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ABSTRACT 

The circulating concentration of the hormonal form of vitamin D, 

la,25-dihydroxyvitamin D (1,25-(0H)̂ D), appears to be stringently modu

lated by calcium, phosphate, parathyroid hormone (PTH), and the vitamin D 

status of the animal. Initially, a competitive binding assay is developed 

which, when coupled with several chromatographic systems, is capable of 

quantitating the plasma concentration of this hormone as well as its meta

bolic precursor, 25-hydroxyvitamin D (25-OHD). The assay is then utilized 

to probe the ionic, hormonal, and dietary interrelationships which sur

round the biosynthesis of these calcium-regulating sterols. 

Data obtained by varying the dietary levels of vitamin D and cal

cium in the chick, rat, and human, show that the circulating concentration 

of l,25-(OH) D hormone is unaffected by abnormally high intakes of vitamin 

D or calcium. In contrast, plasma 25-OHD is markedly elevated with in

creasing dietary vitamin D, and vitamin D-intoxicated patients demonstrate 

a 15-fold increase in the plasma concentration of this metabolite. Die

tary excesses of vitamin D enhance the circulating 25-OHD, probably be

cause the vitamin D-25-hydroxylase is not stringently regulated; the 

causative metabolite of hypervitaminosis D is 25-OHD, not the more potent 

hormonal form of the sterol. 

In addition to diet, the serum concentration of l,25-(OH)2D is 

also ionically regulated, as exemplified by experiments utilizing hypo-

phosphatemic and hypocalcemic rats and porcine. Low plasma levels of 

either ion elicits a 5-fold increase in the concentration of the hormone. 

xv 
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The enhancement of 1,25-(OH)£D in response to calcium deficiency is de

pendent on the presence of the parathyroid glands, implicating PTH. In 

contrast, the response to phosphate deficiency is independent of these 

glands and may result from an action of low serum phosphate on the renal 

synthesis of the l,25-(OH)2D hormone. 

The involvement of the parathyroids in the homeostatic regulation 

of plasma l,25-(OH)2D is substantiated by the discovery and partial char

acterization of specific cytoplasmic and nuclear receptors (in vivo and 

in vitro) which specifically bind 1,25-(OH)2D in this tissue. The recep

tor molecule has a sedimentation coefficient of 3.1 +0.2 (SD)S and a 

molecular weight of 46,000. The binding is specific for the 1,25-(0H)2D 

—8 sterol, occurs at low concentrations (<10 M) of hormone, and demonstrates 

high-binding affinity (K̂  = 4.2 x 10~̂ M). In vitro subcellular distribu

tion of radioactive l,25-(OH)2 pH|D demonstrates a time- and temperature-

dependent movement from the cytoplasm to the nuclear chromatin. These 

molecules are observed in chick, bovine, and human (adenoma) parathyroids, 

but not in chick adrenal, testis, liver, or muscle. Similar intracellular 

receptors have previously been observed in the intestine. 

The importance of the stringently modulated 25-OHD-la-hydroxylase 

is clearly exemplified in an animal disease where this enzyme is com

pletely bypassed due to direct ingestion of the sterol hormone 1,25-

(OĤ D. This disorder has been observed in grazing animals and linked to 

the ingestion of the plants Solanum malacoxylon and Cestrum diurnum. The 

water-soluble calcinogenic factor present in these plants is isolated by 

enzymatic hydrolysis, silicic acid, Sephadex LH-20, Celite, and gas 



xvii 

chromatography. The principle is then identified by bioassay, receptor 

binding, UV absorption, and mass spectrometry, as a glycoside of 1,25-

(OĤ D. It is proposed that this principle accounts for the hyperabsorp-

tion of calcium found in animals eating this plant. 



CHAPTER 1 

INTRODUCTION 

The disease rickets is a condition characterized by abnormal bone 

ossification, and it was Mellanby in 1919 (1) who first demonstrated that 

it was caused by the lack of a dietary trace constituent. In 1922 

McCollum et al. (2) discovered a fat-soluble vitamin in cod liver oil 

which cured rickets in dogs and named it vitamin D. In 1924 Steenbock 

(3) demonstrated that antirachitic activity could be induced in foods and 

animals by ultraviolet irradiation. These discoveries led to the isola

tion and identification of vitamin D2 and vitamin Dĝ , pictured in Figure 

1-1 with their immediate precursors, in the laboratories of Windhaus et 

al. (5) and Windhaus, Schenck, and von Werder (6). 

Although the minimun daily requirement for the vitamin is not 

2 well defined, it is estimated to be 100-400 IU in adult humans, and the 

chick requires about 10 IU daily to prevent the symptoms of rickets (8). 

However, provided that an animal is exposed to sufficient sunlight, it 

requires no dietary vitamin D; thus, the classification of this sterol 

as a vitamin is somewhat tenuous. 

Since man's main natural supply of vitamin D is not derived from 

his diet (9), he is dependent on the ultraviolet rays of the sun for the 

1. The chemical name of vitamin Do, or cholecalciferol, is 
9,10-seco-5,7,10(19)-cholestatrien-3g-ol (4). 

2. One international unit (IU) of vitamin D3 or vitamin D2 is 
defined (7) as 0.25 pg. 

1 
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J3$t° 
PROVITAMIN D 

DIHYDROTACHYSTEROL 

hv 

PREVITAMIN D 

HO' 
VITAMIN D 

(natural form) 

VITAMIN D 

SIDECHAIN (R): 

PROVITAMIN: ERGOSTEROL 7-DEHYDROCHOLESTEROL 

VITAMIN: 02 

DIHYDROTACHYSTEROL: DHT2 

D3 

DHT3 

Figure 1-1. Compounds of the Vitamin D Family. 

The production of vitamin D from its respective provitamin is accom
plished by irradiation with ultraviolet light. The various combinations 
of side chains (R) with the sterol nuclei pictured comprise the respec
tive provitamins, vitamins, and dihydrotachysterols. 
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endogenous conversion of 7-dehydrocholesterol in the skin. Normal expo

sure to the sun prevents rickets in individuals who maintain a diet ade

quate in calcium and phosphorus. Rickets first appeared in environmental 

settings of sunlight deprivation, such as during the Industrial Revolu

tion when air pollution filtered out ultraviolet light and crowded urban 

areas consisted of sunless streets and dark homes. However, the synthetic 

production of vitamin D has provided modern man with an independence from 

the sun. Supplementation of multiple food products in the United States 

has virtually eliminated classical vitamin D deficiency rickets. How

ever, in world-wide perspective, deficiency rickets and nutritional os

teomalacia still represent a health problem, as reflected in the current 

medical literature. Reports from the United Kingdom indicate that rick

ets is a significant problem among the migrant Asian population (10); and 

in Glasgow, an early urban pocket of rickets, 9% of young children demon

strate radiographic characteristics of rickets (11). Rickets also occurs 

in sun-rich areas (12) and is usually related to social customs, such as 

the practice of purdaĥ , and to the consumption of diets high in phytate. 

The prevention of rickets involves the maintenance of the ion 

product of calcium and phosphate in the blood at a level which is con

sistent with normal bone mineralization. Although the endoskeleton con

tains 99% of the body's calcium, the other 1% which is present in the 

extracellular fluids serves many important functions and must be strin

gently regulated. Calcium plays a role in some of life's most fundamental 

3. A practice employed by Muslims and Hindus involving the se
clusion of women from public observation by concealing clothing and high 
walled enclosures within the home. 
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processes such as nerve conduction, muscle contraction, blood clotting, 

enzyme catalysis, and hormone release. Figure 1-2 illustrates the con

trol of plasma calcium (in man) via the interplay of vitamin D, parathy

roid hormone (PTH), and calcitonin (CT) at three organs: intestine, bone, 

and kidney. Plasma calcium is maintained at 10 mg% primarily via absorp

tion from the diet (13), a process which is dependent upon vitamin D. 

The vitamin also acts in concert with PTH to mediate the resorption of 

calcium from bone (14) and kidney (15,16), but these actions of vitamin D 

are less well understood than its classic operation on intestinal calcium 

absorption (17-19). Should plasma calcium fall below 10 mg%, the para

thyroid glands release PTH which functions as a (rapidly acting) calcium 

raising hormone. Should hypercalcemia ensue, CT from the thyroid acts as 

the mirror-image hormone of PTH and inhibits calcium mobilization from 

bone. The net result of these controlled actions is the strict mainte

nance of plasma calcium at the normal level. Vitamin D is essential in 

this homeostatic system as well as in the control of extracellular phos

phate, where it is now known that the vitamin stimulates a phosphorus-

transporting mechanism independent of that of calcium (13,20-23). Thus, 

vitamin D is at the pivotal position in the regulation of skeletal and 

mineral metabolism. 

In 1944 an observation was- made by Irving (24) regarding the ac

tion of vitamin D on calcium and phosphate mobilization. This researcher 

was the first to observe that a time lag existed between the administra

tion of the sterol and the resulting physiological response. We know 

today that this lag is (in part) due to the necessity for metabolic 
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Normal 
Diet 

High 
Ca CT 

Accretion 

Resorption 

@Lvit. D 
PTH 

Parathyroid 
Glands 

Plasma Ca 
Low Ca 

PTH~" 
Vit. D 

Figure 1-2. Normal Calcium Homeostasis. 

Circulating plasma calcium (Ca) concentration is controlled by the con
certed effects of vitamin D (Vit. D), parathyroid hormone (PTH), and cal
citonin (CT). The plasma pool of calcium is supplied by the absorption 
of the ion from the intestine and the resorption of the ion from the endo-
skeleton; both of these processes are dependent upon vitamin D. Bone re
sorption is also dependent upon PTH and CT, the former acting as a positive 
modulator and the latter as a negative regulator of this process. The 
removal of calcium from the circulation is principally accomplished by 
bone accretion and calciuria. The net effect is a stringently regulated 
mechanism which maintains plasma calcium at 10 mg percent. 
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conversion of the vitamin to an activated form which performs the biolog

ical functions attributed to the parent vitamin (25-27). The lag may 

also be caused by the slow transportation of the active metabolite to 

the target organ and to its subcellular receptor site(s). Recent evi

dence (discussed below) indicates that the lag is also a consequence of 

the active metabolite participating in the induction process involving 

the expression of new genetic information, which is eventually utilized 

to elicit the physiological effect of the vitamin. During the last de

cade researchers have pioneered a new and exciting frontier in vitamin D 

which has resulted in a myriad of publications (of which this monograph 

is one) concerning the metabolism and mechanism of action of this novel 

sterol. 

Since 1964 it has, in fact, been established that vitamin D is 

the precursor of several biologically active metabolites. I will first 

discuss the metabolites themselves, how they were discovered, what appar

ent function they perform in vivo, and what characteristics they display 

in vitro. I will then backstep to a brief discussion of the important 

enzymes which biosynthesize these metabolites and the current thinking 

regarding their physiological control. 

In 1968, the predominant vitamin metabolite in blood was iso

lated by Blunt, DeLuca, and Schnoes (27), who determined its structure to 

4 
be 25-hydroxyvitamin D3 (25-OHD3). Subsequently, this metabolite was 

4. Abbreviations in this dissertation are: 25-hydroxyvitamin D3 
(25-OHD2); 25-hydroxyvitamin D2 (25-OHD); la-hydroxyvitamin D3 (la-OHDg); 
la,25-dihydroxyvitamin D3 (l,25-(OH)2D3); lot,25-dihydroxyvitamin D2 (1,25-
(OH)2D2); 24,25-dihydroxyvitamin D3 (24,25-(OH)2D3); 25,26-dihydroxyvitamin 
D3 (25,26-(OH)2D35 calcium-binding protein (CaBP); parathyroid hormone 
(PTH); thyrocalcitonin (CT); calcium (Ca); phosphorus (P); messenger RNA 
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shown to be formed primarily in the liver (28). More recent work by 

Tucker et al. (29) indicates that at least in the chick, 25-OHD̂  can 

also be biosynthesized in the intestine and kidney. At the subcellular 

level, the vitamin D3~25-hydroxylase (25-OHase) enzyme exists in the 

smooth endoplasmic reticular (microsomes) fraction (30). Although the 

possible regulation of the 25-OHase has been the subject of some debate, 

initial reports of a "feedback control" of this enzyme (31) are not sup

ported by these later findings (29). Moreover, measurement of circulat

ing 25-OHD in rats and humans given excess vitamin D indicates that this 

reaction is not tightly controlled (32,33; Chapter 3). Thus, 25-OHD con

centration is primarily a function of vitamin D intake or sunlight expo

sure (34). Since this metabolite displays greater potency than vitamin 

D3 in curing rickets (35), and functions directly upon isolated intestine 

and bone to stimulate calcium translocation (36-38), it was originally 

thought to be the active form of vitamin D (39,40). However, 25-OHD is 

now known to be the product of the initial step in the activation of the 

vitamin, and the most important function of this sterol may be to serve 

as an intermediate in the biosynthesis of dihydroxylated forms of vita

min D. 

Our current understanding of the metabolism of vitamin D is il

lustrated in Figure 1-3.. As just discussed, the native vitamin, obtained 

messenger RNA (mRNA); vitamin D3~25~hydroxylase (25-OHase); 25-
hydroxyvitamin D3~la-hydroxylase (lot-OHase); Cestrum diurnum (£.4.); &0-

lanum malacoxvlon (S.m.). The corresponding ergocalciferol compounds are 
designated by D£j and when no subscript is present after the D, both D2 
and D3 forms are implied. In some Figures and Tables the alpha is re
tained in the abbreviation for la,25-dihydroxyvitamin D. 
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either via diet or sunlight, is first converted to 25-OHD3. This major 

blood metabolite is then converted into at least three dihydroxy-D vita

mins. At present, little is known about the significance of the 26-

hydroxylated D vitamins; 25,26-dihydroxyvitamin D3 is not found in the 

main vitamin D target organs after administration of labeled vitamin D 

(41). All 24-hydroxylated forms of vitamin D are less active than their 

non-24-hydroxylated precursors, especially in the chick (42). It is 

therefore possible that 24- and 26-hydroxylation of 25-OHD represents 

inactivation and the initial steps in excretory pathways. On the other 

hand, 24,25-dihydroxyvitamin D-j (24,25-(OH) 2̂ 3) has considerable activity 

in rats (43), a finding which suggests that this sterol, or a metabolite 

thereof, may have importance in mammals. Recent work by DeLuca (43) has 

shown that the natural form of 24,25-(OH)2D3 is the 24R-epimer and this 

sterol is considerably more active than the 24S-epimer. 

By far the most important vitamin D metabolite discovered to date 

is la,25-dihydroxyvitamin D3. At the time DeLuca and his colleagues were 

characterizing 25-OHD.j, Haussler and Norman in 1967 (44) and Haussler, 

Myrtle, and Norman in 1968 (45) reported the detection of a more polar 

metabolite of vitamin D3 (which they termed "peak 4B"). They proposed 

that it was the most active principle at the target intestine, based on 

its specific binding to intestinal mucosal chromatin and its biological 

activity. Lawson, Wilson, and Kodicek (46,47) confirmed these findings 

and proposed that this new vitamin D metabolite contained an additional 

hydroxyl group at the 1-alpha position. Furthermore, this metabolite 

was present in the liver, kidney, and intestine of vitamin D-deficient 



chicks, but only in the nuclei of the intestine (48). By 1971, Haussler 

and co-workers has isolated 3.5 tig of this polar metabolite from chickens 

and determined the purified material to be at least five times as effec

tive as vitamin D3 in stimulating intestinal calcium absorption and to 

act three times faster than either vitamin D3 or 25-OHD3 on an equal 

weight basis (49). This active vitamin D metabolite was then isolated 

from chick intestine (50) and subsequently from renal homogenates (51-53) 

and identified as la,25-dihydroxyvitamin D3 (1,25-(0H)2D3). Thus, it be

came clear that vitamin D required two enzymatic hydroxylations prior to 

functioning in the stimulation of calcium transport. 

Overwhelming evidence now points to the fact that 1,25-(0H)2D3 is 

the functional metabolite of vitamin D. Chronic administration of 1,25-

(011)21)3 to animals raised on a rachitogenic diet completely prevents all 

radiologic and histologic signs of rickets (54,55), maintains normal min

eral metabolism (53), and does so considerably faster and more effectively 

than either of its precursor molecules (49). Not only is 1,25-(0H)2D3 

the most potent form of the vitamin in the stimulation of calcium mobili

zation in vivo (41,49,56-59), it also is the most efficacious D metabolite 

in vitro in isolated perfused intestines (38), intestinal organ culture 

(60), and embryonic bone culture (61). Thus, la,25-(0H)2D3 mediates nor

mal calcium metabolism and bone development and apparently carries out 

all the functions ascribed to vitamin D3. 

An understanding of the molecular mechanism of action of 1,25-

(OH)2D3 in the small intestine is of great importance in the comprehen

sion of mineral homeostasis in animals. One hypothesis for the 



mechanism of action of l,25-(OH)2D3 in the intestine is that this sterol 

facilitates the expression of genetic information and that the specific 

protein products of this induction process, such as intestinal calcium-

binding protein (CaBP) (62), function in the transport of calcium. In 

addition to CaBP, vitamin D-dependent alkaline phosphatase (63) and 

calcium-stimulated ATPase (64) have been proposed as functioning in the 

uptake of calcium by the intestinal mucosal cell. The mechanism by which 

these proteins might enhance calcium transport is at present unknown. 

The proposed manner in which l,25-(0H)2l>3 mediates its molecular 

mechanism of action in the target cell is similar to the "two-step" method 

that has been proposed for the mechanism of action of other steroid hor

mones at their respective target tissues (65-69). According to this hy

pothesis, the hormone enters the target cell and interacts reversibly, 

but with high association, to an intracellular protein which is located 

only in the target organ. The association of the hormone with the cyto

plasmic receptor is followed by a temperature-dependent redistribution of 

the steroid from the cytoplasm to the nucleus, in vitro, where it associ

ates with the chromatin (65). These intracellular proteins have been 

identified for estrogen (70,71), progesterone (69), androgens (72), aldo

sterone (73), and Cortisol (74). Recently experimental evidence has pro

vided strong support for the presence of similar steroid receptors in 

intestinal mucosa cytosol. Using high specific activity 1,25-(0H) 2["*H]Dg 

and in vitro incubation techniques, Brumbaugh and Haussler (75-77) have 

shown that l,25-(OH)2D-} binds initially to a cytosol receptor protein in 

intestine and is then trasnported to the nuclear chromatin (Figure 1-4). 
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Migration of the hormone-receptor complex occurs much more rapidly at 

25-37° than at 0° in vitro, suggesting that a temperature-dependent acti

vation or transformation of the cytosol complex is required prior to move

ment into the nucleus. The cytosol receptor has been characterized as a 

protein with a molecular weight of about 45,000 which has a high affinity 

for l.ZS-COĤ D̂  (Kjj = 2.2 X 10~%) and specifically binds the hormonal 

form of the sterol. Only larger concentrations (>100X) of closely re

lated metabolites and analogs such as 25-OHD2, la-hydroxyvitamin Dg (la-

OHD3), and 5,6-trans-25-hydroxyvitamin D3 can displace the hormone. 

The next critical question is: What is the 1,25-(OH)2D-receptor 

complex doing in the nucleus and how might it be operating to ultimately 

induce the synthesis of CaBP and other possible end-point proteins? Pre

liminary in vivo work intimated that the sterol is effecting transcrip

tional alterations in the target intestine. Tsai and Norman (78) observed 

that [%]uridine incorporation into rapidly labeled intestinal RNA is en

hanced by l,25-(OH)2Dg administration, in vivo. Zerwekh et al. (79) have 

found that the activity of DNA-dependent RNA polymerase II, the nucleo

plasm̂  enzyme which catalyzes the synthesis of mRNA, is enhanced in ac

tivity after treatment of rachitic chicks with 1,25-(OH)2̂ 3• This 

stimulation of RNA polymerase II occurs in concert with saturation of the 

intestinal chromatin with 1,25-(OH)2D3-receptor complex and prior to any 

significant increase in calcium absorption. Moreover, the increase in 

RNA-polymerase is evident when the enzyme is assayed using exogenous tem

plate (calf thymus DNA), indicating that the intrinsic activity of the 

enzyme is increased. ' 
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More recent work by Zerwekh et al. (80) has shown increased tem

plate efficiency of intestinal chromatin following administration of 

1,25-(0H)2D3 to rachitic chickens. This shows that the chromatin has an 

increased capacity for biosynthesis of RNA. The hormone-mediated increase 

in template activity has been reconstructed in vitro by adding hormone-

receptor complex to chromatin from vitamin D-deficient animals. This 

effect is exceedingly well correlated with the properties of the intes

tinal receptor protein. These correlative parameters include tissue and 

sterol specificity, temperature dependence, saturability (dose response), 

etc. These data are therefore consistent with the concept that the 

hormone-receptor complex is uncovering specific areas of the intestinal 

genome and permitting the synthesis of new RNA. 

The above findings are incorporated into a model for 1,25-(0H)2D 

action in intestine which is pictured partly in Figure 1-4 and in more 

detail in Chapter 5 (p. 136). The salient features of this mechanism are 

the binding of the hormone to the cytoplasmic receptor protein, migration 

to the nuclear chromatin, postulated exposure of a unique gene or set of 

genes which are transcribed into new mRNA(s), and, ultimately, transla

tion of the new mRNA(s) into functional protein(s), such as calcium-

binding protein. More direct evidence for this model needs to be 

accumulated, especially evidence for specific new nuclear species of 

mRNA (e.g., CaBP mRNA), as has been accomplished in the cases of estrogen 

and progesterone induction of ovalbumin mRNA (69). If this mechanism is 

correct, it provides the final impetus for the classification of 1,25-

(OR̂ D̂  as a true sterol hormone. 
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An introduction to the field of vitamin D would be inadequate if 

it did not include a brief discussion of the enzymes which metabolize 

the native sterol to its more active hydroxylated forms. As mentioned 

earlier and depicted in Figure 1-3, there are several enzymatic loci 

where the parent vitamin is metabolized; the most important of these are 

the vitamin Dg-25-hydroxylase (25-OHase) in the liver, the 25-

hydroxyvitamin D̂ -la-hydroxylase (lct-OHase) in the kidney, and the 25-

hydroxyvitamin D3~24-hydroxylase (24-OHase) also found in renal tissue. 

The 25-OHase enzyme was first discovered by Horsting and DeLuca 

in 1969 (81) and was reported to occur only in the liver. Later work by 

Tucker, Gagnon, and Haussler (29) confirmed the presence of this enzyme 

in the liver and went on to show that this initial hydroxylation step can 

also occur in chick kidney and intestine. Although this finding of extra-

hepatic 25-OHase proved to be crucial in later experiments regarding a 

valuable therapeutic analog of the vitamin D3 hormone (la-hydroxyvitamin 

D3, 82), it is generally agreed that the liver represents the major site 

of vitamin D3~25-hydroxylation. Liver homogenates are capable of 25-

hydroxylation when supported by added glucose-6-phosphate and magnesium 

ion (30). However, the activity can be substantially increased by the 

addition of an NADPH-generating system (29). The microsomal fraction and 

the cytosol fraction are two cellular components necessary for maximum 

rates of hydroxylation (30), and it has been observed (but not confirmed) 

that the cytosol contains a "heat-labile factor" which somehow stimulates 

the conversion to 25-OHD3 (30). The enzyme is not blocked by carbon 

monoxide or other cytochrome P̂ g inhibitors, but apparently is depressed 
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by anticonvulsant drugs since the product of the reaction is reduced in 

the circulation of patients receiving dilantin and phenobarbital (83,84). 

