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SUMMARY 

Vitamin D (choiecalciferol-like) steroids added to the culture medium induce a specific calcium-binding 
protein (CaBP)$ in embryonic chick duodenum maintained in organ culture. Responses of the isolated 
duodenum faithfully mimic several other cholecalciferol-dependent responses observable in vivo attesting 
to their physiological significance. Therefore, this system provides a relevant bioassay, i.e. a physiological 
response (CaBP-induction) in a principal target organ, for the study of structure-activity relationships 
of biologically-significant cholecalciferol-like steroids. 

The several cholecalciferol-like steroids normally circulating in the intact animal, including cholecalci- 
feral itself, 25-hydroxycholecalciferol, 24R,25-dihydroxycholecalciferol and la.25dihydroxycholecalci- 
feral, induced CaBP biosynthesis in vitro at or below physiological concentrations. This clearly demon- 
strates the relative rather than absolute specificity of the intestine for cholecalciferol-like steroids in 
the induction of CaBP. 

Maximal activity was observed with either la-hydroxycholecalciferol (not a native steroid), 
la,25-dihydroxycholecalciferol or la,24R,25-trihydroxycholecalciferol indicating a requirement for the 
la-hydroxyl function but suggesting the non-essentiality of the 25-hydroxyl function. The cis triene 
structure and an intact side-chain were also found to be essential to optimal activity. Preliminary 
studies with impure analogs suggest an absolute requirement for the 3/I-hydroxyl group. The minimal 
structure inducing CaBP among naturally occurring steroids is cholecalciferol itself. 

INTRODUCTION 

Among several physiological actions of vitamin D 
(cholecalciferol), stimulation of the intestinal calcium 
absorptive mechanism has received considerable 
attention. At the molecular level, cholecalciferol acts 
as other hormonal steroids [l] and, in this case, there 
is de novo induction of a single new mRNA species 
coding for a calcium-binding protein (CaBP) in the 
intestine [Z]. CaBP biosynthesis appears to be a con- 
comittant of the action of cholecalciferol in increasing 
calcium absorption [3]. If not the sole agent of chole- 
calciferol-mediated calcium transport, CaBP is di- 
rectly involved [4]. The exact mechanism of its action 
remains obscure. 
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$ Abbreviations and trivial names: vitamin D (cholecal- 
ciferol)-induced calcium-binding protein, CaBP; vitamin 
D1 (ergocalciferol) 9,10-secoergosta-5,7.10(19), 22-tetraen- 
3/?-01; -vitamin D, (cholecaiciferolj 9,iO-secocholesta- 
5,7,10(19)-trien-3/&ol; dihydrotachysterol, (DHT,). 
9,1O-secocholesta-5,7-dien-3)%ol; 5,6-trans-cholecalciferol, 
9.1O-seco-(5E.7E)-5.7.lO(l9)-cholestatrien-3~-ol. All other 
abbreviations are self-explanatory on the basis of the pos- 
ition of hydroxyl functions or other modifications of the 
basic steroid nuclei. 

An organ culture system using the embryonic chick 
duodenum has been developed which mimics the neo- 
natal chick intestine in vivo in its responses to chole- 
calciferol [S]. It is particularly sensitive to cholecalci- 
ferol-like steroids added to the culture medium in 
terms of CaBP induction [S-7]. The present report 
examines quantitatively the structure-activity rela- 
tionships of various biologically significant cholecalci- 
ferol-like steroids using this system. 

METHODOLOGY 

Organ Culture Technique. The culture technique has 
been described in detail elsewhere [S-8]. It consists 
basically of a system for maintenance of 20-day-old 
embryonic chick duodenum in organ culture in a 
defined medium. One of the distinct advantages of 
this system is the absence of CaBP from the 
embryonic intestine [9-l 11, providing a “zero CaBP” 
control. CaBP induction is undoubtedly de novo 
[12-141. Measurement of CaBP is by means of a 
specific, sensitive radial immunodiffusion technique 
[S]. Other experimental details appear in the legends. 

