition chromatography of the peak Vc metabolite 
from Figure 1. Celite was used as the support. The mobile phase 
consisted of 20% chloroform-80x Skelly B equilibrated with the 
stationary phase (90% methanol-lox water). Fractions (5 .5  ml) 
were collected and tubes 77-90 were used in further purification. 

Identification of the Metabolite. The ultraviolet spectrum of 
the metabolite which exhibited absorption at  265 mp, 
indicated an  unchanged cis-triene chromophore (vitamin D3 
shows XEzH 265 mp). Peaks at  mje 136 and 118 (136-H20) 
in the mass spectrum of the metabolite (Figure 5) confirmed 
this assignment, since these ions are characteristic for the 
vitamin D triene system (see, for example, Blunt et al., 1968a, 
and Suda et al., 1969). The molecular weight of 416 suggested 
the incorporation of two additional oxygen functions into 
the vitamin D3 ring system; both of these had to  be located 
in the sidechain, since the peaks at  mje 271 and 253 (271-H~O) 
which correspond to loss of the entire sidechain (cleavage 
of C-17-C-20 bond) in the mass spectrum of vitamin D3 
itself, are also present in the spectrum of the metabolite 
(Figure 5). The metabolite formed a diacetate (mol wt 500) 
on treatment with acetic anhydride in pyridine, but a tri- 
methylsilyl ether (mol wt 632, Figure 5) resulted upon 
silylation of the compound. These transformations establish 
that both additional oxygen functionalities are present as 
hydroxy groupings and that one of these should be located 
on a tertiary carbon center. The exact structure of the com- 
pound followed from an  interpretation of the mass spectra 
of the metabolite and its derivatives. The metabolite spectrum 
(Figure 5) in addition to peaks already discussed shows a peak 
at  M - 18 - 31 (367) suggesting the presence of a CHaOH 
group. Since the acetylation results suggested one tertiary 
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FIGURE 3 : Chromatographic profile of the major peak Vc, 3 (tubes 
77-90 of Figure 2) on a Sephadex LH20 column. The column was 
eluted with methanol. Fractions (1 ml) were collected. The micro- 
grams per tube were cqlculated on the basis of a molar extinction 
coefficient of 18,000 at 265 mp assumed for this metabolite. 
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FIGURE 4: Ultraviolet absorption spectrum of the plasma peak Vc 
metabolite isolated from Sephadex LH20 columns. 

hydroxyl function, the loss of 31 mass units pointed toward 
a 20,21- or 25,26-dihydroxylated side chain. The former 
possibility appeared unlikely since cleavage of the C-20-C-22 
bond should be expected with elimination of the side chain 
fragment comprising carbons 22-27. (For example, 20- 
hydroxycholesterol shows a very intense peak a t  m/e 317 
due to this cleavage.) The mass spectrum of the trisilylated 
metabolite confirmed a 25,26-substitution pattern. The 
relatively intense peak a t  m/e 529 corresponds to loss of 103 
mass units [M - CHz0Si(CH3)3] and the peak at  mje 219 
can result by cleavage of the C-24-C-25 bond as shown in 
Figure 6. The peak at  mje 208 corresponds to mje 136 in the 
spectrum of the metabolite shifted by one silyl grouping. 
The mass spectrometric evidence is summarized in Figure 6. 
Further proof for the presence of a vicinal glycol grouping 
was provided by periodate cleavage of the metabolite which 
gave a compound of mol wt 384 as expected for the trans- 
formation of a 25,26-dihydroxy compound to the corre- 
sponding 25-keto derivative. These data, therefore, establish 
the structure of this new metabolite as 25,26-DHCC (Figure 
7). 

Biological Activity of 25,26- Dihydroxycholecalc~erol. The 
line test assay of 25,26-DHCC was carried out in rats as 
previously described (U. S. Pharmacopoeia, 1955) except 
that it was given intrajugularly in 20 pl of ethanol. 25,26- 
DHCC failed to  show significant antirachitic activity, thus 
its antirachitic activity if any must be less than 4 IU/pg. 

Bone mineral mobilization response to 25,26-DHCC 
intravenously was tested as previously described (Blunt et al., 
1968b) except that only 0.25 pg of 25,26-DHCC was admin- 
istered. In addition, intestines were removed from these rats 
and intestinal calcium transport was measured by the everted 
sac technique as previously described (Blunt et al., 1968b). 
Precise comparison of biological activity of 25,26-DHCC 
to that of 21,25-DHCC was not possible, because of the 
limited amount of the 25,26-DHCC isolated. As shown in 
Table I, 0.25 pg of 25,26-DHCC elicited no significant eleva- 
tion of serum calcium concentration at  12 hr after adminis- 
tration. Under the same conditions, 0.25 pg of 25-HCC 
elevated serum calcium concentration from 4.7 to 6.6 mg %. 
On the other hand, 0.25 pg of 25,26-DHCC significantly 
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more polar than 25-HCC. Myrtle et ai. (1970) have claimed 
that their intestinal peak 4B, which corresponds to our peak V 
chromatographically, is biologically more active than 25-HCC 
in intestinal calcium transport in u im .  Ponchon and 
DeLuca (1969, 1970), however, failed to  confirm this high 
degree of biological activity for peak V. The rapidity of ap- 
pearance of these polar metabolites in the target tissues after 
3H-labeled 25-HCC administration indicates that they never- 
theless are important to a complete understanding of the 
mechanism of vitamin D action. Continued experiments in 
this laboratory have shown that at least some of these polar 
metabolites appear in blood making their isolation from the 
plasma of pigs given large doses of vitamin D3 feasible. 

In previous work in this laboratory, the peak V fraction of 
blood has been resolved into at least three major components 
(Va, Vb, and Vc). The quantitatively major metabolite (Va) 
has already been identified as 21,25-DHCC (Suda et ul., 
1970b). Another (major Vc; V C , ~ )  has now been isolated in 
pure form using isolation techniques similar to  those used 
for the 21,25-DHCC. 

The identification of Vc,3 as 25,26-DHCC was more 
straightforward than that of Va as 21,25-DHCC. A molecular 
ion of 416 demonstrated the addition of two oxygen atoms 
to the vitamin D 3  structure. The oxygen atoms were clearly 
on the side chain since loss of the side chains from both the 
parent vitamin and the metabolite gave identical mje 271 
fragments. One of these had to be a tertiary hydroxyl since 
it did not form an acetate but did form a trimethylsilyl ether. 
A loss of 18 and 31 from the molecular ion suggests a CHzOH 
grouping. This must be adjacent to  a tertiary hydroxyl. This 
limits the possibilities to the 20,21 and to the 25,26 positions. 
The 25,26 position of the added hydroxyls was clearly estab- 
lished by the mass spectra of the tritrimethylsilyl ether deriva- 
tives as described in the Results section, especially the mje 
at 219 resulting from the cleavage of the C-24-C-25 bond. 

The addition of a hydroxyl to  either the 21 or the 26 posi- 
tion of 25-HCC has led to a decrease in the biological activity 
of this circulating active form of vitamin D (Suda et al., 
1970b, and present report). It is especially interesting that 
the 21 hydroxylation yields a compound preferentially active 
on bone while the 26 hydroxylation yields a compound 
which has only significant activity in the intestine. These 
observations may at least be important in designing chemical 
synthesis of vitamin D analogs with specific activities on bone 
or intestine. Biologically, it is difficult to  assess the importance 

of either the 21,25-DHCC or the 25,26-DHCC especially 
since their origins are not clear. They may be functionally 
important in the tissue where they are generated, or they may 
be intermediates on the route to  inactivation. These questions 
are currently under investigation. 
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