There exists a controversy over whether this initial step of 25-

hydroxylation represents a point of endocrine regulation as first sug

gested by DeLuca (31). Is the 25-OHase enzyme feedback modulated by the 

calcium and phosphorus needs of the organism? The work of Tucker et al. 

(29) indicates that chick 25-OHase is not strongly feedback-regulated by 

product 25-OHD3 in vitro, and is unaffected by the vitamin D or calcium 

status of the animal. Bhattacharyya and DeLuca (85) have reported that 

the rat enzyme is feedback-controlled by vitamin D treatment. However, 

measurement of circulating 25-OHD-j by competitive protein binding in rats 

and chicks subjected to various vitamin D challenges, shows that little 

significant regulation occurs at the 25-OHase step in vitamin D metabo

lism (86, Chapter 3). 

Less is known about the 24-OHase, although it occurs in the kid

ney (87) and probably elsewhere (88). This enzyme is found in intact 

mitochondria, utilizes molecular oxygen, is blocked by inhibitors of oxi

dative phosphorylation, is not sensitive to carbon monoxide, and there

fore doesn't appear to be dependent upon cytochrome (see reference 

89 for a review). 

One concept that all vitamin D-researchers agree upon is that the 

la-OHase represents an important control point in vitamin D metabolism. 

This enzyme occurs exclusively in kidney mitochondria (90) and apparently 

18 in the inner membrane of this subcellular organelle. 02~experiments 

have shown that the la-OHase is a mixed-function oxidase since molecular 



oxygen is incorporated into the substrate, 25-OHD3 (91). The enzyme is 

blocked by carbon monoxide (92), white light (450 nm) (93), metyrapone 

and glutethimide (89), and partially (50%) by cyanide and rotenone (89). 

Clearly, the reaction is dependent upon cytochrome with NADPH sup

plying the reducing equivalents (93). 

Of the three enzymes just discussed, it is clear that the la-

OHase reaction is most stringently controlled physiologically and makes 

the vitamin D system a true endocrine system. The enzyme occurs exclu

sively in the kidney but its product, 1,25-(OH)has a target of ac

tion in intestine, bone, and parathyroid. Therefore, it appears to fit 

the criteria for a hormone (94). In the past few years there has been a 

myriad of studies involving the factors governing the biosynthesis of 

1,25-(0H)2Dg. These investigations include experiments with intact ani

mals, homogenates of renal tissue, isolated renal tubules, and kidney 

cells grown in culture. Evidence has been presented that the activity 

and/or synthesis of the la-OHase is regulated by circulating calcium 

levels (95,96), phosphate (97, Chapter 3), PTH (98-100, Chapter 3), CT 

(101,102), and vitamin D status (29,103, Chapter 3) of the animal. 

Maclntyre and associates (104) have suggested that l̂ S-̂ Ĥ D̂  nega

tively affects its own biosynthesis as well as enhancing the formation of 

24,25-(0H.)2D3. Thus, animals made hypocalcemic either by raising them on 

a vitamin D-deficient diet or calcium-deficient diet, have greatly en

hanced activity of renal la-OHase. Presumably, the activity of this 

enzyme is increased in order to attempt to produce more 1,25-(0H)2D3 and 

correct the hypocalcemia by mobilizing calcium from the gut and skeleton. 

Some researchers (98,99) believe that the serum calcium concentration 



indirectly regulates the la-OHase enzyme via changes in the secretion and 

circulating levels of PTH. In contrast to this, other vitamin D workers 

(105,106) contend that intrarenal calcium may directly control the 

la-OHase enzyme activity. Furthermore, Tanaka and DeLuca (107) have dem

onstrated that phosphate, perhaps in response to PTH, but also indepen

dently, modulates the activity of the la-OHase enzyme. Therefore, hypo

phosphatemia as well as hypocalcemia signal the activation of the 

synthesis of the l,25-(OH)2Dg hormone. Unfortunately, in vivo studies 

have not clarified the roles of the various factors in this endocrine 

loop, and the meaning of direct inhibition of the enzyme (in vitro) with 

high levels of calcium or l,25-(OH)2D3 is not known. To make things even 

more complex, there is recent evidence that the la-OHase may be modulated 

(either directly or via changes in "second messengers" such as calcium, 

phosphate or PTH (Chapter 6)) by prolactin (108-110), estrogen (111), and 

Cortisol (112). At present, however, it appears that PTH, phosphate, 

calcium, and vitamin D metabolites are the top candidates as regulators 

of the biosynthesis of the vitamin D hormone; they are the factors which 

will be emphasized herein. Without a doubt the control of this renal en

zyme has become the most actively researched area and the most controver

sial subject of the vitamin D field. 

A major portion of this monograph will be concerned with the con

trol of the renal la-OHase enzyme. To date all experiments investigating 

the control of vitamin D metabolism have employed either in vitro enzyme 

assays or the ability of animals to metabolize labeled 25-OHD3 to dihy-

droxy derivatives. Since these methods measure the conversion of 
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25-0H[̂ H]D3 to 1, 25-(OH)2[̂ h]d̂  at any given time and are affected by 

the pool size of 25-OHD.j precursor, they probably do not reflect the 

steady-state concentration of this hormonal product in the blood. 

The recent development of a specific and sensitive radioreceptor 

assay for 1,25-(0H)2D3 (32,113-116) has made it possible to eliminate the 

effects of alterations in hormone degradation rates and determine the to

tal serum activity of the hormone. Using this assay, it is possible to 

directly assess the effects of the proposed regulators of l̂ S-COĤ Dg 

serum concentrations. The assay has been used (Chapter 3) to measure 

circulating D metabolites in rats, chicks, and pigs, under various ionic, 

dietary, and surgical stresses. In addition, the D metabolite profiles 

were constructed for humans with various diseases of mineral metabolism 

involving vitamin D and the parathyroids. It is hoped that the data con

tained herein—which was obtained from 1) the measurement of the circu

lating concentration of this hormone, 2) in vitro enzyme activity studies, 

and 3) in vivo conversion experiments—will assist in the clarification 

of this complex endocrine system. 

Another portion of this dissertation will deal with the discovery, 

isolation, and partial characterization of specific l,25-(OH)2D2~receptors 

in parathyroid tissue from chicks, bovine, and human parathyroid adenoma. 

As just discussed, PTH is a positive modulator of the la-OHase. From an 

endocrine aspect, therefore, it seemed reasonable that this positive 

modulation of 1,25-(0H)2D3 biosynthesis by PTH might be negative feedback-

regulated at the parathyroids by l,25-(0H)2Dg itself, or by some second 

messenger (e.g., calcium) whose circulating concentration is directly 



controlled by the vitamin D hormone. Although the response of the para

thyroid gland to calcium is well known, it wasn't until recently, when 

Henry and Norman (117) reported that l,25-(OH)2D3 localized (in vivo) 

in these glands, that the concept of direct endocrine feedback by 1,25-

(OĤ Dg at the parathyroid was given serious consideration. The vitamin 

D3 hormone has now been shown to inhibit PTH secretion in vitro in sev

eral experimental systems including bovine parathyroid slices (118), bo

vine parathyroid cells in culture (119), and rat parathyroid glands in 

organ culture (120). 

If the sterol l,25-(OH)2D3 functions at the parathyroids analo

gously to classic steroid hormones (121), an obligate requirement is the 

presence of a specific high affinity receptor molecule in the target cell 

cytoplasm. As discussed earlier, Haussler and Brumbaugh (122) have 

identified l,25-(OH) 2D.J receptors in the intestine, a known target tis

sue for the hormone. It is reported here that a similar intracellular 

receptor protein for l,25-(0H)2Dg exists in the parathyroid gland, and it 

is proposed that this organ be considered as a new target tissue for this 

calcium-regulating hormone. 

Finally, a unique situation is examined where animals injest the 

1,25-(0H)2D3 hormone directly and, consequently, bypass any possible con

trol mechanism by the la-OHase. A disease clinically and morphologically 

similar to vitamin D-intoxication, characterized by hypercalcemia and ex

tensive soft tissue calcification, has been described in grazing animals 

and linked to the injestion of leaves from several plant species including 

Cestrum diurnum (C.d.) (123,124) and Solanum malacoxylon (S_.m.) (123). 



The disease is a classical example of insidious plant poisoning (123). 

With regards to S.m. the disease has been termed Enteque seco in Argen

tina and Espichamento in Brazil. Recently, a similar disease was reported 

in horses and cattle of Florida, Jamaica, and Hawaii where C.d. flourishes 

in the grazing pastures (124,125). Animals who ingest either of these 

plants display loss of weight, emaciation, arching of the back, stiff

ness of the limbs, and severe calcification of many soft tissues includ

ing heart, lung, and kidney (126); death often is a result (123,126). 

There is an enhanced absorption of calcium and phosphate (127), the 

thyroid C-cells (CT-producing cells) are hypertrophied (123,128), and 

there is massive skeletal decalcification (129). 

Early reports (130) indicates that the dried leaf of S.m. con-

2 tained 300,000 IU of vitamin equivalents per kilogram. This is a 

considerably greater concentration than has been reported for any other 

plant (123). It was also shown that an extract of the plant leaf was 

capable of enhancing calcium absorption and inducing CaBP synthesis in 

rachitic chicks (131), and that the time course of these events was 

considerably faster than if vitamin D itself was administered to the 

animals (123,131). On the other hand, it did not act quite as rapidly 

as l,25-(0H)2Dg (123). It was also reported by Wasserman and co-workers 

(131) that the active principle displayed an apparent molecular weight 

5. This plant is most often referred to as S_. malacoxylon by 
those concerned with calcinosis in mammals, but it is also known as S_. 
glaucophyHum (123). The Solanaceae (Solanum) family may also be involved 
with "Manchester wasting disease" in Jamaica and "Naahelu disease" in 
Hawaii. It has been clearly shown that the ingestion of the plant Trise-
tum flavescens, found in the German alpine region, results in severe cal
cinosis in grazing animals similar to that seen with S.m. and C.d. (123). 
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in the range of 1000-3000, which is considerably larger than vitamin D or 

its metabolites (= 400). In addition, the solubility properties of the 

active factor from the leaf did not resemble vitamin D (123). Conse

quently, the plant exhibited many of the physiological principles of 

vitamin D but did not biochemically resemble this sterol. 

The research groups of Haussler and Wasserma.n have recently char

acterized the active calcitropic principle from S.m. and C.d. (132-135). 

Isolation of the active portion of the principle was achieved by enzym

atic hydrolysis and four chromatographic systems. Identification was ac

complished by using receptor binding, bioassay, U.V. absorption, and mass 

spectrometry. Data are presented in Chapter 5 which unequivocally demon

strate that these plants contain a glycoside of 1,25-(OH)2D3. The sugar 

moieties attached to the hormone account for its solubility and molecular 

weight differences as well as the slight lag seen prior to biological 

activity (compared to 1,25-(0H)2D3 itself). The discovery of this animal 

hormone in the plant kingdom raises several interesting evolutionary ques

tions which will be discussed in Chapter 5. It is possible that these 

plants may serve as a valuable source of the hormonal form of vitamin D 

in many disease conditions of mineral metabolism. 

In summary, this dissertation details the improvements and exten

sions of the radioreceptor assay for D metabolites, and the use of this 

procedure to construct metabolite profiles of animals challenged (in vivo) 

by various ionic, surgical, and dietary stresses. The assay is also em

ployed to test the hypothesis formed in the animal experiments by probing 

similar metabolic imbalances seen in human disease. Next, the discovery 
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and preliminary characterization of l,25-(OH)2D3 receptors in parathyroid 

tissue is discussed. These findings interrelate this gland even more 

closely with vitamin D metabolism. Finally, a state of uncontrolled 

vitamin D-intoxication is studied as an example of a serious disease re

sulting from a complete circumvention of the stringently regulated 

la-OHase enzyme. 



CHAPTER 2 

MATERIALS AND METHODS 

Animals and Diets 

Chicks 

White leghorn cockerels were obtained as one-day-old chicks from 

Demler Farms, Anaheim, California. They were raised in a room free from 

ultraviolet light for three to six weeks unless otherwise noted. They 

were grown on one of the following diet regimens: 

1) Standard Rachitogenic Diet. This diet has been described in de

tail elsewhere (54). The calcium content was 0.67%. Animals 

were termed rachitic when their growth plateaued at a weight of 

about 150 g. Chicks grown on this same vitamin D-deficient diet, 

but supplemented with 100 IU of vitamin D-j per week, exhibited 

normal increased growth during this period and weighed about 250-

300 g. The rachitic animals had plasma calcium concentrations of 

5.5-6.0 mg per 100 ml plasma, phosphorus concentrations of 5.1 mg 

per 100 ml, and percent bone ash values of 27-29%. Vitamin D-

supplemented chicks had normal plasma calcium concentrations of 

10.4-11.0 mg per 100 ml plasma, phosphorus concentrations of 6.3 

mg per 100 ml, and bone ash percentages of 45-50% (54). Radio

graphic examination of the distal femur and proximal tibia of the 

chicks were evaluated as to 1) extent of echondral bone ossifica

tion, 2) amount of mineral present, and 3) organization of 
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developing bone. Rachitic chicks showed considerable unossified 

cartilage, decreased density of mineral, and a lack of bone tra-

beculations at the growing ends of the bones. The vitamin D-

supplemented chicks showed normal bone density and ossification 

(54,55). Histological examination of stained sections of the 

epiphyseal region of the tibias showed widened and diffuse growth 

plates in the bones of the rachitic chicks and sharply defined 

and calcified growth plates in the bones of the vitamin D-

supplemented chicks (54). 

2) Modified Rachitogenic Diet. A basal, D-deficient diet containing 

by analysis 1.4% Ca and 1.1% P (General Biochemical Company, diet 

#170650). 

2 3) Control D. Diet No. 2 supplemented with 1.4 IU vitamin D̂ /g 

diet (Dg purchased from Sigma Chemical Company ). 

4) High D. Diet No. 2 supplemented with 70 IU vitamin D̂ /g diet. 

5) Control D, High Ca. Diet No. 2 plus 1.4 IU vitamin D̂ /g diet and 

CaCÔ  to give calcium level of 2.8%. In one experiment diet No. 

1 was used after appropriately reducing CaHP022H20 and resupply-

ing P as KH-PO. to maintain 1.1% P (as in Diet No. 2). 
2 4 

6) Strontium Diet. This was a commercial mash diet (Agway, Co.) 

identical to Diet No. 1 except that it was supplemented with 1.2 

IU vitamin D̂ /g and contained 2.56% Sr, 0.05% Ca, and 0.76% P. 

Rats 

Male weanling (8 day) Holtzman rats were fed a semi-synthetic diet 

containing 24% casein, 24% corn starch, 40% sucrose, 5% corn oil, 5% salts, 



and 2% cellulose fiber. The basic salt mixture has been described else

where (136) and was varied in order to achieve the desired levels of cal

cium and phosphorus. Fibrin was used as a source of protein because of 

its low phosphorus content. When lactose was used, it was substituted 

for sucrose. Variations in the diet were as follows: 

1) Normal diet. 0.6% Ca, 0.6% P, 2 IU/g vitamin . 

2) Low Ca. 0.01% Ca, 0.6% P, 2 IU/g D3. 

3) Low P. 0.6% Ca, 0.04% P, 2 IU D3/g. 

4) High Ca. 1.8% Ca, 0.65% P, 20% lactose, 2 IU D-j/g. 

5) High vitamin D3 . 0.6% Ca, 0.6% P, 1000 IU D̂ /g. 

Porcine 

Animals (both male and female; no statistical differences could 

be detected based on sex) were raised in areas free from ultraviolet light 

until their weight was 130 lbs. Surgery (if any) was then performed and 

the animals were immediately fed one of three diets: 

1) Normal Diet. A corn-soybean mash containing trace minerals and 

vitamins necessary for normal growth. Diet contained 0.7% Ca, 

0.7% P, and 100,000 IU vitamin D3/lb. 

2) Low Ca. Mash diet containing 0.08% Ca, 0.7% P, and 100,000 IU 

D3/lb. 

3) Low P. Mash diet containing 0.7% Ca, 0.09% P, and 100,000 IU 

D3/lb. 
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Bovine 

Bovine animals were obtained courtesy of Jones' Slaughterhouse, 

Tucson, Arizona. No attempt was made to dietarily manipulate these 

animals. 

Patients 

For routine assays, blood was drawn from healthy volunteers (ages 

20-50 yrs) in Tucson Arizona. Blood from D-intoxicated patients was ob

tained from subjects receiving high doses of vitamin D2. The first pa

tient (A, p. 73) was a 59-yr-old man with osteomalacia due to unexplained 

vitamin D resistance. He had been receiving as much as 500,000 IU vita

min D2/day, but at the time of this study he was receiving 250,000 IU 

D2/day. The serum calcium was 14.0 mg/100 ml (N = 9.5-10.5 mg/100 ml), 

serum phosphorus was 4.6 mg/100 ml (N = 3.0-4.5 mg/100 ml), alkaline phos

phatase was 165 U (N = 5-13 U), and serum magnesium was normal. Bone bi

opsy revealed osteomalacia (unknown etiology) with increased osteoid 

seams. The second patient (B, p. 75) was a 47-yr-old woman with post

surgical hypoparathyroidism receiving 150,000 IU D̂ /day. Her serum cal

cium was 11.1 mg/100 ml and phosphorus was 3.2 mg/100 ml. The third 

patient (C, p. 75) was a 60-yr-old man with post-surgical hypoparathy

roidism. This subject was receiving 100,000 IU D2/day, but did not ex

hibit vitamin D-intoxication since his serum calcium was 9.6 mg/100 ml 

and serum phosphorus was 3.2 mg/100 ml. All patients receiving vitamin 

D2 had normal creatinine clearance within 1 month of blood drawing. 

Human parathyroid adenoma was obtained from patients undergoing 

surgical parathyroidectomy. 
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Radiochemicals 

25-Hydroxy[26(27)-methyl-%] vitamin (6.0 or 9.8 Ci/mole) was 

purchased from Amersham Searle Company, Chicago, Illinois. The radio-

chemical purity of 25-OH[ H]D  ̂was 95%, determined following purification 

on Celite liquid-liquid partition chromatographic columns, and its spe

cific activity was determined by ultraviolet absorbance spectrophotometry 

at 265 nm. Ĉa (carrier free, 15 Ci/g calcium was obtained from New 

England Nuclear Corp., Boston, Mass. ^̂ Ca was diluted so that 0.2 ml 

contained 7.4 mg of ̂ CaĈ  and 3 x 10̂  cpm of Ĉa. 

Sterols and Other Chemicals 

Crystalline 25-0HD2 and 25-0HDg were a generous gift from Dr. Jack 

Hinman and Dr. John Babcock of the Upjohn Company, Kalamazoo, Michigan. 

la-OHDg was a gift from Dr. Maurice Pechet of the Research Institute for 

Medicine and Chemistry, Cambridge,Mass. 24R,25- and 24S,25-

dihydroxyvitamin D̂ , as well as the l,25-(0H)2Dg used in some experiments 

were kindly supplied by Dr. M. Uskokovik, Hoffmann-La Roche, Inc. 

Chemicals used in the enzymatic generation of l,25-(0H)2Dg from 

25-0HDg were obtained from Sigma Chemical Co., St. Louis, Missouri, and 

included: L-malic acid, monosodium salt; D-glucose-6-phosphate, mono-

sodium salt; and nicotinamide adenine dinucleotide phosphate, monosodium 

salt (NADP+). Enzymes and standard proteins were obtained as follows: 

ribonuclease-CB (A grade); deoxyribonuclease I (bovine pancrease, B 

grade); and pronase (Streptomyces griseus protease, B grade) from Cal-

biochem, Los Angeles, California, and glucose-6-phosphate dehydrogenase 

(Type VII, baker's yeast); a-chymotrypsinogen-A (Type II, bovine 
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pancrease); ovalbumin (grade V); pepsin (hog stomach mucosa); bovine 

serum albumin (fraction V); and myoglobin (Type II, whale skeletal muscle) 

from Sigma Chemical Co., St. Louis, Missouri. 

Triton X-100 was obtained from Rohm and Haas Co., Philadelphia, 

Pennsylvania. Liqulfluor, a concentrated liquid scintillation solution 

consisting of 100 g of 2,5-diphenyloxazole and 1.25 g of p-bis-f2-(5-

phenyloxazoyl)] benzene/liter toluene, and Aquasol, a pre-mixed liquid 

scintillation solution were purchased from New England Nuclear Corp., 

Boston, Mass. Deoxyribonucleic acid (Type I, sodium salt from calf thy

mus); tris-(hydroxymethyl)aminomethane (tris, Sigma 7-9); and 

ethylenediamine-tetraacetic acid (EDTA, tetrasodium salt) were obtained 

from Sigma Chemical Co., St. Louis, Missouri. Diphenylamine was sup

plied by Eastman Organic Chemicals, Rochester, N.Y. Orcinol (monohy-

drate) was obtained from Fisher Scientific Co., Fair Lawn, N.J., and 

Lowry phenol reagent (Folin and Ciocalteu) was purchased from Harleco, 

Philadelphia, Pennsylvania. Glass fiber filters (Type A or Type AE) were 

obtained from Gelman, Ann Arbor, Michigan. Whatman DE 81 and #2 filters 

were purchased from Reeve-Angle, Clifton, New Jersey. Hydroxylapatite 

(BioGel-HT) was purchased from Bio-Rad Laboratories, Richmond, Calif. 

All solvents were reagent grade, and those employed in chromatographic 

procedures were glass distilled before use. All other chemicals were 

analytical grade unless otherwise noted. 

Chromatography Materials 

Silicic Acid (Bio-Sil HA, minus 325 mesh) and Agarose Beads (Bio-

Gel A-0.5 m, 100-200 mesh) were obtained from Bio-Rad Laboratories, 
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Richmond, California. Sephadex LH-20 (Lipophilic, particle size 25-100 

y) was purchased from Sigma Chemical Co., St. Louis, Missouri. Celite, 

which served as a support medium for liquid-liquid partition chromatog

raphy, was supplied by Johns Manville Co., Lompoc, California. DEA.E-

cellulose (DE-52) was obtained from Reeve-Angel, Clifton, New Jersey. 

Buffers 

The buffers used were: 

1) Sucrose-TKM = 0.25M Sucrose, 0.05M Tris-HCl, pH 7.4, 0.025M KC1, 

5 mM MgCl2 

2) EDTA-Buffer B = 0.008H EDTA, 25 mM NaCl, pH 8 

3) Triton-Buffer C = 1% Triton X-100, 0.01M Tris HC1, pH 7.5 

4) Tris-Buffer D = 0.01M Tris-HCl, pH 7.5 

5) KETT Buffer = 1.5 mM EDTA, 0.01M Tris-HCl, pH 7.5, 12 mM 1-

thioglycerol, various concentrations of KC1 ranging from 0.0M to 

1.0M (e.g., "0.3M-KETT") 

6) HAP Buffer = 0.01M KH2P04, 0.1M KC1, 1.5 mM EDTA, 12 mM thio-

glycerol, 0.05M Tris-HCl, pH 7.5. 