Steroids. Pure crystalline vitamin D2 (ergocalci- 
ferol) and Da (cholecalciferol) were purchased from 
Sigma (St. Louis). Pure crystalline 25-hydroxychole- 
calciferol was the gift of Dr John Babcock, Upjohn 
Co., Kalamazoo, MI, U.S.A. DHTs, 25-OH-DHT, 
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and 5,6-trans-25-hydroxycholecakiferol were the gifts 
of Dr Philip Bell, Dunn Nutritional Labs, Cambridge, 
England. 5,6-trans-cholecalciferol was the gift of Dr 
H. F. DeLuca, University of Wisconsin, Madison, 
U.S.A. Side-chain analogs and the 3-deoxy derivatives 
were the gifts of Dr A. W. Norman, University of 
California, Riverside, U.S.A. Pure, crystalline syn- 
thetic I a-hydroxycholecalciferol, 1 x,25-dihydroxycho- 
lecalciferol. lcr,24R,25-trihydroxycholecakiferol and 
24R,25-dihydroxycholecalciferol were the gifts of Dr 
M. Uskokovic of Hoffmann-LaRoche. Nutley. NJ, 
U.S.A. 

The purity of the crystalline synthetic steroids was 
verified by U.V. absorption spectrometry and high 
pressure liquid chromatography (Waters Associates) 
using a 3.9 x 4Ocm Cl* -micro Bondapak column 
with an eluting solvent of MeOH:H,O (85: 15) at a 
flow rate of 1.5 ml/min (Maxwell, Villareale and 
Fullmer, unpublished). In this HPLC technique, base- 
line separation of all the steroids can be achieved in 
a single run with cholecalciferol itself being_ stripped 
off the column at the end with looO/, MeOH. The 
purity of other steroids was assessed by t.1.c. [6] as 
well as U.V. spectrometry. 

RESULTS 

The results shown in Fig. 1 were obtained using 
pure. crystalline, synthetic steroids added to the cul- 
ture medium at the concentrations indicated. The cul- 
ture period was 48 h. 

Several features of this data should be noted. First, 
the lowest effective levels inducing CaBP were equal 
to or considerably below circulating plasma levels 
reported by others. The exquisite sensitivity of the 
system should accordingly be emphasized. (Estimates 
of circulating chokcalciferol-like steroid concen- 
trations have been reported as follows: cholecakiferol 
and 25-hydroxycholecalciferol, approximately lo-* M 
[15,161; 1 a,25-dihydroxycholecalciferol, approxi- 
mately lo- * ’ M [ 16.173 ; 24R,25-dihydroxycholecal- 
ciferol, approximately IO-* M [ 183. The circulating 
level of la,24R,25-trihydroxycholecalciferol in normal 
animals is unknown. The la-hydroxycholecalciferol 
derivative has not been reported to occur naturally 
but it is of considerable biomedical interest.) 

Second, the slopes of the response curves were stat- 
istically indistinguishable indicating that the same 
biochemical mechanism of induction was operative 
regardless of inducer. On the basis of these two fea- 
tures it is virtually certain that physiologically rele- 
vant responses were observed. 

Third, the biological potencies of la-hydroxy- 
cholecalciferol, 1 a,25dihydroxycholecakiferol and 
1 a,24R,25-trihydroxycholecalciferol were statistically 
identical. 

Relative potencies of all the cholecalciferol-like 
metabolites and analogs so far tested were calculated 
from the regression line for 1 a,25-dihydroxycholecl- 
ciferoi of Fig. 1 and the data presented in Table 1. 

J 
,o-12 ,o-Il ,o-lc ,0-g ,0-e ,o-7 10-6 

Steroid concentration, M/6.5 

Fig. I. CaBP induction by biologically significant cholecal- 
ciferol-like steroids in organ-cultured duodenum. Values 
are the mean f SE. of six duodena/point. The steroids 
used arrived as crystals in sealed ampules under argon 
from Dr Milan Uskokovic of Hoffmann-LaRoche. The 
lines plotted were obtained by regression analysis. All had 
correlation coefficients of 20.96 and slopes that did not 
differ significantly from each other. Symbols used: closed 
circles, cholecalciferol (Ds); closed trianglea 24R.25dihy- 
droxycholecalciferol(24R); closed stars, la,24R.25-trihy- 
droxycholecalciferol (1,24,25); open squares. 25-hydroxy- 
cholecalciferol(25-OH-Do); open circles. la-hydroxychole- 
calciferol (I a); open stars, I a,25_dihydroxycholecakiferol 

(la,25-(OH),-D,). 