Preparation of Radioactive and 
Nonradioactive 1,25-dihydroxyvitamin D̂  

Generation 
O 

1,25-(OH)2[JH]D3 was produced in vitro, by a modification of the 

method of Lawson et al. (51). The kidneys of 5 rachitic chicks (7.5 g) 

were excised and homogenized with a Potter-Elvehjem homogenizer at 1-3° 

in Sucrose-TKM buffer. The homogenate (75 ml) was mixed with a phosphate 



2+ buffer, pH 7.4, containing Mg and a NADPH generating system. In a 

final volume of 375 ml the mixture contained: 0.16M K̂ PÔ , 3.2 mM MgĈ , 

7.8 mM L-malate, 3.7 mM glucose-6-phosphate, 0.3 mM NADP+, and 150 units 

of glucose-6-phosphate dehydrogenase. Eighty-one international units of 

25-hydroxy [25 ( 27 )-methyl-%] vitamin Dg (8.1 Ci/mmole) were added to this 

reaction mixture in 1 ml of ethanol. Incubation was carried out in 5 

separate flasks with gentle shaking under air at 37° for 1 hour. Termi

nation of the reaction occurred with the addition of 3.2 volumes of 

methanol-chloroform (2:1 v/v) and stirring for 10 minutes. After stand

ing for 15 minutes, the solution was filtered to remove the residual pro

tein and the sterols extracted according to the method of Bligh and Dyer 

(137). One volume of chloroform and one-half volume of water were added 

to the extracts to cause a phase separation into an aqueous-methanol 

phase and a lower chloroform phase which contained 85-95% of the sterols. 

This chloroform phase was flash evaporated to dryness and the resulting 

lipids solubilized in diethyl ether. After centrifugation at 12,000 x g 

for 10 minutes to clarify the solution, the diethyl ether was evaporated 

under a stream of nitrogen and the l,25-(OH)2[ H]D  ̂was then purified by 

column chromatography as described below. 

l,25-(OH>2Dg (nonradioactive) was basically prepared in a similar 

manner; i.e., by a modification (53) of the Lawson method (51). The pro

cedure was simply "scaled-up" to produce more hormone. Fourteen grams of 

kidney from rachitic chicks was homogenized in 0.3M sucrose. The homog-

enate (140 ml) was mixed with a phosphate buffer and NADPH generating 

system. In a final volume of 540 ml the mixture contained 0.2M KH2PÔ , 
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3.2 mM MgĈ , 3.7. mM L-malate, 1.7 mM glucose-6-phosphate, 0.15 mM NADP+, 

and 75 units of glucose-6-phosphate dehydrogenase. Three hundred and 

twenty-five nanomoles of 25-OHD̂  containing 0.325 nanomoles of 25-

hydroxy£26(27)-methyl-̂ H]vitamin D2 (6.5 Ci/mmole) (as a radioactive 

tracer to locate the converted material when chromatographed) were added 

to the reaction mixture and incubation was carried out at 37° for 2 hours. 

The reaction was terminated, and the desired material extracted exactly 

as described above for 1,25-(0H)2[̂ H]D .̂ The material was then subjected 

to purification by three chromatographic systems. 

Silicic Acid Column Chromatography. Silicic acid was activated 

by heating in a vacuum oven to 120° for 24 hours just prior to use. 

Thirty grams of activated silicic acid were then suspended in hexane and 

poured into a column (1.8 x 18 cm) with the aid of 3 lbs nitrogen pres

sure for packing. Samples for purification were applied in a small vol

ume of hexane-diethyl ether (1:1 v/v). Twenty fractions were then 

collected from columns which were batch eluted with 5% acetone in di

ethyl ether; 50 ml fractions were collected. 

Sephadex LH-20 Column Chromatography. Liquid-gel partition chro

matography on Sephadex LH-20 was performed by the method of Holick and 

DeLuca (138). One 1 x 15 cm (5 g) column was eluted with 65% chloroform 

in hexane exactly as described in detail by Brumbaugh et al. (114), and 

in this chapter under the heading "The Assay for 25-hydroxyvitamin D3 

and la, 25-dihydroxyvitamin D3.1' 
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Celite Column Chromatography. Celite was washed with concen

trated HC1 and organic solvents, and the fine particles were removed 

prior to use (139). Column chromatography was by the procedure of 

Haussler and Rasmussen (41). For resolution of dihydroxy-D-vitamins, 5 

volumes of 10% ethyl acetate in hexane were equilibrated with 1 volume of 

45% water in ethanol. The lower water-ethanol phase served as a station

ary phase and was mixed with 11 g Celite (1:1 v/v). The Celite was then 

suspended in excess ethyl acetate-hexane (upper phase, mobile) and 

"fluffed" for 15-30 minutes in a beaker with a magnetic stirrer. This 

step was essential for uniform coating of the stationary phase on the 

inert Celite particles and for proper equilibration of the two organic 

phases with the packing material prior to column construction. The 

"fluffed" Celite preparation was then packed with a glass rod into a homo

geneous column (1 x 35 cm). Proper packing was achieved by building the 

column in 3-4 stages; the entire 11 g of Celite material, when packed, 

occupied 35 cm. Columns were run under 3 lbs nitrogen pressure to 

achieve flow rates of about 0.5 ml/min. Samples were applied to all Ce

lite columns in 0.4 m. of the mobile phase and 5 ml fractions were 

collected. 

Sample Storage 

The post-Celite sample showed negligible visible residue when the 

total sample was taken to dryness prior to solubilization for storage. 

Nonradioactive 1,25-(OH)2D.j was analyzed spectrophotometrically (see 

"Spectrophotometric Determinations") and the concentration was adjusted 

to 0.13 IU/ml (8.5 pmoles/ml, 3.52 ng/ml) with redistilled 100% ethanol. 
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Radioactive l,25-(OH)2[ hJD  ̂was taken to a concentration of 0.325 IU/ml 

(21.13 pmoles/ml, 8.79 ng/ml) in a similar manner. Both sterols were 

stored (tightly capped) at -20°. 

Exposure of Animals to Sterols, In Vivo 

In the majority of cases, and unless otherwise stated, vitamin Dg 

sterols were administered via the diet. In some experiments the sterol 

of interest was administered orally. The appropriate amount of sterol 

was dissolved in 0.2 ml of 1,2-propanediol (practical grade, Baker Chem

ical Co., Philadelphia, Pa.) prior to administration. The sterol (in 

100% solution) was first dissolved in a small volume of diethyl ether, 

mixed with 1,2-propanediol, and then nitrogen (dry, 99.9%) was bubbled 

through the solution at room temperature. Doses were made up immediately 

before use and administered orally. After the appropriate time interval 

the chick was sacrificed via decapitation. 

In the experiment where the binding of l,25-(OH)2Dg to chick tis

sues was investigated (p.107), the hormone was intracardially injected 

into the animal; l,25-(OH) 2["̂ H] Dg (6.5 Ci/mmole, 5 IU) was dissolved in 

0.3 ml 1,2-propanediol and injected through a 24G needle. 

The Assay for 25-hydroxyvitamin D 
and 1,25-dihydroxyvitamin D 

Sterol Extraction from Plasma 

Five to ten milliliters plasma (or serum) were routinely required 

for triplicate assay. Several different methods were used for the sterol 

extraction. Method 1 was a modification of the procedure of Bligh and 
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Dyer (137); it has been explained in the section dealing with the gener

ation of the vitamin D3 hormone and will not be repeated here. Method 2 

proved to be considerably more rapid and facile and resulted in excel

lent efficiencies (80-95%) of sterol extraction for 1,25-(0H)2D3. Plasma 

volume was measured and transferred to a 250 ml centrifuge bottle. Trac

er sterol (approximately 1000-2000 cpm 25-(OH)[̂ H]D3 or l,25-(OH)2[̂ h]D )̂ 

was added directly into the plasma. Seven volumes acetone:1,2-

dicloroethane (3:1) was added to each container followed by vigorous mix

ing for 20 minutes at room temperature. The centrifuge bottles were then 

spun at 5000 rpm (Rotor type GSA and centrifuge model RC-2B; Sorvall In

struments Division of E. I. Dupont, Inc.) for 10 minutes to pellet pro

teins. Supernatants were flash evaporated until 0.5-1.0 ml of lipid-water 

suspension remained. This material was then transferred to a 20 ml glass 

(scintillation type) vial with diethyl ether. Two phases were apparent 

and the lower was carefully pipetted away and discarded. The ether was 

subsequently dried under nitrogen before processing via chromatography. 

Chromatography 

Sephadex LH-20 column chromatography was performed as described 

previously (114). One 1 x 15 cm (5 g) column resulted in the separation 

of 25-0HD from 1,25-(0H)2D; 25-0HD emerged between 0 and 40 ml elution 

volume; whereas, l,25-(OH)2D eluted between 40 and 95 ml. Throughout the 

remainder of the purification scheme the sterols were treated separately. 

25-OHD was purified on silicic acid (activated by heating at 120° for 

24 hr in a vacuum oven) by eluting first with 20 ml hexane-diethyl ether 

(1:1) and then with 20 ml diethyl ether. 25-OHD emerged in the second 



fraction with the ether. ljZS-COH)̂ !* was purified similarly on silicic 

acid by elution with diethyl ether (20 ml) and then acetone (8 ml); the 

hormone emerged in the second fraction with the acetone. The entire pro

cedure was miniaturized to 0.8 x 6.4 cm columns to provide a very rapid 

and simple means of removing contaminating lipid. Final purification of 

the sterols was accomplished by Celite liquid-liquid partition chromatog

raphy (41) as described in the section dealing with the l̂ Ŝ OĤ D̂  gen

eration. The solvent system ("System I") used for 25-OHD was 100% hexane 

(mobile) and 15% water in methanol (stationary). Celite chromatography 

was also miniaturized to a "micro" scale (0.8 x 8.0 cm), when rapid puri

fication without separating and D£ forms was desired (p. 64). Ten ml 

glass pipettes, fitted with glass wool plugs, served as columns. Elution 

was carried out with mobile phase, and each sterol emerged between 7 and 

22 ml on its respective column. When 12 samples were processed simul

taneously, the total time from the initial drawing of the blood to a pu

rified assayable sample was approximately 2 hr/sample/technician using 

the micro-silicic acid and micro-Celite chromatography method (p. 64). 

If it was necessary to separate 25-0HD2 from 25-OHDg and l,25-(OH)2D2 

from l̂ S-COĤ D̂ , a longer (1 x 35 cm) column with 5 ml fractions) was 

required (p. 64). All samples for sterol assay were evaporated under 

nitrogen and solubilized in 400 ul ethanol. Determination of yield was 

accomplished by counting an aliquot of each sample for tritium (yields 

ranged from 50-75%). 
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Preparation of Reconstituted 
Cytosol and Chromatin 

The following is a description of the procedure for preparing 

rachitic chick intestinal cytosol and chromatin prior to reconstitution 

for use in the competitive binding assay. Intestine was slit lengthwise, 

washed free of debris in isotonic buffer (Sucrose-TKM) , and then scraped 

free from the serosa on an inverted petri dish with a microscope slide-

Two grams of the mucosa were then homogenized in 25 ml Sucrose-TKM. Dur

ing homogenization and subsequent steps in the tissue preparation, all 

tubes, flasks, pipettes, rotors, and centrifuges were rigorously kept at 

0-4° by the use of an ice-slush bucket. Homogenates were centrifuged at 

100,000 x g (Spinco 35 rotor, L5-50 Beckman ultracentrifuge) for 1 hour 

to yield a cytosol supernatant. Chromatin was prepared from crude nuclei 

(isolated from the original 1200 x g centrifugation) by homogenizing suc

cessively in 25 ml portions of EDTA, Triton, and Tris buffers. The chro

matin was harvested by sedimentation at 30,000 x g for 10 min after each 

wash. The entire 2 g of mucosa chromatin was then combined with half the 

cytosol fraction (= 11 mis) by homogenization to create a "reconstituted 

cytosol-chromatin" receptor system for the competitive binding assay. 

The homogenate was then forced through a 22G needle. The material was 

used fresh or frozen in liquid nitrogen and stored at -80° for later use. 

The Incubation and 
Filtration Procedure 

New glass culture tubes (borosilicate; 13 x 100 mm) were used for 

individual assay incubations. To each tube, 20 ul of radioactive 
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l,25-(OH)2[ h]d̂  (0.325 IU per ml ethanol) was added. The standard curve 

was constructed by adding various quantities (0-50 yl) of nonradioactive 

l̂ S-̂ Ĥ D̂  (0.13 IU per ml ethanol) or nonradioactive 25-OHD3 (65 IU 

per ml, which represents a 500-fold greater concentration than unlabeled 

1,25-(OH>2D3). For plasma samples, 10-100 yl of the sample was used 

(this volume required adjustment in subsequent assays if the competition 

was not on the standard curve). 

To each assay tube containing 1,25-(OH)2[̂ H]D2 and unlabeled 

sterol (dried together with a stream of nitrogen) was added 10 yl of dis

tilled ethanol and 100 yl of reconstituted cytosol-chromatin system (con

taining 80-100 yg DNA and 400 yg protein). The ethanol which was added 

just prior to the receptor system aided in solubilizing the sterols to 

achieve a higher binding efficiency and reduced non-specific binding. 

The final concentration of 1,25-(0H)̂  was 4.3 nM. After incubation 

for 30 minutes at 25° with shaking in a water bath, the quantity of la

beled sterol bound to chromatin was determined by filtration. To each 

assay tube, 1 ml of cold Triton buffer was added and the entire mixture 

applied to a Gelman Type A/E glass fiber filter (presoaked for 30 minutes 

in deionized Ê O; prerinsed on the manifold with 1-2 ml Triton buffer) at 

very low vacuum. After 2-4 minutes the vacuum was increased to achieve 

uniform flow rates of ca. 1 ml/minute and each of the filters was washed 

with 2 ml of Triton buffer. Following filtration, the filters were placed 

in liquid scintillation vials with 5 ml of reagent grade acetone. After 

5 minutes the acetone was evaporated on a hot plate under a stream of air. 

Without removal of the glass filter, sterols were solubilized in 5 ml 



non-aqueous based counting solution. The samples were counted and rou

tinely 900-1300 cpm of the approximately 3000 cpm of 1,25-(0H)̂ [̂ H] 

present in the incubation was recovered in the chromatin in the absence 

of competing nonradioactive sterol (33-43% binding efficiency). Inter-

assay variation was 10-15%. 

Assay of Renal la-hydroxylase, In Vitro 

la- hydroxylase assays were performed on kidney homogenates ex

actly as described by Tucker et al. (29). A 9% homogenate of kidney in 

0.3M sucrose was prepared and 0.4 ml was added to 9.6 ml of a phosphate 

buffer, pH 7.4, containing magnesium and a NADPH regenerating system (29). 

The reaction was initiated by adding 65 p moles of 25-OĤ 26(27)-methyl-

3- _q 
HJD̂  (final concentration 6.5 x 10 M) in 50 ul of ethanol and was al

lowed to proceed under air for 20 minutes at 37°C. Preliminary 

experiments were done to show that the reaction was linear with respect 

to time (up to 20 min) and enzyme (up to 0.4 ml homogenate). After com

pletion of the reaction, the sterols were extracted with methanol-

chloroform (2:1, v/v) (137) and separated by chromatography on 1 x 15 cm 

Sephadex LH-20 columns as described above. Data are expressed as fen-

tomoles of 1,25-(0H)2[ h]d̂  product formed per minute per milligram of 

homogenate protein. 

Preparation of 
Tissue Subcellular Fractions 

Tissues (parathyroids, adrenals, testis, liver, muscle, ultimo-

brancials, and intestine) were excised and immediately placed into 

Sucrose-TKM buffer at 4°. After washing, the organs were blotted, 
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weighed, minced, and homogenized. Three hundred milligram wet weight 

tissue were routinely processed by homogenization in 3 ml Sucrose-TKM 

buffer. Homogenates (100 mg/ml) were centrifuged at 1200 x g for 10 min

utes in a Sorvall HB4 swinging bucket rotor; the resulting pellet was 

designated the crude nuclear fraction. Mitochondria were isolated from 

the supernatant by centrifugation at 8000 x g for 20 minutes. This su

pernatant was then centrifuged at 100,000 x g for 1 hour in a Spinco SW60 

swinging bucket rotor to yield a compact microsomal pellet and a final 

supernatant cytosol. Nuclei and mitochondrial fractions were then washed 

extensively by gentle homogenization in Sucrose-TKM buffer with centri

fugation after each wash. 

Chromatin was prepared from crude nuclei by homogenizing succes

sively in portions (5 ml) of EDTA, Triton, and Tris (2x) buffers. The 

material was harvested by sedimentation at 30,000 x g for 10 minutes after 

each wash. In cytosol-chromatin reconstitution experiments, the clear, 

gelatinous chromatin from 300 mg tissue was combined and gently homoge

nized with the entire 3 ml cytosol fraction. 

Human and bovine tissues were processed in an identical manner to 

the chick organs. 

Sucrose Gradient Centrifugation 

Linear gradients of 5-20% sucrose in 0.3M-KETT were prepared with 

a Buchler gradient mixer, Auto-Densi Flow, and Polystaltic pump. Ali-

quots (0.3 ml) of cytosol were incubated with sterols (in 30 ul ethanol 

to enhance solubilization) for 2 hours at 4°. In cytosol-chromatin re-

constitution studies, the washed chromatin from 300 mg of tissue was 



recombined with cytosol (3.0 ml) and incubated with sterol for 30 minutes 

at 25°. Chromatin was harvested by brief centrifugation, washed exten

sively with Tris buffer, and then extracted with 1 ml high salt buffer 

(0.3M-KETT). Extracts were centrifuged at 48,000 x g for 20 minutes and 

the resulting supernatant was analyzed for sterol-binding activity. Sam

ples were layered onto cold gradients and centrifuged at 1° in a Beckman 

L5-65 ultracentrifuge using a Spinco SW-60 rotor at 60,000 rpm (average 

force 369,000 x g) for 17 hours. In some experiments a Beckman L5-50 

ultracentrifuge equipped with a Spinco SW-50.1 rotor was utilized (50,000 

rpm, 234,000 x g, 24 hr). Fractions (6 drops) were collected from the 

top and counted in 5 ml of aqueous scintillation cocktail. Sedimentation 

coefficients were estimated by comparison with protein markers (chymotryp-

sinogen, 2.5S; ovalbumin, 3.67S; and bovine serum albumin, 4.4S). 

Assays for Specific 
Macromolecular Binding 

Aliquots of cytosol (0.25 ml) containing 1,25-(0H)and 

various concentrations of unlabeled vitamin sterols were incubated for 

various periods of time. Parallel incubations containing 100-fold excess 

nonradioactive hormone were processed identically to yield values for 

nonspecific binding. Separation of bound from free sterol was achieved 

by one of three different methods. The first method was the filter assay 

of Santi et al. (140) utilizing DEAE-cellulose filters (Whatman DE 81). 

One milliliter Triton buffer was added to 200 yl of the incubation mix

ture and allowed to filter under gravity with the use of a Millipore sam

pling manifold. The filters were then washed with two 1 ml portions of 
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Triton buffer, placed into vials and extracted with 5 ml acetone, dried 

and counted. The efficiency of the filtration procedure, as determined 

by measurement of binding at low hormone concentrations, was 75%. 

The second method was the hydroxylapatite assay of Williams and 

Gorski (141). A 50% slurry (400 ul) of Bio-Gel-HT hydroxylapatite (in 

HAP buffer) was added to each incubation tube. The separation of free 

from bound was then accomplished exactly as described by Clark and Peck 

(142). 

The third method utilized to determine specifically bound hor

mone was sucrose density gradient centrifugation (see above). Although 

recovery of tritiated sterol was on the order of 50%, and this nonequi-

librium technique undoubtedly yielded estimates to receptor-bound hormone 

which were low, this technique was employed to compare to the results 

obtained by the other two more rapid methods. 

Agarose Gel Chromatography 

Agarose beads (Bio-Gel A-0.5, 100-200 mesh, Bio-Rad) were equili

brated in 0.3M-KETT buffer containing 0.02% Nâ  and then poured into a 

1.6 x 65 cm column. Samples (0.5 ml) of cytosol, nuclear extract, or salt 

extracted chromatin were applied to the column and 1 ml fractions col

lected. Column flow rate was 20 ml/hr. Optical density of fractions was 

measured with a Gilford 240 spectrophotometer. Radioactivity was measured 

after adding 10 ml aqueous counting solution to each fraction. Molecular 

1/2 weights of the components were estimated from a linear plot of M vs. 

1/3 Kq with the use of myoglobin, chromotrypsinogen, pepsin, ovalbumin, 

and bovine serum albumin as standards. The void volume and total volume 
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of the column were determined by blue dextran and "̂ C-alanine or ̂ CaCl 

respectively. Additional parameters were performed as described in detail 

by Sherman (143). 

Heat and Enzymatic Release Studies 

Aliquots of cytosol (0.2 ml, 0.78 mg protein) were prepared in 

Sucrose-TKM buffer and pre-incubated with 1,25-(0H)2[, (in 20 ul 

ethanol) for 1 hour at 4°. Incubation was then continued for an addi

tional 30 minutes at 0° with (a) no addition, (b) 100 yg pronase, (c) 100 

yg DNase plus 2 ul of 0.5M magnesium acetate, or (d) 100 yg bovine RNase; 

all enzymes were obtained from Sigma. Samples were then layered onto su

crose gradients and centrifuged as described to separate free from bound 

sterol. 

Similar aliquots of cytosol were incubated at 0, 25, or 37° for 

various periods of time with labeled hormone and then analyzed for bind

ing by filtration on DEAE-cellulose filters. Nonspecific binding was 

determined as described above. 

Diethylaminoethyl 
Cellulose Chromatography 

Diethylaminoethyl (DEAE) cellulose (DE-52, Whatman) was exten

sively equilibrated in 0.0M-KETT buffer until the column eluate and 

starting buffer had an identical pH and conductivity. The material was 

then "de-fined" according to the formula 

t = nh 



where h was the height of the slurry in cm, t was the settling time in 

minutes, and n equaled 2.0. A 10 cc (packed volume) column was built in 

a 50 cc disposable syringe fitted with two DE-52 filters serving as the 

bed support. 

Chick parathyroid tissue (2*5 g wet weight) was processed to pro

duce cytosol. A 40% ammonium sulfate precipitation of the cytosol was 

carried out by adding (drop-wise with vigorous stirring at 0°) a solution 

of saturated ammonium sulfate prepared in O.OM-KETT and adjusted back to 

pH 7.4 with NĤ OH. The (NĤ ŜÔ  precipitated material was resolubilized 

in 3.75 ml 0.0-KETT for 1 hour, briefly centrifuged to remove denatured 

and unsolubilized protein, and incubated with 1,25-(0H)2[ HJD  ̂for 2 hrs 

at 0°. The incubation was diluted to 10 ml total volume with O.OM-KETT 

and applied to the column. A 200 ml linear gradient of O.OM-KETT to 0.6M-

KETT was performed; 2 ml fractions were collected at a column flow rate 

of 12 ml per hour. KC1 concentration was determined by conductivity 

measurement, and proteins were measured by absorbance at 280 nm. 

Analysis of Splanum 
malacoxylon and Cestrum diurnum 

Materials 

Solanum malacoxylon (jS.m.) plant was made available by Dr. H. R. 

Camberos, Ministry of Agriculture, Buenos Aires, Argentina, and Dr. G. K. 

Davis, University of Florida at Gainesville. Cestrum diurnum (Ĉ .d̂ .) was 

obtained by Dr. R. H. Wasserman, Department of Physical Biology, Cornell 

University, Ithaca, New York, whom we collaborated with during these 

studies. A mixed glycosidase preparation from the liver of the sea worm, 
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Choronia lampus, was purchased from Miles Laboratories, Inc. All other 

materials were identical to those described in the sections "Sterols and 

other Chemicals" and "Chromatography Materials". 

Prehydrolysis Procedures 

Regarding Ŝ .m. , a chloroform extracted leaf powder (144) was 

washed with 1̂ 0 and the soluble material then washed with methanol. The 

residue was dissolved in 75% ethanol in water and purified on a 2 x 50 cm 

column of silicic acid. The first fraction (containing most impurities) 

was eluted with a n-butanol-acetic acid-̂ O (10:1:1). The bioactive mate

rial was then eluted with n-propanol-Î O (3:1). Regarding Ĉ .d_., 300 g of 

dried lefa was extracted with CHCl̂  (discarded) and the nonsoluble mate

rial was further extracted with CHCl̂ CĤ OH (1:2). The active material 

was precipitated with acetone and the pellet subsequently redissolved in 

CHC13:CH30H (1:2). 

Enzymatic Hydrolysis 

The organic solvents from the previous steps were removed by 

flash evaporation (RotoVac) and the active material was solubilized in 

citrate-phosphate buffer (pH 5.0) containing 500 mg of mixed glycosidases 

derived from the liver of the sea worm, Charonia lampus. In one experi

ment, 3-glucosidase (almond, Sigma, 100 mg/50 ml) was substituted for the 

C. lampus. Incubation was for 16 hours at 37° under ̂  for the Ĉ cL 

preparation, and 24 hours at 35° under N2 for the Ŝ m. material. The S_.m. 

incubation was stopped by adding 50 ml methanol and 62.5 ml chloroform; 

the C_.d_. incubation was terminated by the addition of ̂ Ô Ĥ Ol̂ CHCl̂  



(1:1:1.5). In both cases, the material was placed into a separatory fun

nel and the phases allowed to separate. The lower CHCl̂  phase was then 

combined with three CHCl̂  washes of the upper phase and dried in a rotary 

evaporator. Bioassay identification of the active fraction was carried 

out by administration to strontium-fed chicks and measuring intestinal 

calcium absorption and calcium-binding protein (145). Tracer 1,25-(0H)2 

q 
[ HjD̂  (6000 cpm or 0.35 mg for S.m.; 15,000 cpm or 0.875 ng for Q..d*) 

was added to the dried, hydrolyzed material and the mixture was then sub

jected to chromatographic purification. 

Chromatographic Procedures 

Hydrolyzed S.m. and C.ji. were purified by a series of chromato

graphic separations identical to those described for the purification of 

l̂ S-̂ Ĥ D̂  from plasma. The battery of columns used for the purifica

tion of Solarium was: 1) Sephadex LH-20 (1 x 15 cm, 65% CHCl̂  in hexane) ; 

2) Silicic acid (0.8 x 6.3 cm, diethyl ether followed by acetone); 3) 

Micro-Celite (0.8 x 8.5 cm, system II); 4) Celite (1 x 40 cm, system II); 

and 5) columns 1 through 4 each repeated a second time in this sequence. 

The columns used for Cestrum purification were: 1) Silicic acid (1 x 20 

cm, ether:acetone (95:5 v/v); 2) Sephadex LH-20 (1 x 15 cm, 65% CHCl̂  in 
I 

hexane); 3) Micro-Celite (0.8 x 8.5 cm, system II); and 4) Celite (1 x 40 

cm, system II). Recovery ranged from 40-80% and samples were virtually 

free of lipid (visible) residue. 
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Biological Measurements 

The radioreceptor assay for l̂ S-COĤ D̂ -like activity was per

formed as described earlier. Duodenal CaBP was measured by the radialim-

munoassay technique of Corradino and Wasserman (146). 

Physical Measurements 

Ultraviolet absorption studies were performed on a dual-beam 

Beckman DB spectrophotometer outfitted with a 10-inch recorder. A model 

3200F-6103 Finnigan GC/MS system with quadrapole analyzer was utilized 

for mass spectrometry (MS). 

S_.m. was examined by both direct probe MS and coupled gas 

chromatography-mass spectrometry (GC/MS). In the former case, samples 

were directly introduced on the probe and continuous scanning was car

ried out while heating to 120° above ambient; ionization was accomplished 

by electron bombardment. Purified hydrolyzed S,.m. factor (400-500 mg) 

was analyzed and compared to the fragment pattern of authentic 1,25-

(0H)2̂ 3. In case of GC/MS, a 2 m 3% QF1 (50% trifluropropylmethyl 

silicone, Alltech, 111.) column was employed for gas chromatography. The 

column was heated to 200° above ambient temperature. 

The hydrolyzed, purified, lipophilic fragment from C..d_. was also 

analyzed by GC/MS. A 2 mm x 50 cm, 3% OV-7 (100-120 mesh) glass column 

was employed with an injection port temperature of 260° and an initial 

column temperature of 245°. The column temperature was subsequently in

creased 8° per minute during the chromatography. The sample was applied 

in 5 yl double distilled ethanol (100%). 
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Liquid Scintillation Counting 

Liquid scintillation counting of all radioactive sterols was car

ried out after the addition of the appropriate liquid scintillation count

ing solution. For non-aqueous samples counting solution A, consisting of 

4 g 2,5-diphenyloxazole and 50 mg 1,4-bis 2-(5-phenyloxazoyl) benzene per 

liter of toluene, was used. For aqueous samples counting solution B, con

sisting of 3 g 2,5-diphenyloxazole and 38 mg 1,4-bis 2-(5-phenyloxazoyl) 

benzene per liter of toluene:Triton X-100 (3:1), was used. Samples were 

counted in a Beckman LS-250 ambient temperature or a Beckman LS-223 re

frigerated liquid scintillation spectrometer. Efficiencies for tritium 

ranged from 20-50%. The number of dpm of isotope present in samples was 

determined by addition of an internal standard ([%] toluene, specific ac

tivity 21,000 dpm/10 ul, obtained from New England Nuclear Corp., Boston) 

and redetermination of radioactivity. 

Spectrophotometry Determinations 

In quantitating the concentration of sterol solutions, absorbance 

measurements and spectra were made on a Beckman DB spectrophotometer 

equipped with a 10-inch Beckman recorder. The absorbance at 280 nm of the 

eluate of DEAE-cellulose or sucrose gradient standard protein markers was 

made by measurement of individual fractions using a Gilford model 240 

spectrophotometer equipped with a model 2443-A rapid sampler and a model 

4008 data lister. In some experiments protein was determined by the 

method of Lowry et al. (147) using bovine serum albumin as the protein 

standard. 



CHAPTER 3 

RADIOLIGAND RECEPTOR ASSAY FOR 25-HYDROXYVITAMIN 
D2/D3 AND la,25-DIHYDROXYVITAMIN D2/D3: 

APPLICATIONS IN BASIC AND CLINICAL RESEARCH 

The Assay 

Little information was available on the occurrence of the 1,25-

(OĤ D̂  hormone in the circulation prior to the elucidation of the chick 

intestinal cytoplasmic and nuclear receptor system for l,25-(OH)2D3 by 

Brumbaugh and Haussler (75-77). This receptor system was utilized to de

velop a sensitive competitive binding assay for the hormonal form of vi

tamin D̂  (113-115). The assay methodology, however, proved to be an 

arduous undertaking, particularly the purification of the vitamin D hor

mone from plasma prior to assay. In addition, several questions remained 

regarding the applicability of the radioreceptor assay to the measurement 

of active vitamin D metabolites in animals and patients. Therefore, it 

was necessary to accomplish the following: 

1) Simplify the radioreceptor assay methodology for use as a routine 

laboratory tool. 

2) Determine if the presently available chromatography methods could 

separate vitamin D̂  from vitamin D2 metabolites. 

3) Ascertain if the discrimination against ergocalciferol (vitamin 

D2) metabolites by the chick is at the level of the sterol's 

target tissue receptor. 

49 
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4) Extend the l̂ S-̂ OĤ D̂  assay to incorporate 25-OHD2, ZS-OHD̂ , 

and l,25-(OH)2D2> thus developing a single method for the quali

tative and quantitative assessment of all the biologically active 

forms of vitamin D̂ . 

5) Measure these metabolites in animals and humans who display aber

rant metabolism of vitamin D. 

Generation and Purification 
of l,25-(OH)2D3, In Vitro 

Since l̂ S-COĤ D̂  has only very recently become available syn

thetically (in crystalline form), the development of an assay for the 

measurement of this hormone in plasma was initially dependent upon the 

biosynthesis of this compound from 25-OHD3. l,25-(0H)2Dg and 1,25-

(OĤ ĤjD̂  were prepared from 25-OHD3 and 25-OH[̂ H]D2» respectively, by 

means of an in vitro preparation of the chick renal 25-OHD-la-hydroxylase 

enzyme. In this procedure, a kidney homogenate from vitamin D-deficient 

chicks is incubated with 25-OHD3 or 25-0H[̂ H]D2 in the presence of a NADPH 

generating system (51,53). The stereospecific hydroxylation in the 1-

alpha position of 25-OHDg occurs in the kidney mitochondria and, as will 

be discussed in this chapter, can be markedly enhanced in animals that 

have a low calcium status. Therefore, it is possible to achieve high 

conversion of 25-OHD2 to l,25-(OH)2D2 in renal homogenates from chicks 

raised on a vitamin D-deficient diet for 3-4 weeks prior to sacrifice (92). 

As shown in Figure 3-1A, the hydroxylation of 25-OHD.j is very efficient 

6. When no subscript is present after the D, both vitamin D2 
(ergocalciferol) and vitamin Dg (cholecalciferol) forms are implied. 



Figure 3-1. Chromatographic Purity of 1,25-(0H)2̂ 3• 

l,25-(OH) 2[̂ H]d̂  was prepared in vitro from 25-OH[̂ H]D3, as described 
in Chapter 2. 

A. The lipid extract from the kidney homogenate was chromatographed 
on a silicic acid column (1.8 x 18 cm), 

B. On Sephadex LH-20 column (1 x 15 cm), and 

C. A Celite liquid-liquid partition column (1 x 35 cm); 1,25-
(OĤ ĤjDg (6-9.8 Ci/mmole) migrated in fractions 13-15. 



6 -

3 

0 

A.SILICIC ACID P 

25-OHD- / lo«,25-(0H)2D3 

/ 
° ./ 
\ o-o 

JI / + 
-o-o 

IB. SEPHADEX LH-20 
(O 

2 6 
x 

z 

— 3 i- ° 
o < 
<r 

TAF25-(0H)2D3 

y\ <•' 
0 o 

J \ 
\ 

n,0'0-0-0-0-0-0-0-Cj)-0-0-0' 

Q. 
A 
X q 
fO y 

(C. CELITE 

6 -

n-n.n-O-n —n-O—o-o-A-, 

o,25-(0H)2D3 

10 15 

FRACTION NUMBER 

20 

Figure 3-1. Chromatographic Purity of l̂ S-COĤ Dj. 



52 

in this system, and the active hormone is one of the predominant vitamin 

D metabolites in the methanol-chloroform extract from the kidney homoge-

nate. The radioactivity in the elution position of l,25-(OH)2Dg comprises 

>60% of the total eluted radioactivity following separation of the la-

beled hormone from the 25-OH[ HJD  ̂precursor by chromatography on silicic 

acid. Further purification of the ljZS-COĤ D̂  is carried out by column 

chromatography on Sephadex LH-20 and Celite (Figure 3-1B, 3-1C)• Use of 

this purification sequence resolves the sterol hormone from all known 

vitamin D metabolites, including 24,25-(OH)and 25,26-(OH)2D3 (41). 

The final yield of l,25-(OH)2D2 varies from 30-45%, and its radiochemical 

purity is greater than 98%, as determined by rechromatography of the 

1,25-(OH) 2 on a Hicro-Celite column. Nonradioactive 1,25-(OH) 2D.J 

(containing tracer l,25-(OH)2 [ of approximately 150 dpm/65 pmole) 

is generated on a larger scale (Chapter 2) and purified in a similar man

ner. Yields range from 16-25% and the final l̂ S-COĤ D̂  is judged to be 

free from contaminating materials by ultraviolet absorption spectrometry 

(Figure 3-2) and mass spectrometry (Figure 3-3). 

In all experiments, l̂ S-̂ Ĥ D̂  concentration was quantitated by 

measurement of ultraviolet absorbance at 264 nm. The mass spectra of the 

nonradioactive sterols—vitamin Dg, 25-OHDg, and l̂ S-̂ Ĥ Dg—used in 

the radioreceptor assay, as well as those sterols used in other facets of 

this work (Chapter 4) were determined in collaboration with Mr. Peter 

Baker of the Department of Chemistry, The University of Arizona, and are 

shown in Figure 3-3. The mass spectra of la,25-dihydroxyvitamin D2 (1,25-

(01̂ 02) and 25-hydroxyvitamin D2 (25-OHD2) (data not shown) were 



Figure 3-2. Ultraviolet Absorption Spectra of Nonradioactive Vitamin 
D Sterols. 

A. Spectrum of crystalline 25-OHD3 provided by the Upjohn Company 
(Kalamazoo, Michigan). 

B. Spectrum of 1,25-(0H)2D3 prepared in kidney homogenates of rachit
ic chicks, in vitro, as described in Chapter 2. Sterols obtained 
from Hofmann-La Roche Inc. (Nutley, New Jersey) produced compar
able results. 
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determined by Ms. Patricia G. Jones of the Department of Cell and Devel

opmental Biology, and Dr. Sai Y. Chang of the Department of Internal Med

icine, The University of Arizona. Crystalline nonradioactive 1,25-

(OĤ Dg' which was supplied by Dr. M. Uskokovic of Hoffmann-La Roche, 

Inc., Nutley, New Jersey, was analyzed by direct probe mass spectrometry 

and combined gas chromatography-mass spectrometry. These data are pre

sented in Chapter 5 where the fragment pattern is rigorously analyzed. 

Suffice to say, the respective parent molecular ions of m/e 384, 400, and 

416 are seen (Figure 3-3) for vitamin D̂  and its mono- and di-hydroxylated 

derivatives. Both la-hydroxyvitamin Dg (la-OHD̂ ) and biologically pre

pared l̂ S-COĤ D̂  yield fragments at m/e 287, 269 (287-H2O), 152, and 

134 (I52-H2O), indicating that they contain an additional oxygen atom in 

the A-ring. The A-ring fragments of vitamin D̂  and 25-OHDg occur at m/e 

271, 253 (27I-H2O), and 136, indicating one less oxygen atom. In addi

tion to the ultraviolet absorption spectra of these compounds, the mass 

spectra in Figure 3-3 further verify the purity of the nonradioactive 

compounds employed in this study. 

The Binding Assay Technique 

Saturation analysis has allowed the development of radioimmuno

assays and competitive protein-binding methods for the measurement of many 

hormones. Both techniques are based essentially on the same principle; 

namely, specific binding of the hormone to certain proteins. Various se

lective binding proteins have been employed such as plasma carriers and 

intracellular receptors. In the case of the hormone 1,25-(0H)2D̂ , the 
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specific cytosol receptor from chick intestine (75-77) has been incorpo

rated into a novel method for the quantitation of this sterol. The assay 

takes advantage of the fact that the 1,25-(OH)̂ D̂ -receptor complex binds 

to chromatin (Chapter 1) and the ternary complex is easily isolated by 

filtration (114). Moreover, the ligand binding is more stable in this 

super-complex and the latter can be washed with nonionic detergent pro

viding a facile and effective method for separating bound from free 

hormone (114). 

Figure 3-4 summarizes the sequence of operations comprising the 

radioreceptor assay for 1,25-(OH)2̂ . The assay can be divided into three 

operations: 1) preparation of the reconstituted cytosol-chromatin recep

tor system from the rachitic chick intestine, 2) incubation with the hor

mone, and 3) filtration and determination of the amount of bound 

1,25-(OH)2[3H]D3. 

Rat In Vivo Generation 
of 1,25-(0H)2D 

In order to determine if the radioligand receptor assay for 1,25-

(OĤ D̂  also measures 1,25-(0H) 2̂ 2' both sterols were generated in wean

ling rats in vivo. Rats were chosen for the study because it is thought 

that these animals do not discriminate between cholecalciferol and ergo-

calciferol, as does the chick (148). Two groups of animals were raised 

for three weeks on a normal calcium (0.6%) and phosphorus (0.6%) diet. 

Both groups were treated identically except that the diet of one group 

was supplemented with vitamin Dg (2 IU/gm diet); whereas, the second 

group received only vitamin D2 (2 IU/gm) in the diet. Blood was obtained 



Figure 3-4. The Radioreceptor Assay for l,25-(OH)2D. 

Depicted are the three phases of the binding assay: preparation of the reconstituted 
receptor system, incubation (reaction) with labeled (1,25*), and unlabeled (1,25) hor
mone, and filtration and determination of the bound hormone. Cytoplasmic receptor = 
(§) ; Nuclear receptor = GO . 
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by cardiac puncture, pooled within each group, and subjected to chromato

graphic purification. Tracer IjZS-COĤ ^HJD  ̂(4200 cpm) was added to 

the samples to quantitate losses and serve as a column marker for authen

tic hormone. After lipid extraction with methanol chloroform (2:1) and 

Sephadex LH-20 chromatography (Chapter 2), the extracts were further pu

rified on a 35 cm Celite column, and individual fractions were assayed 

for 1,25-(0H)2D binding activity (Figure 3-5). As shown in Figure 3-5A, 

the binding activity of the plasma extract from vitamin Dg-fed animals 

migrated exactly with the added 1,25-(0H) 2["̂ H]D2 tracer. The total as-

sayable l̂ Ŝ OĤ Dg in the plasma sample corresponds to 15.7 ng/100 ml 

of plasma (4 x 10""'"%). Figure 3-5B depicts the Celite profile of the 

pooled plasma sample from vitamin D2~fed rats. The assayable material 

does not migrate with authentic 1,25-(OH)£0̂ » and the value of 15.0 

ng/100 ml correlates well with 15.7 ng/100 ml obtained in Figure 3-5A. 

Taken in combination with the fact that vitamin and vitamin D2 are be

lieved to be metabolized equally in the rat, the data suggest that the 

assayable metabolite (Figure 3-5B) is 1,25-(0H)2D2* This preliminary 

identification will be supported (below) by the fact that the elution 

position of this metabolite corresponds'with the elution position of 

1,25(0̂ 2̂ 2 that was generated in vitro from authentic, crystalline 25-

OHD2. In addition, the data of Figure 3-5 illustrating the equivalency 

of the two generated sterols in the chick intestinal receptor system, 

indicate that the binding protein does not discriminate between them, but 

rather binds l̂ S-̂ Ĥ D̂  and 1,25-(0H)2D2 wit*1 the same affinity. 



Figure 3-5. Celite Chromatography of Purified Plasma from Rats Fed 
Vitamin D3 or Vitamin D2. 

O 
l,25-(OH)2[ H] D3 (4200 cpm; 6.5 Ci/mmole) was added to each pooled plasma 
from 12-15 rats (32 ml) and purified for 1,25-(0H)2D2 an<* l,25-(OH)2D3 as 
outlined in Chapters 2 and 3. Recovery of tritium after extraction and 
chromatography was 63% for D3~fed animals and 68% for D2~fed animals. 
The radioreceptor assay was used to quantitate 1,25-(0H)2D in each 5-ml 
fraction from the final Celite column (o) . Migration of 1,25-(0H)[^H]D3 
marker (A) was determined by counting an aliquot from each fraction. 
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In Vitro Generation 
of 1,25-(0H)2D2 

In the next experiment, performed in collaboration with Ms. 

Patricia Jones of our laboratory, a more direct approach was undertaken 

to generate l,25-(OH)Since the kidney is the sole location of the 

lot-hydroxylase enzyme that produces the hormonal form of the vitamin, 

renal tissue from 4-week-old severely rachitic chicks (12 animals, plasma 

[Ca*"*"] £ 5.5 mg%) were removed. Kidney homogenates were incubated in a 

phosphate buffer and NADPH generating system as described above. The re

action was initiated with 4500 IU (292.5 nanomoles) crystalline 25-OHD2 

and was allowed to proceed under air at 37° for 2 hours; the generated 

dihydroxy-sterol was purified on silicic acid, Sephadex LH-20, and Celite, 

and finally quantitated by ultraviolet absorption spectrophotometry. 

These identical conditions are routinely employed for the production of 

l̂ S-COĤ Dj from 25-OHDgJ it is reasonable that the substrate 25-0HI>2 

will produce 1,25-(0H)2D2 in this system. Moreover, the sterol displayed 

a spectrum with a minimum at 228 nm and a maximum at 265 nm which is 

characteristic of l,25-(OH)2D. In addition, the dihydroxy-metabolite mi

grated on Celite to the same position (fraction 14) as the in vivo pro

duced sterol of the previous experiment. 

Competitive Binding of 
1,25-(OH) D and 25-0HD„ 

2 2 2 

In order to verify that the target tissue receptor binds 1,25-

(OH)̂ ,̂ the in vitro generated sterol was added to the reconstituted 

cytosol-chromatin system and allowed to compete with 1,25-(OH)2[̂ h]D2 for 

the receptor. Figure 3-6A illustrates the competitive binding curves 



Figure 3-6. Competitive Binding Standard Curves for l,25-(OH)2D3 or 
l,25r-(OH)2D2 (A), and 25-OHD3 or 25-Offl>2 (B). 

A sample of l,25-(OH)2[ hJD  ̂(360 pg; 6.5 Ci/mmole) was incubated with 
increasing amounts of nonradioactive sterol in the reconstituted cytosol-
receptor system. The amount of bound tritiated compound (as determined 
by filtration) is plotted as a function of the amount of nonradioactive 
sterol in the incubation mixture. Each point represents the average of 
quadruplicate assays + standard error of the mean. 
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obtained when either 1, ZS-tOĤ D̂  or ljZS-COH)̂  ̂is the competing ster

ol. Results indicate that l̂ Ŝ OĤ D̂  and.the dihydroxyergocalciferol 

metabolite 1,25-(0H)2D2 bind equally efficiently to the intestinal recep

tor. Consequently, the assay receptor system can bind both the D2 and Dg 

forms of the hormone. 

In the next experiment 25-OHD binding to the receptor was ex

plored. Nonradioactive 25-OHD̂  is approximately 500 times less effective 

than nonradioactive l.ZS-COĤ Dj in the ability to displace 1,25-

(OH)[ H]D3 from its intestinal receptor (149). Therefore, if cytosol-

chromatin is incubated with the standard amount (360 picograms) of 

1,25-(OH)2[̂ HJD2» a 500-fold excess (180 nanograms) of 25-OHD̂  will re

sult in 50% competition at the receptor (Figure 3-6B). Since the 

dihydroxy-D2 metabolite was capable of binding (Figure 3-6A), the 

monohydroxy-D2 metabolite (25-OHD2) was also tested for its competitive 

ability. Figure 3-6B shows that nanogram quantities of both 25-OHDg and 

25-OHD2 are capable of competing with picogram amounts of 1,25-

(0H)2[ but that 25-OHD̂  is approximately 1.4 times more efficient. 

Although this slight discrimination against 25-OHI>2 cannot be reconciled 

at this time, the data are consistent with Figure 3-6A, indicating that 

cholecalciferol and ergocalciferol metabolites can both bind in the in

testinal receptor system. Therefore, standard competitive binding curves 

can be obtained for all four of the sterols of interest, and this allows 

for the measurement of these metabolites in plasma. 
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Isolation of Plasma 
Vitamin D Metabolites 

Before the circulating concentration of D-metabolites can be 

measured by the competitive binding method, the plasma sample must first 

be purified to separate the sterols of interest and remove contaminating 

lipid. Figure 3-7 is a schematic diagram depicting the purification pro

cess and the chromatographic options that are employed in the isolation 

of these biologically active vitamin D sterols. A single 20 ml plasma 

sample (with added radioactive tracers to quantitate purification yields) 

is processed in such a way that the 25-hydroxy-metabolites are separated 

from the 1,25-dihydroxy-metabolites on Sephadex LH-20 (Figure 3-7). Each 

of the two groups is then purified on micro-silicic acid columns using 

elution systems appropriate for the particular metabolite (Chapter 2). 