For comparative purposes Table 1 shows the potency 
of the metabolite or analog relative to la,25-dihy- 
droxycholecalciferol with a potency arbitrarily set at 
10,000. It is obvious that cholecalciferol-like steroids 
varying in potency over a range of at least IO4 can 
be tested in this system. 

Because of the small amounts available, only one 
or two logarithmic concentrations of certain analogs 
could be tested and regression data could not always 
be obtained. However, the parallelism of the ‘dose’- 
response curves shown in Fig. I indicates: first, a 
single biochemical mechanism of CaBP induction re- 
gardless of the chemical identity of the inducer; 
second, an enormous range over which the CaBP bio- 
synthetic response to the inducer is log-log linear; 
and third, the only limiting’ factors for CaBP induc- 
tion in this system appear to be steroid concentration 
and intrinsic potency. On these bases it was assumed 
that reasonably reliable estimates of relative potency 
could be obtained from this limited data. In every 
assay cholecalciferol was used as a reference control. 
Since the interexperimental response to this steroid 
is quite uniform it was unnecessary to normalize the 
CaBP concentrations induced by the test steroids. In 
cases where more than one concentration was tested, 
sin& relative potencies were obtained when calcu- 
lated as outlined in the legend of Table 1. 

It is of some interest that the chokcalciferol-like 
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Table 1. Relative potencies of cholecalciferol metabolites and analogs in the induction 
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of CaBP in the organ-cultured duodenum 

Analog 

la.25dihydroxycholecalciferol 
la,24R,25-trihydroxycholecalciferol 
1 I-hydroxycholecalciferol 
25-hydroxycholecalciferol 
25-hydroxydihydrotachysterol, 
24R.25-dihydroxycholecalciferol 
5.6-trans-25-hydroxycholecalciferol 
Dihydrotachysterol, 
5,6-trans-cholecalciferol 
Cholecalciferol 
24-homo-25-hydroxycholecalciferol 
Ergocalciferol 
24-nor-25-hydroxycholecalciferol 
3-deoxy-3z-methyl-lz-hydroxycholecalciferol 
3-deoxy-1 r-hydroxycholecalciferol 
Side chain analogs with more than 

1 carbon removed 

Potency relative to la,25- 
dihydroxycholecalciferol’ 

1 0,0002 
10,000* 
10,000~ 

I 502 
75 
302 
30 
25 
15 
IO2 
3 (tentative)’ 
1 
I 
0.3 (tentative)3 
0 (tentative)3 
0 (tentative)3 

’ Values were determined by use of the regression equation for la,25-dihydroxy- 
cholecalciferol activity in Fig. 1: log J’ = 0.47 log x + 5.29. That is, the value of J 
(CaBP concentration) induced by a given steroid was inserted into the equation and 
the value of x (la,25-dihydroxycholecalciferoi concentration) determined. The ratio 
of the actual concentration of the steroid used to the concentration of Ia,25-dihydroxy- 
cholecalciferol needed to achieve the same response was calculated. The potency of 
la,25-dihydroxycholecalciferol was arbitrarily set at 10,ooO and the relative potencies 
of the other steroids were determined by dividing the calculated ratio into 10,000 
(Table 1). 

* Determined in one study using crystalline, synthetic steroids. Other values are 
reasonably accurate estimates from data obtained in previous studies (see Results). 

3 Values followed by the word ‘tentative’ were obtained using analogs which had 
degraded on shipping approximately l&25%. These can be considered valid only 
to the extent that degradation products may not have been inhibitory. 

steroids tested tend to cluster to some extent in terms 
of their potencies. For example, as already mentioned, 
the la-hydroxylated derivatives were equipotent re- 
gardless of other hydroxylations. The dihydroxylated 
derivatives were generally more potent than the 
monohydroxylated forms. Even minimal alteration of 
the side-chain resulted in considerably reduced or 
zero potency (ergocalciferol, 24-nor-25-hydroxychole- 
calciferol and 24homo-25hydroxycholecalciferol). 
Although the 3-deoxy derivatives degraded on ship 
ping, it seems reasonable to suggest that the 
3B-hydroxyl function is essential to biological activity. 
To a slight extent the 3a-methyl substitution appeared 
to provide some biological activity to the 3-deoxy de- 
rivative tested. Although pseudo I-hydroxyl deriva- 
tives (the tachysterols and the 5,6-trans isomers) were 
more potent than cholecalciferol itself, it appears that 
optimal activity requires the cis triene structure as 
well as the la and 38 hydroxyl functions. This cannot 
be finally concluded, however, until the 5,6-trans-deri- 
vative of 1 a-hydroxycholecalciferol has been tested. 
So far as is known this analog has not been synthe- 
sized. 

DISCUSSION 

Although induction of CaBP by cholecalciferol-like 
steroids represents an established, biologically-rele- 

vant response, the data obtained in this isolated intes- 
tinal system are not strictly comparable to data 
obtained in the intact animal for at least two reasons. 

First, there is evidence that cholecalciferol-like 
steroids may undergo further metabolism in oiuo prior 
to their action on the intestine, e.g. Ia-hydroxychole- 
calciferol is rapidly converted to lu,25-dihydroxy- 
cholecalciferol [19], and this conversion may be re- 
sponsible for the apparent equipotency of these two 
steroids in do. However, neither 25hydroxylation of 
cholecalciferol nor la-hydroxylation of 25-hydroxy- 
cholecalciferol occurs to any detectable extent in the 
organ-cultured duodenum [6]. The possibility of 
conversion of 1 a-hydroxycholecalciferol itself to 
la,25-dihydroxycholecalciferol in this system could 
not be directly tested. However, even if there were 
a 25-hydroxylase in the intact embryonic intestine 
which could effect this transformation, while unable 
to hydroxylate cholecalciferol itself, the data of Fig. 1 
indicate that the conversion would have had to be 
quantitative. This seems unlikely since the 25-hydrox- 
ylase activity of intestinal homogenates is consider- 
ably less than that of liver, the major site of 
25-hydroxylation in uioo [20]. Therefore, in terms of 
CaBP induction by the intact, functioning intestinal 
cell, the la-hydroxyl derivative appears to be the sim- 
plest structure possessing optimal biological potency. 

Second, cholecalciferol-like steroids are probably 
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of the chole~Ic~ferol-like steroids tested in fetal rat 
bone cultures [29]. CaBP has recently been detected 
in bone [30]. This observation may possibly explain 
the similar inactivity of 3-deoxy-la-hydroxycholecal- 
ciferoi in both systems [29], suggesting the need for 
the 3/Chydroxyl function for activity. The 3cc-methyl 
function does seem to substitute to a slight extent 
for the missing hydroxyl group in the present studies 
(Table 1). 

metabolized in viva to inactive forms [21,22]. Inacti- 
vation may depend on factors such as intestinal and 
other enzymes, which do not appear to function in 
the organ cultured duodenum. Further, storage and 
excretion occur in vim At least partly for these 
reasons, the relative potencies of 1 z,25-dihydroxy- 
cholecalciferol and 25-hydroxych~lecalc~ferol for in- 
testinal calcium absorption it? oizto are considerabiy 
lower [23,24] than their relative potencies reported 
here. The absence of these factors in no way limits 
the utility of the in vitro system, but in fact greatly 
simplifies evaluation of new analogs. In addition the 
data obtained in this simple screening system can 
serve as a guide in the synthesis of choleca~ciferoi ing 

analogs for possible medical use. Of course, the fmal 
test of therapeutic value of new analogs requires ex- 
perimental trials in intact animals and uitimately I. 

humans. 
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