Final resolution of 25-OHD3 from 25-OHD2 and 1,25-(0H)2D3 from 1,25-

( OH) 2D 2 is achieved by Celite liquid-liquid partition chromatography on 

1 x 35 cm columns (Figure 3-7, pathways A and C). Subsequent radiorecep

tor assay of the separated sterols results in a complete metabolite pro

file of the four most biologically active forms of vitamin D in the 

circulation. 

In many instances it is not necessary to distinguish between the 

D2 and Dg metabolite concentrations. Consequently, a simplified version 

of the purification scheme has been developed that utilizes a "micro" 

(0.8 x 8.0 cm) Celite column that does not resolve D2 from D3 metabolites 

(Figure 3-7, pathways B and D). To demonstrate the inability of the 

micro-Celite system to separate the two hormonal sterols, rats, which 

apparently metabolize D2 and D-j equivalently, were raised on either 



Figure 3-7. Purification Scheme for 25-OHD2 and/or 25-OHD3 (A,B), and l,25-(OH)2D2 and/or 
l,25-(OH)2D3 (C,D). 

For a complete vitamin D metabolite profile of the plasma, pathways A and C are used. When 
distinctions between D2 and D3 metabolites are not required, the micro-Celite is employed as 
a final purification step (pathways B and D) and results are expressed as the "total" D 
concentration. All assays are run in triplicate. Extraction of plasma is carried out as 
described in Chapter 2. Celite solvent systems I and II and other details are explained 
in detail in Chapter 2. 
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Figure 3-7. Purification Scheme for 25-OHD2 and/or 25-OHD3 (A,B), and L,25-(OH)2D2 and/or 
l,25-(OH)2D3 (C,D). 



65 

vitamin or D-j in a similar manner to the experiment illustrated in 

Figure 3-5. After purification (as outlined in Figure 3-7D) the average 

1,25-(0H)2D in the D2- and D̂ -raised rats was 18.8 + 2.0 (S.D.) ng/100 ml 

(n = 3; 30 total animals) and 17.1 + 3.0 (S.D.) ng/100 ml (n = 6; 60 total 

rats), respectively. Thus, the micro-Celite chromatography system is ne

cessary to remove contaminating lipid from 1,25-(0H)2D and permit valid 

radioreceptor assay (114), but the column yields a mixture of l,25-(OH)2Dg 

and l,25-(OH)2l>2- This column greatly simplifies the final purification 

step prior to an assay and allows for the routine processing of numerous 

samples to yield "total" 25-OHD and l,25-(OH)2D concentrations in plasma. 

Using this technique, the biologically active metabolites of vi

tamin D have been measured in animal model systems and human disease 

states in an attempt to more clearly delineate the factors which govern 

the concentration of these sterols in the circulation. 

Influence of Dietary Vitamin D2 on 
the Circulating Concentration of Its Active 
Metabolites in the Chick, Rat, and Human 

It was felt that the radioreceptor assay offered a unique oppor

tunity to examine the effects of the proposed regulators—calcium, phos

phorus, PTH, and dietary vitamin D—on the total plasma concentrations of 

25-OHD̂  and 1,25-(0H)2D̂ . The first series of experiments were designed 

to determine the influence of different levels of vitamin D, given as a 

constant dietary supplement, on the circulating levels of these active 

vitamin D metabolites. 
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Circulating Vitamin D Metabolites 
in the 1-day-old Chick 

One-day-old chicks (60 animals total) were sacrificed and the 

pooled plasma (25 ml) assayed for 25-OHDg and l,25-(OH)2Dg to determine 

the hormone level in the chick shortly after hatching. Receptor assays 

resulted in values of 14.1 ng/ml and 8.9 ng/100 ml plasma for 25-OHDg 

and 1,25-(0H)2D2» respectively. The level of l,25-(OH)2Dg is slightly 

higher than that seen in 3-4 week old normal chicks (Table 3-1), and is 

consistent with recent findings that the renal la-hydroxylase enzyme ap

pears early in embryonic development in the chick (150,151). 

Effects of Various Levels of 
Vitamin Dg and Calcium on 
Circulating Vitamin Dg Metabolite 
Concentrations in the Chick 

Exclusion of vitamin Dg from a diet containing a normal level of 

calcium (1.4%) (152) elicits hypocalcemia and classical rickets in chicks 

after approximately three weeks. When vitamin Dg metabolites were mea

sured in plasma of chicks raised for 20-28 days on such a rachitogenic 

diet, both 25-OHDg and l,25-(OH)2Dg were undetectable by the radio

receptor assay (Table 3-1). These data indicate that the background in

terference of the assay is extremely low and that any significant 

deflection in the competitive binding curve is the result of actual 

vitamin Dg metabolites. The undetectable levels of 25-OHDg and 1,25-

(OĤ Dg do not prove absolute vitamin D-deficiency, but they do show that 

by three weeks vitamin D-metabolites are markedly lower than normal in 

rachitic chicks. 



Table 3-1. Vitamin D3 Metabolite Concentrations in Plasma of Chicks Receiving Various Amounts 
of Vitamin D-̂  and Calcium.3 

Diet No. of Plasma Plasma 
Vit. D, 
(IU/g] 

. Calcium 
I (%) 

No. of 
Sets 

Animals 
Per Set 

Plasma Calcium 
(mg/100 ml) 

25-OHD3 
(ng/ml) 

l,25-(OH)2D3 
(ng/100 ml) 

0 1.4 3 15 5.7 + 0. 4b <4;<4;<4C <0.5;<0.5;<0.5C 

1.4 1.4 3 15 11.0 + 0.4 21;32;35 5.1;5.4;7.5 

70.0 1.4 3 15 10.8 + 0.4 87;94;130 3.4;4.6;4.7 

1.4 2.8 2 15 10.9 ± 0.4 29; 31 5.9;6.0 
aAll sterol assays were performed in triplicate on pooled plasma samples from 15 chicks be
tween 20 and 2.8 days of age; interassay variation was <15% in all cases. 

k+ Standard deviation. 
cValues are below the minimum sensitivities of the assays or not significantly different from 
0, and therefore should be considered undetectable. The minimum sensitivity for 25-(OH)2D3 
measurement is 20 pg (114), while that for 25-OHD-j is 20 ng (Figure 3-6). 
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In contrast, chicks raised for 20-38 days on an optimal level of 

vitamin Dg (1.4 IU/g diet) and calcium (1.4%) had plasma concentrations 

of 25-OHD3 and 1,25-(OH)2D2 of 21-35 ng/ml and 5.1-7.5 ng/100 ml, respec

tively (Table 3-1). These concentrations of vitamin Dg metabolites cor

respond closely to the values of 20-40 ng/ml and 4 ng/100 ml reported in 

humans for 25-OHD̂  (153) and l̂ S-faĤ D̂  (114), respectively. 

The results in Table 3-1 show that a striking increase in plasma 

25-OHD3 occurred at 20-28 days of age in chicks fed a diet containing 70 

IU vitamin D̂ /g diet while circulating 1,25-(0H)2D3 levels were slightly 

suppressed with this high, but non-toxic, vitamin intake. Thus, cir

culating l,25-(0H)2l>2 is not increased by a large elevation in vitamin 

intake, but 25-OHD2 is substantially enhanced. However, it should be 

pointed out that a 50-fold increase in dietary vitamin Dg elicited only a 

4-5 fold stimulation of circulating 25-OHD2 levels. Increasing calcium 

in the diet to 2.8% while maintaining vitamin Dg at 1.4 IU/g diet had no 

significant influence on levels of 25-OHDg or 1,25-(OH)2Dg in the chick 

(Table 3-1). 

In Vitro Assay of Kidney la-
hydroxylase in Vitamin and 
Calcium-deficient Chicks 

The data in Table 3-2 show that dietary deprivation of either 

vitamin D or calcium significantly stimulated the kidney la-hydroxylase . 

However, high calcium ingestion (2.8%) had no apparent effect on the ac

tivity of the enzyme. This observation correlates well with the finding 

that such a diet had no inhibitory influence on the total plasma concen

tration of la,25-(OH) 2P2 (Table 3-1). 
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Table 3 -2. Kidney la-hydroxylase Activities in 
Weeks on Various Levels of Calcium. 

Chicks Raised for Four 

Diet la-hydroxylasê  
(f moles 25-(0H)2[ h]d3/ 
min/mg protein ± SD) 

Vit. D3' a Calcium (%) Plasma Calcium 
(mg/100 ml ± SD) 

la-hydroxylasê  
(f moles 25-(0H)2[ h]d3/ 
min/mg protein ± SD) 

none 0.7 6.3 +0.2 175 + 12 

+ 0.2 9.2 + 0.4 181 + 18 

+ 0.7 10.5 +0.2 48 + 2 

+ 1.4 10.6 +0.2 46 + 4 

+ 2.8 10.4 ± 0.4 45 ± 4 
aVitamin administered orally (100 IU/week) to those groups of chicks 

l̂a-hydroxylase was measured in renal homogenates by the method of Tucker 
et al. (29) (Chapter 2). Each number represents the average of 5 chicks 
+ SD. 
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Effects of Various Levels of 
Vitamin on the Circulating 
Vitamin D3 Metabolite 
Concentrations in the Rat 

In order to verify the apparent influence of vitamin Dg intake on 

the circulating D metabolite levels observed in the chick (Table 3-1), 

similar experiments were performed in the rat. The results in Table 3-3 

illustrate that rats fed an optimal amount of vitamin (2 IU/g diet) 

are normocalcemic and have circulating 25-OHD3 concentrations (13 ng/ml) 

slightly lower than the human (153). Circulating l̂ S-COĤ D̂  in these 

weanling rats (21 ng/100 ml) is 3- to 6-fold higher than that observed in 

humans and chicks. When dietary vitamin is increased to 1000 IU/g 

diet, the animals become hypercalcemia indicating vitamin D-intoxication. 

It is interesting that under these circumstances circulating 25-OHDg is 

enhanced 36-fold while its hormonal product is significantly reduced in 

the plasma (Table 3-3) . 

Determination of D2 vs. Dg Forms 
in the Human and Application of 
Assay to Hypervitaminosis D 

These results in the chick and rat suggested that perhaps a simi

lar phenomenon may be responsible for vitamin D-intoxication in humans. 

The vitamin D metabolite assay, coupled with long Celite columns (Figure 

3-7, pathways A and C), was therefore employed to monitor the plasma con

centrations of 25-OHD2, 25-OHDg, 1,25-(0H) anc* 1>25-(0H)2D2 in heal

thy human subjects and patients with varying degrees of vitamin D-

intoxication. 



Table 3-3. Vitamin Dp Metabolite Concentrations in Plasma of Rats Receiving Various Amounts of D̂ . 
Dietary PLASMAC 

Vitamin D3 
(IU/g diet) 

No. of 
Sets 

No. Per 
Set 

Calcium 
(mg/100 ml) 

Phosphorus 
(mg/100 ml) 

25-OHD3 
(ng/ml) 

1.25-(0H)2D3 
(ng/100 ml) 

2 3 10 11.3 + 0.3 10.5 + 0.4 13.1 + 2.3 21.0 + 2.4 

1000 3 10 13.4 + 0.2d 10.0 + 0.5 466 + 54d 13.6 + 1.8d 
aMale weanling Holtzman rats were placed on a partially synthetic diet (Chapter 2) containing 0.6% 
calcium and 0.6% phosphorus and the appropriate supplement of vitamin for eight days prior to 
sacrifice. 
N̂umber of animals per set; that is, 30 rats were studied at each dietary vitamin Dg level. 

cValue + standard deviation. 
Ŝignificantly different from 2 IU/g diet group, P <0.01. 

*•0 
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Normal plasma l̂ S-COĤ D̂  in humans (78 subjects) is 3.3 + 0.6 

(S.D.) ng/100 ml or approximately 0.1 nM. Utilizing two standard devia

tions in either direction from the average, we obtain a normal range of 

2.1-4.5 ng/100 ml for 95% of all normals assayed. The concentration of 

25-OHD in normal human plasma as measured by this assay is 25-40 ng/ml 

and this value correlates well with data obtained by other assay tech

niques (153-155). All of the assayable 25-OHD in normal plasma migrates 

with authentic 25-0HpH|D2 at a concentration of 32 ng/ml (Figure 3-8, 

top left); 25-0HD2 was undetectable.̂  When the 1,25-(0H)2D concentration 

was examined (Figure 3-8, top right) all of the assayable material mi

grated with 1,25-(0H)2|̂ H|D̂ ; 1,25-(0H)2D2 was undetectablê  in these 

normal volunteers. A circulating level of 4.0 ng/100 ml was obtained 

when the column peak fractions were assayed. Therefore, Celite prepara

tive chromatography and the radioreceptor assay has allowed for the mea

surement of both 25-OHD and 1,25-(0H)2Din human plasma and demonstrates 

that greater than 90% of the circulating concentration in the normal sub

ject is in the form of cholecalciferol metabolites. 

In contrast to these normal values, the assayed plasma from a 

hypervitaminosis D patient (subject A, Chapter 2) contained 592 ng/ml 

25-OHD (Figure 3-8, lower left), and all of the assayable materials on 

the Celite column (fractions 10-15) migrated as 25-0HD2- Similarly, the 

7. The sensitivity of the dual assay is 17 picograms of 1,25-
(0H)2D hormone (114) and 8.5 ng of precursor 25-OHD. Using these values, 
if a 20 ml plasma sample is purified to a 50% sterol yield, it can be cal
culated that >90% of the circulating vitamin D metabolites in a normal 
(Tucson) human will be in the D3 form. This value correlates well with 
the results of Haddad and Hahn (156) who measured 25-0HD in normal (St. 
Louis, Mo.) subjects. 
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Figure 3-8. Celite Resolution and Radioligand Receptor Assay of D 
metabolites in Normal Subjects and a Patient with Hypervi-
taminosis D. 

All Celite columns were 1 x 35 cm and 5 ml fractions were collected. 
The plasma from normals and a hypervitaminosis D patient was purified 
as outlined in Figure 3-7, pathways A and C and as described in Chapter 
2» The plasma from the normal subjects (4 donors; 40 ml) yielded assay-
able 25-OHD3 (O) which migrates with authentic 25-OHpH]D3 (O) in 
system I solvents (top left), and l,25-(OH)2D3 (A) which migrates with 
1,25-(0H)2L HJD3 (O) in system II solvents (top right). The plasma 
(23 ml) from the hypervitaminosis D patient (patient A; see Chapter 2) 
yielded assayable material that does not migrate with authentic 25-
OH[3H]D3 in system I solvents (lower left), or 1, 25-(OH)2[̂ H]D3 in sys
tem II solvents (lower right). These assayable peaks (fractions 12 and 14 
14, respectively) migrate to the exact positions of crystalline 25-OHD, 
and in vitro generated 1,25-(0H)2̂ 2' Purification yields were as fol
lows: pooled normal subjects = 49% 25-OHD3 and 56% l,25-(OH)2D3; 
hypervitaminosis D2 subject = 76% 25-0HD3 and 60% 1,25-(0H)2D3. 
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only measurable hormone concentration in the plasma of this hypervita-

minosis D patient was also the ergocalciferol metabolite; the 1,25-

(0H)2D2 concentration was determined to be 5.2 ng/100 ml of plasma and 

l,25-(0H)2Dg was undetectable (Figure 3-8, lower right). This value is 

only slightly above the normal human range of 2.1-4.5 ng/100 ml; whereas, 

the assay value for 25-OHD of 592 ng/ml represents more than a 15-fold 

increase over the normal human subjects. The plasma from two additional 

patients with post-surgical hypoparathyroidism, receiving large doses of 

vitamin T>2 (patients B and C) was also studied (Figure 3-9) . The circu

lating concentration of 25-OHD was elevated 10- to 16-fold above normal 

values (Figure 3-9, left panels) while the l,25-(OH)2D concentration 

only slightly increased (Figure 3-9, right panels). It is possible that 

the mass action effect of the elevated 25-OHD substrate on the renal 25-

hydroxy-lot-hydroxylase may account for the slight increase seen in the 

hormone's concentration. In any case, the results in Figures 3-8 and 3-9 

indicate that vitamin D-intoxicated patients with intact kidneys maintain 

near normal hormone levels in the form of 1,25-(0H) 2̂ 2» display 

highly elevated circulating concentrations of 25-OHD2. 

Regulation of Serum la,25-dihydroxyvitamin 
D3 by Calcium and Phosphate 

l,25-(OH)2D3 Modulation 
in the Rat 

In order to evaluate the effects of the proposed modulators of 

the renal lct-hydroxylase on circulating l,25-(OH)2D2 concentration, the 

rat was chosen as a model system. This choice was based upon the ease of 
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Figure 3-9. Celite Resolution and Radioligand Receptor Assay of Two 
Patients with Post-surgical Hypoparathyroidism Treated 
with Large Doses of Vitamin D2. 

The assayable material (closed symbols) from an additional D£-
intoxicated subject (patient B) as well as the material from a patient 
with normal serum calcium on a high does of vitamin D2 (patient C, 
Chapter 2) does not migrate with authentic 25-C>H[3H]D3 in system I sol
vents (left panels), or with 1,25-(OH) pH]D3 in system II solvents 
(right panels). The plasma was processed according to Figure 3-7 (path
ways A and C). Celite columns were 1 x 35 cm and 5 ml fractions were 
collected. Plasma volume and purification yields were as follows: 
patient B (top panels)—22 ml, 49.5% 25-OHD3, and 68% l,25-(OH) 2D3; 
patient C (lower panels)—22 ml, 78.5% 25-OHD3, and 43.5% 1,25-(OH) 2D3. 



nutritional and surgical manipulation in this animal and also because the 

circulating l̂ Ŝ OĤ D̂  is five times greater than that of humans. In 

intact animals (no surgery) on a normal calcium and phosphate diet, cir

culating l,25-(OH>2D2 was 17.3 ng/100 ml (Table 3-4, Figures 3-10, 3-11) 

in this particular study. A marked increase of this hormone to 90 or 82 

ng/100 ml occurs when the dietary intake of either calcium or phosphate, 

respectively, is limited in these intact animals. However, the mechanism 

for this increase is distinctly different in calcium-deficient and 

phosphate-deficient intact animals. As with the intact rat, thyropara-

thyroidectomized (surgical removal of the thyroid and parathyroid glands, 

TPTX) animals fed the phosphate-deficient diet had marked elevation of 

serum l.ZS-̂ Ĥ D̂  (91.3 ng/100 ml), which indicates that neither PTH nor 

calcitonin is necessary for the increase in serum l̂ S-COĤ D -*-n response 

to phosphate deprivation (Table 3-4, Figure 3-10). The possibility that 

hypophosphatemia or some other factor closely associated with serum phos

phate concentration is responsible for the increase in 1,25-(OH)is 

supported by the work of Tanaka and DeLuca (97), who have shown that 

phosphate deprivation causes an increase in the conversion of 25-OHD3 to 

the hormonal product. 

On the other hand, TPTX hypocalcemic animals did not exhibit the 

dramatic increase in serum 1,25-(0H)2D2 seen in intact hypocalcemic ani

mals (Table 3-4, Figure 3-11). Inasmuch as serum immunoreactive PTH is 

increased about 3-fold in such hypocalcemic intact animals (157), it is 

possible that the increase in plasma l,25-(0H)2Dg in these animals is a 

result of excess PTH. Also, normal circulating concentrations of PTH 



Table 3-4. Serum Calcium, Phosphorus, and l,25-(OH)2D3 in Intact or TPTX Rats Fed Normal, 
Calcium-deficient, or Phosphate-deficient Diets. 

Group 
Number 
of Sets 

Dietary Serum" 

n/seta 
Ca 
(%) 

P 
(%) 

Calcium 
(mg/100 ml) 

Phosphorus 
(mg/100 ml) 

l,25-(OH)2D3 
(ng/100 ml) 

Normal, intact 0.6 0.6 11.4 + 0.5 10.0 +1.5 17.3 + 1.4 

Ca lc ium-d ef ic ien t, 
intact 0.01 0.6 10.1 + 0.8 9.9 + 1.0 90.0 + 3.8d 

Phosphate-d ef ic ient, 
intact 4 

Normal, TPTX 7 

0.6 0.04 13.0 + 0.4 4.8 + 0.3C 82.3 + 7.0 

10 1.8 0.65 11.1 + 0.7 10.1 + 1.1 6.2  + 2 .1 1  

Calcium-def icient, 
TPTX 0 . 6  0 . 6  8.0 + 0.2f 15.7 + 2.7f 12.3 + 3.4g 

Phosphate-deficient, 
TPTX 2 0.6 0.04 13.4 + 0.5f 5.4+0.4f 91.3 + 8.4d 
aNumber of animals per set; e.g., 28 normal, intact animals were studied. 
Walue + standard deviation. 
cSignificantly different from Normal, intact, P<0.05. 
dNot significantly different from Phosphate-deficient, intact P>0.05. 
eSignificantly different from Normal, intact, P<0.005 
Ŝignificantly different from Normal, TPTX, P<0.005. 
Ŝignificantly different from Normal, TPTX, P<0.01; significantly different from Normal, intact, 
P<0.025. 
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appear to be required to maintain an adequate plasma level of 1,25-

(OĤ D̂  since the l,25-(OH)2Dg concentration falls to 6.2 ng/100 ml in 

normocalcemic TPTX rats (Table 3-4, Figure 3-11). These data are consis

tent with the concept of PTH functioning as an important regulator of the 

circulating level of 1,25-(0H)2D2 (99). However, these findings do not 

exclude the possibility that hypocalcemia per se influences plasma 1,25-

(011)21)3 to some degree. For example, Figure 3-11 illustrates that, in 

TPTX animals, hypocalcemia is associated with a significantly higher serum 

1,25-(0H)̂ D̂  than in normocalcemic TPTX animals (12.3 ng/100 ml vs. 6.2 

ng/100 ml). Since intact calcium-deficient rats develop only a slight, 

but statistically significant, hypocalcemia (Table 3-4, Figure 3-11), it 

is probable that PTH corrects the serum calcium deficit by mobilizing 

bone mineral. And the fact that serum 1,25-(0H)2D3 is strikingly in

creased in these slightly hypocalcemic animals suggests that PTH may be 

more dominant than serum calcium levels as a regulator of l,25-(OH)2D3 

concentration. 

Time Course of Increased 
1,25-(0H)2DO in Rats with 
Low Serum Phosphate 

The results presented above suggest that the two direct modulators 

of serum 1,25-(0H)2D3 may be PTH and serum phosphorus. The adaptive mech

anism by which serum phosphorus regulates the circulating concentration of 

1,25-(0H)2D3 was next examined by measuring this sterol hormone as a func

tion of time of dietary phosphorus restriction in TPTX rats. Figure 3-12 

illustrates that serum 1,25-(0H)2D3 increases surprisingly rapidly, with 

almost a three-fold stimulation within one day of low dietary phosphorus. 
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These data suggest that the rat- is dramatically sensitive to phosphate 

depletion and the rapidity of the effect on l̂ S-COĤ D̂  intimates a pos

sible direct positive influence of low circulating phosphate on the renal 

la-hydroxylase enzyme. Since TPTX rats were used, these data further 

demonstrate that calcium and phosphorus hormones such as PTH and calci

tonin are not involved in the response, but other hormonal factors are 

not ruled out. 

Phosphorus Depletion 
in Porcine 

In order to verify the concept of phosphorus depletion-mediated 

enhancement of circulating l̂ S-COĤ D̂  in another animal, the pig was 

chosen for study. This animal system is more ideal than the rat model 

since the metabolism of calcium and phosphorus in porcine very closely 

approximates that of man (158). In addition, the parathyroids and thy

roid glands are anatomically distinct in these animals. This allows for 

the surgical removal of the parathyroids (PTX) or both the thyroid and 

parathyroid (TPTX) tissues thus separating the effects of PTH from cal

citonin in the modulation of 1,25-(OH)2̂ . Table 3-5 summarizes data 

from pigs placed on a low phosphorus diet for up to five weeks. During 

this period, plasma phosphorus levels fell from approximately 6 mg/100 ml 

to 3-4 mg/100 ml. Concomitantly, plasma l,25-(OH)2D3 rose markedly, with 

the maximum elevation being three to five times control (0 weeks) values. 

Again, neither PTX nor TPTX had any influence on the low phosphorus ef

fect on plasma 1,25-(0H)2Dg. Therefore, based upon studies in both rats 

(Table 3-4) and pigs, phosphate depletion apparently accelerates the 



Table 3-5. Circulating l,25-(OH)2D3 Concentration in Pigs 
Placed on a Low Phosphate Diet for 0-5 Weeks. 

Plasma 1,25-(0H)9D (ng/dl)a 

Group 0 Weeks 3 Weeks 5 Weeks 
Intact 9.3 + 0.6 20.7 + 3.4 31.1 ± 5.5 

PTX 8.0 + 0.3 16.5 + 2.3 28.1 + 1.5 

TPTX 11.3 + 0.7 21.5 + 1.5 45.5 4.4 
aAverage of 3 pigs + S.E.M. 
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formation (or retards the degradation) of 1,25-(OH)2D3 and this phenom

enon may provide a means for environmental adaptations in animals. Phos

phate depletion also could have influences on calcium and phosphate 

metabolism independent of these observed modulations of circulating 1,25-

(OĤ D̂  (159,160). However, of great significance is the possibility 

that humans possess an analogous adaptive mechanism relating phosphate to 

circulating l,25-(OH)2D3 and that this mechanism may be aberrated in cer

tain disorders of mineral metabolism. 

Idiopathic Hypercalciuria and 
Vitamin D-resistant Rickets: Two 
Human Hypophosphatemic Disorders 

Hypophosphatemia was noted in the classic descriptions of both 

idiopathic hypercalciuria (161) and vitamin D-resistant rickets (162) and 

yet these disorders have been controversial in terms of PTH involvement. 

However, work by Arnaud et al. (163) clearly suggest that PTH is normal 

in untreated vitamin D-resistant rickets. Also, data from Pak et al. 

(164) indicate that PTH is slightly suppressed in one type of idiopathic 

hypercalciuria; namely, absorptive hypercalciuria (characterized by ex

cessive absorption of calcium from the intestine). These two diseases, 

then, provide us with cases of phosphate depletion in humans without 

concomitant hyperparathyroidism, a situation similar to the phosphate de

pletion of rats and pigs that was presented in the previous two sections 

of this dissertation (Figures 3-10, 3-12). Table 3-6 summarizes 1,25-

(OĤ D̂  levels in 18 cases of idiopathic hypercalciuria compared with 18 

age-matched control subjects. The sterol hormone is significantly ele-

' vated in these cases and the findings are striking when we consider that 
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Table 3-6. Circulating 1,25-(0H)2D in Patients with Idiopathic 
Hypercalciuria. 

Group No. 
Plasma Phosphorus 
(mg/dl + S.D.) 

Plasma l,25-(OH)2D 
(ng/dl + S.D.) 

Normal 18 3.7 + 0.3 3.3 + 0.8 

Idiopathic 
hypercalciuria 18 2.9 + 0.6a 5.2 + 1.9a 
aSignificantly different from normal, P<0.001. 
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these patients were relatively hypoparathyroid (165). These results sup

port the previous data (Figures 3-10, 3-12), which show that low circu

lating phosphate enhances plasma l,25-(OH)2D3 independent of parathyroid 

hormone. These results also suggest a possible chain of events which re

sult in idiopathic hypercalciuria (see "Discussion of Results"). 

Marked hypophosphatemia occurs in X-linked vitamin D-resistant 

rickets and the primary lesion in this disorder is thought to be a defi

cient phosphate conservation at the kidney (166). However, as is seen in 

Figure 3-13, these patients have normal circulating concentrations of 

1,25-(OH)̂  t*16 principle of low phosphate stimulation of plasma 

l,25-(OH)2Dg is correct, and it is borne out in the case of mild hypo

phosphatemia of idiopathic hypercalciuria (Table 3-6), then the severe 

phosphate deficiency of vitamin D-resistant rickets should be associated 

with dramatic increases in l̂ Ŝ OĤ D̂ . Thus, either the low phosphate 

theory is contradicted in vitamin D-resistant rickets or, more likely, 

this inherited disorder involves a defect in the ability of the renal la-

hydroxylase to respond to the low phosphate signal. 

Primary Hyperparathyroidism and 
Hypoparathyroidism: Two Human 
Parathyroid Disorders 

The experiments involving parathyroidectomy of calcium-deficient 

rats (Figure 3-11, Table 3-4) strongly suggest that low circulating cal

cium, itself, is not an effective ionic signal to increase plasma 1,25-

(OH)2D3; rather, low plasma calcium apparently acts via the parathyroids 

to accomplish this enhancement. In any event, PTH is an important 
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Figure 3-13. Circulating l,25-(OH)2D3 in Familial (X-linked) Hypophos
phatemia Rickets. 

The average plasma phosphorus values in the 11 patients with vitamin D-
resistant rickets (VDRR) was 2.0 mg/100 ml (normal = 3.5-4.5). Several 
of the patients were undergoing therapy with phosphate and large doses 
of vitamin D2 when sampled. 
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modulator of the biosynthesis of 1,25-(OH)2D3. These two hormones are 

known to act in concert in many of the metabolic events concerning cal

cium homeostasis (167), and this interrelationship has been probed in man 

using the radioligand-receptor assay. 

As can be seen in Table 3-7, circulating l.ZS-COH)^^ is signifi

cantly elevated in patients with primary hyperparathyroidism (115). This 

demonstrates the dominant influence of PTH on the biosynthesis of 1,25-

(011)203, because this elevated level is maintained in the face of 

hypercalcemia. 

Hypoparathyroidism, either idiopathic or post-surgical, and 

pseudohypoparathyroidism are associated with slightly depressed plasma 

concentrations of l^S-^H^D^ (Table 3-7) (115). Thus, whether PTH is 

lacking, as in hypoparathyroidism, or its renal receptor or the subsequent 

biochemical machinery is missing due to a genetic defect, as in pseudo

hypoparathyroidism (168), the same effect of suboptimal l,25-(OH)2D.j pro

duction occurs in the patient. 

Discussion of Results 

Elucidation of the chick intestinal cytoplasmic and nuclear re

ceptor system for l^S-COH^Dj (75-77) has allowed for the development of 

a competitive binding-radioreceptor assay for this hormone (115). The 

value obtained by this assay for the circulating concentration of 1,25-

(OH^D in normal humans (0.1 nM) (114) has been confirmed by Hill et al. 

(169) using a bioassay. However, several questions remained regarding 

the applicability of the radioreceptor assay to the measurement of active 

vitamin D metabolites in animals and patients. Most notable of these was 
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Table 3-7. Circulating 1,25-(OH)qD^ in Human Parathyroid Disease. 
Plasma l.ZS-COH^Dj 

Disease State No. of Patients (ng/100 ml ± S.D.) 
Normal human (>18 
years old) 78 3.3 + 0.6 

Primary hyperparathyroidism 26 5.4 + 2.1 

Hypoparathyroidism 11 2.8 + 0.9 

Pseudohypoparathyroidism 8 2.9 + 1.4 



the uncertainty as to whether l,25-(OH)2D2 was also detected by the ra

dioreceptor assay. Haddad and Hahn (156) have shown that patients treat

ed with therapeutic doses of vitamin D2 have a significant plasma 

concentration of 25-OHD2• Since many human disorders such as hypoparathy

roidism, renal osteodystrophy (170), and vitamin D-resistant rickets are 

routinely treated with ergocalciferol, the measurement of l,25-(OH)2D2 is 

critical to the assessment of the vitamin D status in these cases. Be

cause the binding system utilized for the radioreceptor assay is derived 

from the chick intestine and the chick is known to discriminate against 

the D2 vitamins (148), it was essential to determine directly the effec

tiveness of l,25-(OH)2D2 binding to the intestinal receptor. Furthermore, 

in the purification scheme of Brumbaugh et al. (113) it was not known 

whether l,25-(OH)2D2 was resolved from 1,25-(OH)2^3- Thus, l,25-(0H)2l>2 

could have been either excluded completely from measurement by the chroma

tography or quantitated in combination with the l^S-^H^D^. 

The present results (Figures 3-5,3-6) clearly demonstrate that 

the chick receptor system binds 1,25-(0H)2D2 with an efficiency equal to 

that of 1,25-(0H)2D3 which allows for the quantitation of this ergocal

ciferol metabolite in rats and man (Figures 3-5,3-8,3-9). Moreover, 

1 x 35 cm Celite liquid-liquid partition columns are capable of separating 

1,25-(OH) 2P2 from 1» 25-(OH)2D-3. This represents the first chromatographic 

resolution of these two hormonal sterols; it has since been shown by 

Jones and DeLuca (171) that these metabolites can also be separated by 

high-pressure liquid chromatography. Therefore, to determine separately 

l,25-(OH)2D2 anc* in a given plasma sample, a 1 x 35 cm 



Celite column must be used in the final chromatographic step prior to 

the radioligand receptor assay. Since Brumbaugh et al. (113) employed 

micro-Celite columns similar to those used in some of the current experi

ments (Figure 3-7B, 3-7D), and these small columns do not resolve 1,25-

(OH)2D2 from 1,25-(0H)2D3, the original radioreceptor assay for 

1,25-(0H)2D2 actually measures total l,25-(OH)2D. 

Supportive information concerning the possible mechanism (172) of 

discrimination by the chick against the D2 vitamins is also obtained in 

the current study. Both 25-OHD2 and l,25-(OH)2D2 bind to the intestinal 

receptor with equal affinity compared to their counterparts (Figure 

3-6). This is not consistent with a lower biologic potency of vitamin D2 

in the chick, since a ten-fold difference in biologic activities between 

vitamin D2 and in the chick has been reported (148). Also, Belsey et 

al. (172) have observed that the chick plasma-binding protein for 25-OHD3 

favors this sterol over 25-OHD2 by approximately a factor of 10. This 

discrimination by the plasma-binding protein can explain the relative in

effectiveness of vitamin D2 in the chick, although other factors, such as 

an altered rate of vitamin D2 metabolism, may play a part. Clearly, the 

discrimination against D2 cannot be accounted for by the binding of D2 

metabolites for the intestinal receptor system. 

Another extension of the radioreceptor assay for l,25-(OH)2D3 

which is reported here is the application of this binding system to the 

measurement of circulating 25-OHD2 and 25-OHD2. The data in Figure 3-6 

show that this receptor will also bind 25-OHD^ but only when this sterol 

is present in concentrations in 500-fold excess of that required for 
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hormone binding. Although the competitive binding system is 500-fold 

less sensitive for 25-OHD^ compared to l,25-(OH)2D3 (Figure 3-6), this 

assay becomes possible because 25-OHD^ circulates in approximately 1000-

fold greater concentrations than l^S-COH^D^ in man. Other workers have 

successfully quantitated 25-OHD by competitive binding methods utilizing 

several proteins. Belsey et al. (154) have reported a sensitive, compet

itive binding assay for measuring both vitamin D and 25-OHD, which uses 

a specific protein in rat serum. More recently, this group has developed 

a rapid system (without chromatography) for measuring 25-OHD in plasma 

(156). Haddad and Chyu (173) have also published a sensitive competitive 

binding assay for 25-OHD using a specific protein from rat kidney cytosol. 

Both of the latter assays are approximately 40-fold more sensitive than 

the radioreceptor assay for 25-OHD reported here, and they require con

siderably less sample volume and preparation. However, the use of intes

tinal receptor to measure 25-OHD has certain distinct advantages. For 

instance, 25-OHD2 as well as 25-OHD^ (after chromatographic resolution) 

can be quantitated separately with this binding protein since both ster

ols bind with equal affinities (Figure 3-6). The most important consid

eration regarding this assay lies not in its insensitivity in measuring 

25-OHD, but in its ability to quantitate the four major circulating 

cholecalciferol and ergocalciferol metabolites with a single competitive 

binding system. 

The ability to monitor these biologically active metabolites in 

plasma is Important in understanding the homeostatic regulation of plasma 

calcium, phosphate, and vitamin D metabolism. Unless the metabolism of 



vitamin D to is efficiently controlled, excessive sunlight 

or dietary intake (Chapter 1) would be expected to cause the production 

of levels of the hormone inappropriately high for the calcium and phos

phorus needs of the animal. The fact that severe hypercalcemia and its 

deleterious consequences can occur in patients treated with pharmacologic 

doses of vitamin D (174) indicates that the control of vitamin D metabo

lism is not absolute. The existing regulation of this vitamin's metabo

lism is accomplished by a partial control of the 25-hydroxylation of 

vitamin D (31) and a strict modulation of the production of 

(25,26,175). The present studies permit several inferences concerning 

the regulation of 25-OHI>2 and 1,25-(OH)2D^ production based on measurement 

of circulating metabolite levels in animals maintained under various di

etary conditions. It is"likely that the total circulating level of these 

sterols most directly reflects the biologic status of the animal with re

spect to vitamin D metabolism. 

The results in Tables 3-1 and 3-3 clearly demonstrate that the 

plasma level of l,25-(OH)2Dg is not increased when vitamin ingestion 

is far in excess of the optimal requirement. This is consistent with a 

stringent control of the renal lot-hydroxylase, even in the face of 4- to 

36-fold increases in the circulating level of 25-OHD3 substrate for the 

enzyme (Tables 3-1, 3-3). Of course it is also possible that the degra

dation rate of the l,25-(OH)2D3 is accelerated during times of increased 

vitamin D intake and this could account for the finding of normal or sup

pressed l,25-(OH)2D3 in plasma under these conditions. However, until 

the kinetics of labeled l,25-(OH)2D^ disappearance as a function of 
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vitamin D intake are determined, it remains an open question as to wheth

er the present observation reflects decreased biosynthesis or increased 

catabolism of 1,25-(OH)2^3-

In contrast to the levels of 1,25-(OH)2D3, levels of 25-OHD3 in

creased markedly in animals receiving high levels of vitamin D and this 

may be significant in two contexts. First, since the increase in circu

lating 25-OHD3 is not linearly related to the nutritional increase in 

vitamin D^, there may be some control of vitamin D metabolism at the 

vitamin D^^S-hydroxylase enzyme as suggested by DeLuca (31). Another 

possibility is that the degradation rate for 25-OHD^ to metabolites other 

than the hormone is augmented during ingestion of high levels of vitamin 

D. Secondly, since 25-OHD^ can simulate l^S-COH^D^ in receptor binding 

when present in larger concentrations (Figure 3-6), the increased 25-OHDg 

could be acting at the intestinal and bone receptors for l^S-ODH^D^ and 

eliciting uncontrolled calcium mobilization. A more extreme example of 

this concept may be hypervitaminosis D in humans. Brumbaugh and Haussler 

(176), based upon the fact that 25-OHD^ (in higher concentrations) will 

bind to the l,25-(OH)2l>3 intestinal receptor, originally hypothesized 

that 25-OHD may be the toxic agent in hypervitaminosis D. Recently, it 

has been reported by Counts et al. (177) that vitamin D-intoxication and 

hypercalcemia can occur in the anephric human; the serum concentration 

of 25-OHD in their patient was nearly 28 times larger than the normal 

circulating concentration of this metabolite. Since l,25-(OH)2D2 is Pro

duced exclusively in renal tissue (92) and anephric human subjects have 

undetectable l,25-(OH)2D in the plasma (25), it is apparent that the 



hypercalcemia in this patient was probably due to the markedly elevated 

25-OHD concentrations in the plasma. In the experiments depicted in 

Figures 3-8 and 3-9, the plasma 25-OHD concentration is measured in two 

hypervitaminosis D patients with intact kidneys and one patient (normal 

calcium) being treated with a large dose of vitamin D2. These results 

confirm the finding that 25-OHD is considerably increased in D-intoxica-

tion. In contrast, the l,25-(OH)2D concentration is near normal in these 

patients (Figures 3-8,3-9) when the kidneys are present. Although 1,25-

(OH)^D^ is the physiologic hormone regulating calcium translocation, a 

100-500 fold greater concentration of precursor 25-OHD^ will mediate (in 

vitro) bone calcium resorption (61) and intestinal receptor binding (176) 

Therefore, the causative agent in hypervitaminosis D is probably the 

highly elevated 25-OHD, rather than the slightly elevated l,25-(OH)2D hor 

mone. This conjecture is supported by the results in Table 3-6 that pa

tients with idiopathic hypercalciuria have similar (slightly elevated) 

l,25-(OH)2D levels as seen for D-intoxicated patients (Figures 3-8, 3-9), 

but are able to maintain a normal serum calcium concentration (178). It 

should be mentioned that these data do not rule out the possibility that 

some other vitamin D metabolite such as 1,24,25-trihydroxyvitamin D (179) 

might be involved in this disorder. Nevertheless, it seems reasonable 

to conclude that the hypercalcemia seen in D-intoxication is not a re

sult of abnormal plasma levels of l,25-(OH)2D, but is caused by an exces

sive circulating concentration of 25-OHD. 

It is of interest that there are undetectable ergocalciferol 

metabolites in normal Tucson Caucasian adults who undoubtedly ingest 
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vitamin D2 in their diet. Haddad and Hahn (156) , using a more sensitive 

assay for measuring 25-OHD in serum, have reported that St. Louis adults 

exhibit approximately 90% of their circulating 25-OHD as the cholecal-

ciferol metabolite. The present report also confirms the finding (156) 

that 25-OHD2 is the predominant form when a patient is receiving large 

doses of ergocalciferol, and it extends this work to include the measure

ment of l,25-(OH)2D. It is possible that preferential metabolism of the 

two forms of vitamin D occur under different physiological conditions; 

however, further assessment of the metabolic disposition of natural and 

synthetic sources of vitamin D is required. 

Although circulating l^S-^OH^D^ is not greatly affected by in

creased vitamin D intake, it is strictly dependent upon at least an ade

quate level of vitamin D in the diet. Plasma levels of the hormone are 

undetectable in the rachitic chick (Table 3-1) and since the assay of 

circulating l^S-^OH^D^ is obviously not an appropriate way to study the 

capacity for hormone production in D-deficiency, the renal la-hydroxylase 

was assayed, in vitro. The data in Table 3-2 show that a marked increase 

in the activity of the la-hydroxylase occurs in vitamin D-deficiency. 

Thus, although the 25-OHD^ substrate is deficient because of dietary re

striction, the chick enhances its capacity for biosynthesizing 1,25-

(OH^D^* This adaptive enhancement may be mediated by hypocalcemia, 

secondary hyperparathyroidism, or the absence of active D metabolites—or 

a combination of these. 

In support of this adaptive increase in the enzyme activity is 

the observation (Table 3-2) that calcium deprivation stimulates the 



activity of the renal la-hydroxylase. It is possible that low dietary 

calcium levels enhance the rate of vitamin metabolism and thereby re

duce the nonradioactive 25-OHI>2 present in the endogenous substrate pool 

for the kidney la-hydroxylase in +D chicks. If this occurs, it could af

fect the relative dilution of the labeled 25-OHD^ substrate and result in 

spuriously high observed la-hydroxylase rates compared to the rates deter

mined for +D chicks on a normal dietary calcium intake. However, this 

possibility seems remote, especially in light of previous data (55) show

ing that l,25-COH)2D^ administration (which would not alter 25-OH-D3 sub

strate pools) suppresses the la-hydroxylase of rachitic chicks. Thus, it 

appears that the enhancement of la-hydroxylase by a low calcium diet is a 

real observation. 

Although metabolite levels have not yet been measured in chicks 

raised on a calcium-deficient diet, the data contained in Table 3-4 show 

a 5-fold increase in circulating l,25-(OH)2D^ levels in rats raised on a 

low calcium diet. This adaptive enhancement is clearly dependent on the 

presence of the parathyroid and/or thyroid glands suggesting that the ef

fect is mediated by PTH. In contrast, the response to phosphate defi

ciency is independent of these glands (Table 3-4) and may result from a 

direct action of low phosphate on the renal synthesis of 1,25-(0H)2^3. 

The dual control by calcium and phosphate in modulating the 

plasma concentration of 1,25-(OH) 2^ is reasonable in terms of homeo-

static regulation of plasma ions. Calcium and phosphate are mobilized 

from bone and absorbed from the intestine in response to this vitamin D 

hormone; when plasma levels of these ions are not satisfactory, their 



absence triggers an increase in the hormone concentration. Figure 3-14 

is an interpretation of the experimental results from Table 3-4 and data 

of DeLuca and associates (26) in the form of a model for the dual feed

back control of calcium and phosphate metabolism. Two signals, namely 

low plasma calcium and low plasma phosphate, are postulated as primary 

initiators of this hormonal system. Low circulating calcium acts via an 

increase in PTH to enhance the concentration in the plasma. 

The sterol then acts at the bone and intestine to increase the circulat

ing calcium and phosphate. Parathyroid hormone also acts on bone in con

cert with ljZS-COH^D^ to mobilize calcium and phosphate and in kidney 

to stimulate phosphaturia. Since the enhanced renal excretion of phos

phate counterbalances the augmented plasma phosphate, the net result 

produced from the original hypocalcemic stimulus is a selective increase 

in plasma calcium (Figure 3-14). 

On the other hand, low circulating phosphate apparently acts di

rectly to stimulate the plasma level 6f l,25-(OH) 2^3* l^S-COH^D^ in 

turn increases gut absorption of both calcium and phosphate and bone 

liberation of both ions. The consequent elevation of plasma calcium leads 

to a depression of PTH secretion, which together with the hypercalcemia 

results in an increase in urine calcium but a decrease in urine phosphate 

excretion. Accordingly, the net result of the initial hypophosphatemic 

stimulus is a selective increase in plasma phosphate (Figure 3-14). The 

critical concept of this physiological adjustment appears to be the dis

tinctly dissimilar physiologic mechanisms by which low phosphate and low 

calcium enhance the concentration of 1,25-(OH)Low phosphate appears 
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to have a direct compensation mechanism, whereas low calcium operates via 

a separate loop involving PTH to counteract phosphatemia which would be 

produced by 1,25-(0H)2D3 alone. It is noteworthy that in the correction 

of calcium deficiency the extra phosphate is excreted in- the urine and in 

the correction of phosphate deficiency the extra calcium is excreted in 

the urine. Thus, the action of PTH at kidney emerges as the key element 

in the dual control of calcium and phosphate by 1,25-(OH)2D^• 

In contrast to these significant effects of low calcium (Tables 

3-2,3-3,3-4), high calcium intake did not influence the plasma level of 

1,25-(0H)2D3 (Table 3-1) or the activity of the la-hydroxylase enzyme 

(Table 3-2). These observations support the concept that the modulation 

of l,25-(OH)2l>3 levels by calcium occurs primarily via stimulation of syn

thesis during calcium deprivation, rather than by depression of basal 

l^S^OH^D^ concentrations during periods of high calcium intake. On 

the other hand, since the la-hydroxylase enzyme is very sensitive to PTH 

levels in the chick (98,180), the high calcium diet, which would be ex

pected to reduce PTH secretion, might be expected to reduce circulating 

l,25-(OH)2D3. One explanation of this apparent contradiction is that 

plasma calcium was not increased in chicks on a diet containing 2.8% cal

cium, and therefore PTH secretion may not have been curtailed. In the 

rat, however, hypercalcemia was produced in the groups fed a diet con

taining 1000 IU of vitamin D^/g (Table 3-3). The observed reduction of 

circulating l,25-(OH)2D3 in these animals may be: 1) a consequence of 

the suppression of PTH which lowers the renal la-hydroxylase activity, or 
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2) the high calcium may be directly affecting the renal biosynthesis of 

this important vitamin D metabolite. 

From these discussions it is clear that the metabolic control 

mechanisms governing the circulating concentration of 1,25-(0H), cal

cium, and phosphate are very complex and interrelated. Undoubtedly, the 

most significant aspect of these studies is the fact that several human 

maladies of mineral metabolism display characteristics consistent with 

the model (Figure 3-14) constructed from these animal data. The disorders 

which are particularly applicable to the present discussion are human 

parathyroid disease and human hypophosphatemia. 

An interrelationship between PTH and vitamin D in terms of calcium 

8 
metabolism has been known for many years (167) . Excessive doses of vi

tamin D correct some of the symptoms of hypoparathyroidism in humans. 

Moreover, hyperparathyroidism is characterized by hyperabsorption of cal

cium from the gut which is reminiscent of an over-activity of vitamin D. 

Finally, the data presented in this chapter regarding the rat and chick 

animal systems indicate that PTH is a very important modulator of the 

biosynthesis of l^S^OH^D^. This endocrine interaction is probably 

best illustrated by actual measurements of plasma l,25-(OH)2l>3 in patients 

with parathyroid disease (Table 3-7). These data indicate that both hypo-

parathyroid and pseudohypoparathyroid subjects, although hypocalcemia have 

suboptimal circulating levels of l,25-(OH)2l>3. Apparently, either the 

8. From the data presented in Chapter 4, it is evident that 
l,25-(OH)2D3 and the parathyroid glands are even more closely integrated 
than previously suspected. 
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absence of PTH or its lack of effectiveness at the kidney receptor level 

(pseudohypoparathyroidism, Type I) is sufficient to cause a deficiency 

in the la-hydroxylase enzyme. In contrast, primary hyperparathyroid pa

tients with moderate to severe hypercalcemia have significantly elevated 

plasma 1,25-(OH) 2^ (Table 3-7). These data clearly demonstrate that 

PTH, and not plasma calcium, is a primary determinant of circulating 

l,25-(OH)2D^ in man. Additional results in primary hyperparathyroidism 

by Haussler et al. (181), and Kaplan et al. (182) show that increased 

l^S-^H^D^ is correlated with elevated plasma PTH, elevated urinary 

cyclic AMP, and increased calcium absorption. These findings demonstrate 

that enhanced calcium absorption in this disorder is caused by PTH action 

on vitamin D metabolism rather than a direct effect of the peptide hor

mone on intestine. In addition, it is reassuring that all of the results 

of l,25-(OH)2D2 measurement in parathyroid disease are consistent with 

the model presented in Figure 3-14. Direct experiments involving the ad

dition of PTH to renal cells in culture and measurement of the la-

hydroxylase activity, however, will be necessary to unequivocally prove 

that PTH is a direct tropic modulabor of l^S-^H^D^ at the kidney. 

The human disease, idiopathic hypercalciuria (IH), is aptly named; 

its cause is unknown even though the disorder was first described nearly 

25 years ago by Albright (161), and it is characterized by excessive uri

nary calcium and renal calcium stones. One type of IH involves a renal 

lesion in which calcium is not reabsorbed from the kidney tubules (renal 

hypercalciuria). The other type of IH involves hyperabsorption of cal

cium from the gut (164), but normal or slightly suppressed PTH (164,165). 
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The excessive calcium absorption can be hypothetically associated with 

two primary lesions, either abnormally increased 1, 25-^^2^ in the 

circulation, or an intestinal malfunction per se. In the latter case, 

IH could be defined as an "intestinal disease" where l^S-COH^Dg would 

be expected to be normal but the gut hyperabsorbs calcium. In the former 

case, the biochemistry of calcium absorption at the intestine is normal 

but the enhanced l^S-COH^D^ results in the abnormal hyperactivity of 

the calcium transport system. Table 3-6 summarizes the measurement of 

ljZS^OH^D^ in patients with IH, and it is evident that the subjects 

display a significant elevation of circulating 1,25-(OH)£0^. Of course, 

the basic question now becomes: What is the cause of this elevated 1,25-

(OH^D^? One clue is the hypophosphatemia that is observed in all types 

of IH and was included in the classic description of the disease in 1953 

(161). It should be remembered that hypophosphatemia is a known stimu

lator of 1,25-(OH) 2^ in experimental animals (Figures 3-10,3-12; Table 

3-5). Baylink has provided an interesting hypothesis for the etiology of 

this type of IH in which the primary lesion is an unexplained phosphate 

leak at the kidney. The resulting hypophosphatemia (Figure 3-14) then 

stimulates the production of l,25-(OH)2l>2 (independent of the parathyroid 

glands; note that PTH is normal in these patients) and an augmented in

testinal calcium absorption occurs. Either a transient increase in blood 

calcium or enhanced circulating l,25-(OH)2D3 (Chapter 4) may then feed

back inhibit the secretion of PTH to cause relative hypoparathyroidism. 

The combination of aberrantly high plasma l^S-^H^D^ and low PTH creates 

an ideal situation for stimulated absorption of calcium from the intestine 
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and decreased renal tubular reabsorption of calcium—all of which results 

in hypercalciuria and renal stone disease. 

In summary of this chapter, a series of extensions to the 1,25-

(OH^Dg radioreceptor assay (113) have been accomplished which allows for 

the complete quantitation of 25-OHD2, 25-OHD2, and l,25-(OH)2l>2 i-n a sin

gle plasma sample. Assay measurements utilize what is thought to be the 

target tissue receptor molecule for these active vitamin D metabolites. 

The assay is used to measure these metabolites in the plasma of chicks, 

rats, and pigs under various dietary, ionic, and surgical stresses re

lating to mineral metabolism. Combined with the human data, the results 

suggest that: 

1) 25-hydroxylation of vitamin D is not tightly regulated by vitamin 

D intake in chicks (Table 3-1), in rats (Table 3-3), and in hu

mans (Figures 3-8, 3-9), nor is the enzyme tightly modulated by 

calcium (Table 3-1). 

2) The la-hydroxylation of 25-OHD is stringently regulated by numer

ous ionic and hormonal factors including low calcium (Table 3-2, 

Figure 3-11), low phosphate (Figure 3-12, Table 3-5), and PTH 

(Figure 3-11), but not by high calcium (Tables 3-1, 3-2) or exces

sive plasma concentrations of substrate (Tables 3-1, 3-3: Figures 

3-8, 3-9). 

3) This complex endocrine mechanism is consistent with the dual con

trol of l,25-(OH)2D3 production by PTH and phosphorus (Figure 

3-14). 
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4) Several human disease conditions support his endocrine model 

(Figure 3-14). 

Further insights into this endocrine system await many more assay deter

minations in carefully controlled animal systems and in human disease 

conditions. Successful tissue culture of renal cells could provide the 

impetus for great strides in understanding the control of the la-

hydroxylase enzyme. The major advances in vitamin D research which have 

been accomplished in the past several years have raised as many new ques

tions as they have answered, but it is clear that our understanding of 

this endocrine system has already provided important breakthroughs in the 

treatment of patients with metabolic bone disease. 



CHAPTER 4 

la,25-DIHYDROXYVITAMIN D3 RECEPTORS IN PARATHYROID 
GLANDS: PRELIMINARY CHARACTERIZATION OF 
NUCLEAR AND CYTOPLASMIC BINDING COMPONENTS 

Background 

In the previous chapter it was concluded that the renal 25-

hydroxyvitamin D-la-hydroxylase is stringently modulated by numerous cal-

citropic factors including calcium, phosphate, PTH, and the vitamin D 

status of the animal. Several lines of evidence indicate that PTH, rather 

than calcium, may be the dominant positive modulator of this enzyme, and 

this concept is consistent with the finding of abnormal circulating 1,25-

(OH^D-j in humans with parathyroid disease. 

From an endocrine aspect, it seemed reasonable that the positive 

modulation of l^S-COH^D^ biosynthesis by PTH might be negative feedback-

regulated at the parathyroids by l,25-(OH>2D2 itself, or some second mes

senger (e.g., calcium) whose circulating concentration is directly 

controlled by the vitamin D hormone. The response of the parathyroid 

gland to calcium is well known, and recently (117) l^S-^OH^D^ was shown 

to localize in vivo in these glands. Consequently, PTH biosynthesis 

and/or secretion could be modulated by circulating l,25-(OH)2D^. In sup

port of this hypothesis, this chapter reports the identification of spe

cific cytoplasmic and nuclear receptors for this sterol hormone in the 

parathyroid glands of chicks, bovine, and humans. 

106 
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Macromolecular Binding of 
1,25-(OH)2FH1D3 Injected In Vivo 

1,25-(OH)2[3H]D3 (5 IU, 2 yCi) was administered intracardially to 

a vitamin D-deficient chick, and the parathyroids, intestine, liver, tes

tis, adrenals, and muscle were removed after 2 hours and analyzed for 

localization of radioactivity. This dosage and time interval was select

ed, since previous work (75) has shown that binding of the sterol to re

ceptors in the intestinal chromatin is maximal under these conditions. 

High salt extracts (0.5M-KETT) of the total cytosol and nuclei were then 

analyzed by sucrose gradient centrifugation. The preparations of chick 

intestine and parathyroid were the only tissues to exhibit the presence 

of tritiated macromolecules with sedimentation coefficients of about 3-4S 

(Figure 4-1). This confirms the previous work of Brumbaugh and Haussler 

(77), which demonstrates the presence of 1,25-(OH)2 [^HjD^-binding proteins 

in vivo in the chick intestine. The data also suggest that similar bind

ing components for the vitamin D hormone also exist in another calcium 

regulating tissue, the parathyroid. 

Cytoplasmic Binding of 

l,25-(OH)^ [3fl]p-3 In Vitro 

In order to more closely examine the association of the vitamin 

hormone with parathyroid tissue, cytosol was prepared from rachitic 

chick glands and incubated with 1,25-(0H)2[ for 2 hours at near 0°. 

Sucrose gradient analysis revealed a peak of bound hormone sedimentating 

at 3.IS (Figure 4-2A). This is similar to the results found in vivo in 

this tissue (Figure 4-1) and suggests that the association of 1,25-

(OH)2[3H] DG in vitro resembles the in vivo binding. Parallel cytosol 



Figure 4-1. Density Gradient Centrifugation of the In Vivo 1,25-
(OH)2D3-binding Component from Chick Parathyroid. 

2 yCi 1,25-(OH)2[^H]D3 was intracardially injected into a D-deficient 
chick. Two hours later the parathyroids (•), liver (A), adrenal (O), 
testis (A), and intestine (marker 2) (as well as kidney, muscle, and 
ultimobranchial; not shown), were analyzed for [^H]steroid-
macromolecular binding complexes. Total cytoplasmic and nuclear ex
tracts were prepared in 0.5M KCl buffer and centrifuged in 5 to 20% 
sucrose gradients. Values are corrected for variations in protein 
(ranging from 0.56 mg, intestine, to 1.04 mg, liver) applied (in 200 
yl) to each gradient. External markers: 1, chymotrypsinogen; 2, 
ovalbumin and the intestinal receptor for 1,25-(OH)2D3. 
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Figure 4-1. Density Gradient Centrifugation of the In Vivo ljZS-COH^D^ 
binding Component from Chick Parathyroid. 



Figure 4-2. Density Gradient Analysis of 1,25-(0H)2^3- and 25-OHD3 
binding Components in Parathyroid Cytosol from Chick, Bo
vine, and Human Parathyroid Adenoma. 

Left panels: All tissue cytosols were prepared identically and incubat
ed with 4 nM 1,25-(0H)^[^H]Do (O) , or 4 nM l,25-(OH) 2^h]D2 plus 4 pM 
nonradioactive l,25-(OH)2D3 (•) for 2 hours at 1°. Control tissues 
(not shown except for adrenal,A) were similarly incubated with 4 nM 
1,25-(OH)2[^hJD3. Right panels: Se parate and identical aliquots of cy
tosol were incubated with 4 nM 25-OHPH]d-j (O, parathyroid; A , adrenal) 
or 4 nM 25-OH[ ĥ]d.j plus 0.4 M nonradioactive 25-OHD3 (•). The 
steroid-macromolecular complexes were resolved from free steroid which 
remains near the meniscus after centrifugation for 24 hours at 234,000 x 
g in 5-20% sucrose gradients containing 0.3M KC1. 
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Figure 4-2. Density Gradient Analysis of l,25-(OH)2D - and 25-OHD3-
binding Components in Parathyroid Cytosol from Chick, 
Bovine, and Human Parathyroid Adenoma. 
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incubations containing excess unlabeled l,25-(OH)2l>3 showed no radioac

tive hormone binding in the sedimentation position of the 3.1S-binding 

component (Figure 4-lA), demonstrating that the interaction of hormone 

with this cytosol molecule is saturable and of high affinity. In addi

tion, only parathyroid cytosol exhibited the 3.1S-binding molecule; incu

bations of 1,25-(OH)2["^H]D.j with testis, liver, muscle, thymus, 

ultimobranchial (data not shown) or adrenal cytosol (Figure 4-lA) did not 

reveal specific hormone binding. However, these control cytosols, as well 

as the parathyroid preparation, did exhibit high affinity binding for the 

vitamin D metabolite 25-OH[%]D2 (Figure 4-2B). Sucrose gradient analysis 

indicates that 25-OH[%]D2 binds exclusively to a macromolecule sediment-

ing at 6S. Parallel incubations containing a 10-fold excess of either 

nonradioactive 25-OHD3 or l^S-COH^D^ show that this protein has a higher 

affinity for 25-OHDg than for the hormone; binding to the 6S peak was re

duced by 15% in the presence of l,25-(OH)2D3 (data not shown) (183), and 

by about 95% in the presence of 25-OHD2 (Figure 4-2B). 

Cytosol obtained from bovine and human parathyroid tissue was 

also examined to determine if the 1,25-(0H)2D3~binding component is pres

ent in the glands of higher species. Sucrose gradient centrifugation of 

these cytosols reveal the presence of a saturable, high affinity, 3.IS 

macromolecule which binds l,25-(OH)2[^H]D2 in vitro (Figure 4-2C,4-2E). 

Except for the intestine, the parathyroid is the only tissue from chick, 

bovine, or human sources which has been found to display this binding 

component. In contrast, every tissue that has been examined possesses 
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the 6S binding protein for 25-OHD-j (Figure 4-2D) (183) which is similar 

to the protein studied by Haddad and Birge (184). 

Binding Affinity and Specificity 

Next the binding affinity and specificity of the cytoplasmic-

binding component for l,25-(OH)2D3 was examined. Cytosol was incubated 

with increasing concentrations of 1,25-(OH)and determination of 

the specific binding was accomplished by either the filter method of 

Santi et al. (140) or the hydroxylapatite assay of Williams and Gorski 

(141)(Figure 4-3). Both methods yielded similar results showing the 

saturation of a limited number of binding sites (Figure 4-3A) and satura-

_8 tion occurred at low concentrations of hormone (<10 M). At this range 

of hormone concentration most of the binding detected by these methods 

was specific for 1,25-(OH)2D3, since only a small amount of labeled hor

mone was bound in parallel incubations containing a 100-fold excess of 

unlabeled hormone (nonspecific binding). It should be noted that the 

DEAE-filter method routinely gave lower values (1/2-1/3) of nonspecific 

binding than the hydroxylapatite procedure. Scatchard analysis of the 

specific binding (total minus nonspecific) was linear (Figure 4-3B) sug

gesting a single class of receptor sites. The dissociation constant for 

the hormone-macromolecular complex at 0° was 4.2 x 10~^M. 

Binding Specificity of the Cytoplasmic 
Macromolecule for Vitamin D Analogs 

Sterols closely related to l,25-(OH)2Dg were next studied to test 

the selectivity of the parathyroid cytoplasmic binding component. Pri

marily, analysis of l,25-(OH)2Dg with modifications in the number and 



Figure 4-3. Determination of Dissociation Constant for 1,25-(OH)2D3-parathyroid Cytosol Macro-
molecule Interaction. 

(A) Specific binding of l,25-(OH)2pH]D-j by parathyroid cytosol. Aliquots of cytosol (0.25 ml, 
0.9 mg protein) were incubated with increasing amounts of 1,25-(OH)2["^H]D3 in the presence 
(nonspecific,A) or absence (total,• ) of a 100-fold excess of unlabeled 1,25-(OH)2D3 for 2 hr 
at 0°. Bound and free steroid were separated by hydroxylapatite. (B) Scatchard analysis of 
specific binding (O ) in A. 
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position of hydroxyl functions were tested. Parathyroid cytosol was in

cubated with 1,25-(OH)2[^H]D2 and various concentrations of unlabeled 

vitamin Dg sterols; protein-bound ligand was then isolated by sucrose 

gradient centrifugation or filtration on DEAE filters. The data in Table 

4-1 indicate that l^S-COH^D^ is 30 times more effective than 25-OHDg 

in reducing the binding of l,25-(OH)2[ h]d^ to the 3.IS cytoplasmic com

ponent. 24R, 25-dihydroxyvitamin D3, a natural occurring metabolite (43) 

with three hydroxyl groups, was considerably less effective in these com

petition studies (1:1/300), but proved to be 7 times more efficacious 

than its synthetic epimer 24S,25-dihydroxyvitamin Dg. A 500-fold excess 

of the synthetic analog la-hydroxyvitamin D^, an important therapeutic 

agent (185), was required to achieve a 50% displacement of labeled hormone 

from the 3.IS binding molecule. The concentration of vitamin Dg must be 

greater than 2500 times that of l,25-(OH)2D2 to effectively compete with 

the hormone. These values differ from the 1:1/500:1/800:1/800:1/17,000: 

<1/20,000 relative affinities of 1,25-(0H)2^:25-OHDg:la-hydroxyvitamin 

D^: 24R,25-dihydroxyvitamin D^:24S,25-dihydroxyvitamin D^:vitamin D3 for 

association with the 3.7S receptor of the intestine (122). It should be 

emphasized that these values serve only as first approximations for both 

the parathyroid-binding molecule and the intestinal receptor; more defin

itive data regarding sterol specificity must await the partial purifica

tion of these cytoplasmic components. Nevertheless, the present results 

indicate that the integrity of the three hydroxyl groups and the confor

mation of the hydrophobic side chain are important in the stereospecific 

interaction of the ..,25-(OH)2^3 this macromolecule. 



Table 4-1. Relative Affinities of Vitamin Analogs for 
the Cytoplasmic Macromolecular Binding 
Component. 

Aliquots of parathyroid cytosol were incubated at 0° with 
4nM l,25-(OH)2[^H.]D3 and unlabeled sterol. Binding of 
radioactive sterol to the 3.IS component was determined 
via sucrose gradient centrifugation. Similar results 
were obtained by the more rapid DEAE-cellulose filtration 
method (140). 

Competing Sterol Relative Affinity 
l,25-(OH)2D3 1 

25-OHD3 1/30 

la-hydroxyvitamin D-j 1/500 

24R,25-dihydroxyvitamin 1/300 

24S,25-dihydroxyvitamin 1/2100 

Vitamin D-j <1/2500 
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Protein Nature of the 
1, 25-(OH) •pD-^-binding Molecule 

The chemical nature of the hormone-binding site was next investi

gated by incubation of the complex with Pronase and nucleases. Para

thyroid cytosol was incubated with 1,25-(0H)2[^H]D^ at 0° for 1 hour to 

form the binding complexes. Pronase, RNase, or DNase was then added and 

the incubation was continued for an additional 30 min. The contents were 

subsequently placed onto sucrose gradients to resolve the bound from free 

hormone. The results in Table 4-2 indicate that protein(s) represent an 

essential part of the binding complex; however, the data do not exclude 

the presence of small amounts of nucleic acids, lipids, and carbohydrates 

in the macromolecule. 

Thermolability of the 
Steroid-protein Complex 

Investigation into the effect of temperature on the integrity of 

the binding complex was accomplished by 1) brief heating of the cytosol 

prior to addition of the hormone, or 2) mild heating of the macromolecular-

hormone complex for various periods of time at several temperatures. Heat

ing of parathyroid cytosol to 60° for 10 min completely prevented 

subsequent l,25-(OH)2[ HJD^ binding (data now shown). If cytosol is rig

orously kept at near 0° during preparation and then incubated with hormone 

at this temperature, maximal binding occurs within 2 hr (Figure 4-4), but 

by 24 hr the complex has begun to degrade. If tritiated sterol is added 

to an aliquot of the same cytosol preparation and the temperature is im

mediately shifted to 25 or 37°, maximum binding is less than 50% of that 

seen for the 1° incubation, and by 24 hr there is virtually no intact 



Table 4-2. Release of 1,25-(0H)2[^h]D3 from Chick Para-
thyroid Cytosol 3.1S-binding Component 

Treatment for 30 min 
Amount Bound3 

cpm 
% 

Released 
No enzyme (0°) 2466 

Pronase (0°) 638 75 

RNase (0°) 2265 8 

DNase (Mg++) (0°) 1995 19 
aBound hormone was separated from free by 5-20% sucrose 
gradient centrifugation at 369,000 x g for 18 hours. 
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Figure 4-4. Thermolalibility of the 1,25-(OH)2D3-macromolecular 
Complex. 

Cytosol (0.2 ml, 0.9 mg protein) was prepared at near 0° and incubated 
with 4 nM 1,25-(OH)2P^]D3 for various periods of time at 1, 25, or 37°. 
Separation of bound from free was accomplished on DEAE filters. Paral
lel incubations containing 4 nM l,25-(OH) 2D3 plus 0.4 M nonradio
active 1,25-(0H)2D3 yielded values for nonspecific bound hormone. 
(Total minus nonspecific = specific bound.) 
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complex detectable. Preliminary data indicate that the apo protein is 

considerably more susceptible than the holo protein to "inactivation" 

(change in binding affinity) by higher temperatures; bound steroid has a 

stabilizing effect on the macromolecule. Consequently, the results de

picted in Figure 4-4 are probably a combination of protein "inactivation" 

early in the incubation and protein degradation by cytoplasmic proteases 

at later time points. The data indicate that this binding protein dis

plays the characteristics of thermolability similar to those seen for the 

1,25-(OH)2D.j receptor of the intestine (77) as well as the progesterone 

receptor (186). 

Subcellular Localization of 
1,25-(OH)9[JH] and Time-dependent 

Transfer of Hormone from Cytosol to Nuclei 

The distribution of radioactive hormone in crude subcellular 

fractions of chick parathyroid tissue was next investigated. Glands were 

homogenized in Sucrose-TKM buffer and aliquots were incubated at 25° for 

various periods of time with 1,25-(OH)2[^H]D2. The preparations were im

mediately cooled to 1° and the subcellular fractions were harvested, 

washed extensively in 0.025M-KETT buffer (Chapter 2), and analyzed for 

hormone binding. The data in Figure 4-5 indicate that there are quanti

tative differences in the amount of radioactivity in the cytosol and nu

clear fractions, and that only a small amount of hormone is present in 

the mitochondrial and microsomal preparations. At 2 min most of the 

1,25-(0H)2[3H] is in the cytosol fraction. However, there is a pro

gressive decrease in radioactivity from the cytosol so that by 40 min 

approximately 53% of these counts are no longer detectable in this 
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Figure 4-5. Subcellular Localization of 1,25-(0H)2D3 and Time-
dependent Transfer of Hormone from Cytosol to Nuclei. 

Parathyroid gland homogenates were incubated with 6 nM 1,25-(OH) 2 [3H] D3 
at 25° for various periods of time. The subcellular fractions (cytosol 
(O); nuclei (B ); mitochondria (O); microsomes (A)) were immediately 
prepared and extracted for radioactivity as described in Chapter 2. 
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fraction. Concomitant with this time-dependent decrease in 1,25-

(OH^^HJD^ from the cytosol is a dramatic increase in radioactivity 

found in the nuclear fraction. These results (Figure 4-5) are consistent 

with the hypothesis that association of the hormone with a target organ 

involves initial binding in the cytosol followed by movement to the 

nucleus. 

The possibility existed that the radioactivity associated with 

the nuclear fraction was simply the cytoplasmic binding protein which had 

adsorbed to the nuclei under these in vitro incubation conditions. Vig

orous washing of the nuclei with 0.025M-KETT was ineffective at removal 

of the 1,25-(OH)2[^hJ. In addition, there was an absence of nuclear 

binding during incubation of homogenates at 0°. These observations were 

interpreted as evidence against artifactual adsorption of the cytoplasmic 

component to the nuclear membrane. 

Nuclear Binding of 1,25-(OH) 

In order to more closely examine the association of the hormone 

with the nucleus, parathyroid homogenates were incubated with hormone for 

30 min at 25° and the nuclei were prepared and extensively washed as just 

described. The nuclear pellet was then extracted with 0.5M-KETT buffer 

for 1 hr at 0° with intermittent vortexing, and then centrifuged at 

180,000 x g for 45 min to yield a high salt nuclear extract. This pro

cedure has been described by Stancel and Gorski (187) and leads to the 

extraction of hormone-binding proteins from the nucleus. Sucrose gradi

ent analysis of the nuclear extract revealed a sharp peak (3.IS) of 

bound l,25-(OH)2D3 which could not be distinguished from the cytoplasmic 
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binding component (Figure 4-6). Furthermore, when similar nuclear prep

arations were washed successively with EDTA, Triton X-100, and Tris buf-

fers to produce chromatin (Chapter 2), the l,25-(OH)2[ was found to 

be associated with this material (chromatin). Extraction of the radio

activity from the gelatinous chromatin pellet could be accomplished by 

homogenizing in 0.3M-KETT buffer; the released l,25-(OH)2[^H]D2 migrated 

on sucrose gradients to the same position as the cytoplasmic binding pro

tein and the high salt extract from whole nuclei (Figure 4-6). 

Additional experiments were carried out by separately preparing 

parathyroid cytosol and washed nuclear chromatin and then reconstituting 

them for incubation with hormone. Sucrose gradient analysis of the 

chromatin-associated 1,25-(OH)^[^H]was indistinguishable from the pre

vious experiments if the incubation was performed at 25°. When 100-fold 

excess nonradioactive l,25-(OH)2Dg was included with labeled hormone in 

a parallel incubation, the peak of protein-bound l,25-(OH) 2["^H]D2 was not 

observed (Figure 4-6). The binding of labeled hormone to parathyroid 

chromatin displayed a dependence on elevated temperature. When reconsti

tuted cytosol and chromatin was incubated at 2° for 30 min with 1,25-

(OH^pHjD^, hormone association with the chromatin was not seen (Figure 

4-7). Similar results have been found for the l,25-(OH)2D3 receptor of 

chick intestine (76). These observations indicate that the association 

of l,25-(OH)2D3 with the chromatin is saturable and involves a macro-

molecule similar, but not necessarily identical, to the cytoplasmic bind

ing protein. 



Figure 4-6. Analysis by Density Gradient Centrifugation of the 
1,25-(OH)2D3~binding Component from Chick Parathyroid 
Nuclei and Chromatin. 

After incubation of tissue homogenates with 1, 25-(0H) 2["^h] D3 (6 nM, 6.5 
Ci/mmole) for 30 min at 25°, harvested nuclei were extracted (187) with 
high salt (0.5M KC1) buffer, and an aliquot (0.4 ml) of the released ma
terial analyzed by sucrose gradient centrifugation (O). A separate 
aliquot of the nuclear preparation was washed extensively (see methods) 
to remove the nuclear membrane and any unbound or loosely associated 
hormone, and yield purified chromatin. The chromatin material was ex
tracted with salt buffer (0.3M-KETT) and an aliquot (0.4 ml) of the 
extract was analyzed on density gradients (•). 

Separate experiments were conducted by reconstituting parathyroid cyto-
sol with purified chromatin followed by incubation with 6 nM 1,25-
(0H)2 H D3 for 30 min at 25° (arrow 2)T or 6 nM 1,25-
(0H)2 D3 plus 0.6 pM unlabeled 1,25-(0H)2D3 for 30 min at 25° (•). 
The harvested and washed chromatin was extracted with buffer containing 
0.3M KC1 and the extract analyzed as above. The migration position of 
the 1,25-(OH)2D3~binding protein recovered from salt extracts of nuclei 
and salt extracts of purified chromatin, as well as an aliquot of cyto-
sol from these incubations (not shown), were identical (Fractions 13 and 
14). Arrow 1 was the migration position of the external marker 
chymotrypsinogen. 
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Figure 4-6. Analysis by Density Gradient Centrifugation of the 
1>25-(0H)2D3-binding Component from Chick Parathyroid 
Nuclei and Chromatin. 
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Figure 4-7. Temperature Dependence of the Association of 
with Parathyroid Chromatin. 

Reconstituted parathyroid cytosol and chromatin was prepared and incu
bated with 6 nM l,25-(OH)2^ H]D3 at 0° for 30 min. The temperature was 
then left at this temperature (lower panel) or shifted to 25° (upper 
panel) for an additional 30 min. Chromatin was harvested, washed, ex
tracted, and analyzed by sucrose gradient centrifugation, as described 
in the legend to Figure 4-6. Markers 1 and 3 represent chymotrypsinogen 
and bovine serum albumin, respectively. Counting efficiency for the 
gradient fractions was 35%. 
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Incubation In Vitro of Target and Nontarget 
Cytosols with Parathyroid Chromatin 

The ability of various cytosols to transfer l.ZS-COH^Dj to para

thyroid chromatin was next investigated. Cytosol fractions from chick 

intestine, parathyroid, adrenal, and testis (or buffer alone) were incu

bated with 4nM I.ZS-COH^^HJD^ at 0° for 1 hr (Figure 4-8). The cytosols 

were then reconstituted with parathyroid chromatin and incubated at 25° 

for an additional 30 min. Chromatin was harvested, washed, and extracted 

with 0.3M-KETT buffer and the extracted material was subjected to sucrose 

gradient analysis. The results showed that 1) there was an absolute re

quirement for cytosol since buffer alone was ineffective at mediating the 

association of l^S^OH^D^ with the chromatin, and 2) only cytosols from 

tissues which have been shown to contain specific cytoplasmic binding 

proteins for l,25-(OH)2D2 (intestine and parathyroid) were capable of im

parting the hormone-receptor complex to parathyroid chromatin. 

Incubation In Vitro of Parathyroid 
Cytosol with Target and Nontarget Chromatins 

A separate series of experiments showed that the inverse effect 

could also be observed, namely, parathyroid cytosol was capable of trans

ferring the binding of l,25-(OH)2l>2 to intestinal chromatin (data not 

shown). However, no inherent specificity in the tissue chromatins for 

binding of the sterol-receptor complex could be detected; labeled para

thyroid cytosol was capable of transferring hormone to intestinal chroma

tin as well as chromatin from adrenal, testis, and liver. These findings 

would suggest against specific parathyroid chromatin "acceptor" sites for 

the hormone-receptor complex. Experiments patterned after those of 
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Figure 4-3. Requirement for Target Tissue Cytosol to Transfer 1,25-
(0H)2D3 to Parathyroid Chromatin. 

Rachitic chick tissues (330 mg wet weight each) were processed to pro
duce cytosol. In the case of the parathyroid, chromatin was harvested 
from the crude nuclear fraction, extensively washed, and divided into 
five equal aliquots. The chromatin was then reconstituted with the 
various tissue cytosols (2 ml), or buffer alone, and incubated with 
labeled l,25-(OH)2D3 for 30 min at 25°. Chromatin was extensively 
washed to remove nonbound or loosely associated sterol. Extraction of 
the tightly bound hormone was accomplished with 0.5M-KETT buffer, and 
the high salt recovered material was analyzed by density gradient 
centrifugation. 
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Zerwekh et al. (80) are now necessary to assess chromatin template ac

tivity before and after l^S^OH^Dg binding. In addition, more elabo

rate experiments similar to those of Spelsberg and his associates 

(188-191) involving receptor binding to 1) pure target tissue DNA, 2) 

"hybrid chromatins" containing target DNA and nontarget acidic proteins, 

and 3) target chromatins under various ionic strength conditions, may 

help elucidate the nuclear binding characteristics of this hormone recep

tor system. 

Agarose Gel Filtration 

The cytoplasmic binding proteins for 25-OHD3 and 1,25-(OH)2^3, as 

well as the nuclear macromolecular component which binds 1,25-(OH)2^3* 

were isolated and compared by chromatographic resolution on agarose. 

Chick parathyroid cytosol was labeled in vitro with either 25-(OH) ["^H] 

or 1,25-(OH)2["^H1D3> separately applied to a column (1.6 x 65 cm) of aga

rose A-0.5M, and eluted with 0.3M-KETT buffer (Figure 4-9). The first 

peak of radioactivity (and 280nm absorbance, not shown) respresents mate

rials excluded from the gel since it elutes in the same volume as blue 

dextran. The next peak of binding (Fraction 70) represents the 25-(OH)D2~ 

binding protein found in the cytosol of all tissues examined. The appar

ent molecular weight of this material from the chick parathyroid is 68,000 

Resolved from the 25-OHD2~binding protein is the parathyroid cyto

plasmic macromolecule which specifically binds l,25-(OH)2D3 (Fraction 85). 

The apparent molecular weight of this protein is 46,000, based on estima-

1/2 1/3 tion from a graph of M vs. ' for globular protein standards. 

These molecular weight estimates are made simply for comparative purposes, 



Figure 4-9. Gel Filtration of Cytoplasmic and Nuclear 1,25-(OH)2Do-binding Proteins and 
the 25-OHD^-binding Molecule from Chick Parathyroid Glands. 

Cytosol (1 ml) was prepared in 0.3M-KETT buffer and incubated with 4 nM 25-(OH) [%]Do ( A )  
or 4 nM l,25-(OH)2[ hJd^ (•) f°r 2 hr at 0°. Reconstituted cytosol-chromatin (1 ml) was 
incubated with l,25-(OH)2L "]-^3 (4 nM) for 30 min at 25°. The chromatin was then extracted 
with 0.3M-KETT buffer (•). 

Inset: Test of the similarity of binding activities as revealed by gel filtration and su
crose gradient centrifugation. Aliquots (0.5 ml) of the corresponding agarose peak frac
tions [70 from (A); 85 from (#); 85 from (•), not shown] were analyzed by density 
gradient centrifugation (inset). The cytoplasmic and nuclear radioactive complexes for 
l,25-(OH)2D3 (both eluting in agarose fraction 85) displayed a sedimentation coefficient 
of 3.IS. The material eluting from agarose in fraction 70 sedimented on sucrose gradients 
at 6S. Gradient analysis of material from agarose fraction 45 showed l,25-(OH)2[ H]Dg 
bound to a high molecular weight (>10S) species (not shown). Material in the total col
umn volume (Vt) represented free steroid. 
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since any asymmetry in these molecules would alter their migration posi

tions (143). 

The nuclear-binding component was then compared to the cytoplasmic 

proteins by incubating reconstituted cytosol-chromatin with 1,25-

(OH^I^HjD^ for 30 min at 25° followed by high salt extraction of the 

chromatin (Chapter 2). As shown in Figure 4-9, no difference could be 

demonstrated between the elution of the cytoplasmic and nuclear components 

of bound tritiated hormone when columns were run under identical, stan

dardized conditions. In addition, the l,25-(OH)2[^H]D2~binding molecules 

were separated from the major protein peak eluting in the void volume, 

and from the only other major vitamin D-binding protein (25-OHD2~binding 

protein, Fraction 70) known to exist in eukaryotic cells. Finally, both 

the cytoplasmic and nuclear peaks of macromolecule-[^H]hormone complexes 

were abolished when incubations containing 100-fold excess unlabeled 1,25-

(OH)^^ were chromatographed (data not shown). 

To ascertain whether the binding components which were observed 

by centrifugation techniques were similar to those seen by gel filtration, 

an aliquot of the peak tubes of radioactivity from the agarose column 

were analyzed on 5-20% sucrose gradients. The data from this experiment 

are depicted in Figure 4-9 (inset) and indicate that the peaks of bound 

sterol identified by gel filtration are related to those characterized by 

gradient centrifugation. 

This ensemble of results indicates that the cytoplasmic and nu

clear 1,25-(0H)2D.j receptors are very similar molecules, and suggests that 

this hormone may be functioning in the parathyroid gland at the level of 

the cell nucleus. 
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DEAE-cellulose Chromatography 

In a final series of experiments, parathyroid cytosol from 85 

four-week-old rachitic chicks (tissue wet weight = 2.45 g) was taken to 

40% saturation with ammonium sulfate, labeled with 1,25-(0H)2[ hJd^, and 

chromatographed on DEAE cellulose. The results are depicted in Figure 

4-10 and show that one peak of hormone associated material is eluted from 

the column at 0.2M KC1. The peak tube fractions (64-68) were combined 

and concentrated on a column (1 x 0.5 cm) of hydroxylapatite; step-wise 

elution of the bound material with buffer containing (Chapter 2) 

resulted in an effective 5-fold concentration of the post-DEAE cellulose 

material (Figure 4-11A). Some of the concentrate (500 yl) was layered 

onto 5-20% sucrose gradients and, as shown in Figure 4-11B, the 1,25-

(OHJ^D^ bound to a macromolecule sedimentating at 3.IS. Hence, the 

receptor protein which specifically binds vitamin D hormone and is eluted 

from DEAE cellulose at 0.2M KC1, is indistinguishable from the less pure 

cytoplasmic preparations examined earlier in this chapter. 

Summary and Discussion 

The presence of a specific l,25-(OH)2D2~binding macromolecule has 

been demonstrated in the chick and bovine parathyroid gland and in human 

adenoma of the parathyroid. This macromolecule is strikingly similar to 

the cytoplasmic and nuclear receptor from chick intestine that has previ

ously been described (75-77), and the 1,25-(0H)^D^-binding protein of 

human parathyroid reported by Haddad et al. (192). The parathyroid-

binding protein appears to differ slightly from the intestinal receptor 

with respect to sedimentation coefficient and vitamin D-sterol 
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Figure 4-10. DEAE-cellulose Chromatography of Ammonium Sulfate Precipitated Parathyroid 
Cytosol. 

Parathyroid tissue (2.45 g) was processed to produce cytosol and then taken to 40% saturation 
with ammonium sulfate. Precipitated material was resolubilized in OM-KETT, incubated with 
radioactive l,25-(OH)2D3 (6.5Ci/mmole; 0° for 2 hr), and chromatographed on DEAE-cellulose 
as described in Chapter 2. KC1 concentration was determined by conductivity and protein 
was analyzed by absorbance at 280 nm. 
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Figure 4-11. Hydroxylapatite Step-wise Elution of the Parathyroid 
Receptor for 1,25-(0H)2D3 (A) and Sucrose Gradient Analy
sis of the Partially Purified Material (B). 

A. Fractions 63-69 (7 ml of the original 14 ml remaining after radio
activity and protein determination) of the DEAE-purified receptor 
(Figure 4-10) were combined and placed onto a 1.0 x 0.5 cm column of 
hydroxylapatite. After the material was absorbed to the resin, 3 ml 
of buffer containing 20 mM phosphate as KH2PO4 was passed through 
the column to elute nonspecifically bound material. Subsequently, 
an abrupt change to 300 mM phosphate eluted the bound receptor ma
terial. The procedure resulted in an approximately 3.5-fold concen
tration of the post-DEAE eluant with virtually 90-100% recovery of 
the applied radioactivity. 

B. Sucrose gradient (5-20%) centrifugation of the hydroxylapatite-
concentrated receptor. Chymotrypsinogen, ovalbumin, and bovine 
serum albumin served as external protein markers. 
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specificity, and further experiments with less crude preparations will be 

necessary to more fully characterize and compare the properties of both 

of the l,25-(OH)2D2~binding molecules. Nevertheless, this cytoplasmic 

component from the parathyroid which binds the vitamin D hormone is read

ily distinguishable from the 6S 25-OHD^-binding protein reported in the 

rat (184) and which we have observed in every chick, bovine, rat, and 

human tissue examined (183,193). Table 4-3 summarizes data on the prop

erties of chick vitamin D metabolite-binding proteins in terms of their 

sedimentation coefficient and subcellular location. At present, a role 

for the ubiquitous 6S molecule has not been found, but in all cases it 

has a greater affinity for 25-OHDg than 1, 25-(OH) 2D.J (183). Recent work 

(195) suggests that the 6S cytoplasmic binding protein is a duplex of two 

macromolecules, one of which is the 4S plasma carrier protein for 25-OHD2 

and the other a 4S cytoplasmic protein which doesn't bind sterol. The 

fact that this protein does not transfer 25-OHD3 into the nucleus suggests 

that it is not a classic steroid hormone receptor (65,67,69). 

The use. of the term "steroid hormone receptor" connotes a series 

of strict criteria (69,142) which these experiments have attempted to test 

concerning the parathyroid 1,25-(0H)^D^-binding protein. 

1. There must exist a finite number of binding sites for the hor

mone. As seen in Figure 4-3A), the cytoplasmic binding protein 

for 1,25-(OH)2D3 shows saturation of a limited numbe? of binding 

—8 sites with low concentrations of hormone (<10 M). 

2. The steroid receptor must exhibit high affinity for the hormone. 

Figure 4-3B indicates that the 3.IS cytoplasmic macromolecule 
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Table 4-3. Sedimentation Coefficients of High-affinity Binding Proteins 
for 25-(OH)Di and let, 25-(OH) in the Chick.a 

Sedimentation 
coefficient, 
S( + SD) 

Sterol Site Cytosol Nuclear Ref. 
25-(0H)D3 Intestine 6 N. 0.13 193 

Parathyroid 6 N.O. P.S.C 

Testes 6 N.O. P.S. 

Liver 6 N.O. 193 

Kidney 6 N.O. 193 

Serum 4.0 +0.1 - 193 

la,25-(OH)2D3 Intestine 3.7 + 0.1 3.7 + 0.1 76,77 

Parathyroid 3.1 + 0.2d 3.1 + 0.2d P.S. 

Testes 6e N.O. P.S. 

Liver 6e N.O. 194 

Kidney 6e N.O. 194 

Serum 4.0 + 0.1d _ 193 
aData from 0.3M KCl-sucrose gradients. 
^Not observed. 

^Average of 9 sucrose gradient experiments; significantly different from 
3.7S intestinal receptor (P <0.005). 
Represents binding of la,25-(OH)2^h]d^ to 25-(OH)D2 binding protein. 
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binds l,25-(OH)2D^ with high affinity (K^ = 4.2 x 10 ^M). This 

value should be considered an approximation, since it is likely 

that it will be altered by equilibrium studies on more purified 

material. Nevertheless, it approximates the concentration (1.5 x 

10~^M) of the hormone in chick plasma (Chapter 3, Table 3-1). 

The preliminary results of Figure 4-10 tend to indicate 

that the high-affinity binding of l^S-^H^D^ to the receptor 

involves only one protein species. This finding is in contrast 

to data obtained by O'Malley and Schrader (69) for the proges

terone receptor where two peaks of bound radioactive sterol are 

eluted from DEAE cellulose under the exact conditions employed in 

the present experiment. The two peaks of bound [^H]-progesterone 

have been identified as subunits (A and B) of the receptor (121) 

and shown to possess different nuclear-binding properties. Ma

terial comprising the first DEAE peak binds to chick oviduct DNA 

but not oviduct chromatin, and receptor from the second peak binds 

preferentially to oviduct chromatin (69). Since only one peak of 

hormone-associated material is observed for the l,25-(OH)2Dg re-

O 
ceptor from chick parathyroid , it is possible that this system 

doesn't possess receptor subunits similar to the oviduct proges

terone receptor. Caution must be taken in the interpretation of 

these results, since a number of explanations are possible: 1) 

8. In separate experiments involving the l^S^OH^D^ receptor 
from chick intestine, identical results were obtained; only one peak of 
hormone-associated material was eluted from DEAE cellulose after 40% am
monium sulfate precipitation of the mucosa cytosol. 
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the l,25-(OH)2D3 receptor may contain subunits that are not sepa

rated by DEAE cellulose; 2) the ammonium sulfate precipitation 

which splits the "A" and "B" subunits of the progesterone recep

tor and precipitates them both, may not separate the 1,25-(0H)2^3-

dimers or may only precipitate one of the subunits; 3) if subunits 

exist for the l,25-(OH)2D3 receptor, only one of them may bind 

the sterol. Hence, the other subunit would not be identifiable 

by following the binding molecules with radioactive hormone. 

It is obvious that numerous experiments are necessary to 

purify the l,25-(OH)2D3 receptor to homogeneity and then test its 

ability to stimulate parathyroid chromatin template activity, in 

vitro. However, the present findings clearly show that a 3.IS 

cytoplasmic and nuclear receptor is present in the parathyroid 

gland and can be followed via sucrose density gradient centrifu-

gation, agarose gel chromatography, and DEAE-cellulose chromatog

raphy without an apparent change in conformation. 

3) A third criterion of a steroid-hormone receptor is that it must 

demonstrate high-binding specificity for the hormone. When the 

major circulating vitamin D metabolites (as well as two synthetic 

analogs) are examined for their ability to bind to the parathyroid 

inacromolecule (Table 4-1), only unlabeled l,25-(OH)2l>3 is effec

tive in competing with radioactive hormone for protein binding. 

These studies were performed in vitro where, among other consider

ations, the number of hydroxyl groups on the sterol effect its 

solubility and thus its availability for binding. In vivo 
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experiments are now necessary to determine the important contri

bution of plasma carrier protein(s) (184) on the "effective" 

concentration of these sterols in the circulation. 

4) The receptor must be tissue specific. Until recently, the intes

tine was the only target tissue to have been characterized with 

respect to l.ZS-COH^D^ receptors (75-77). The present results 

demonstrate that a similar intracellular protein exists in the 

parathyroid gland of several animal species including man. This 

binding molecule appears to originate in the cytoplasm and sub

sequently migrate into the nucleus via a temperature-dependent 

process, where it associates with the chromatin. These findings 

indicate that the parathyroid gland should be included with the 

intestine as a location for specific, high-affinity receptors for 

l,25-(OH)2D3. 

5. Hormone-receptor association must result in a demonstrable bio

logical response. This has clearly been shown regarding this 

sterol's action at the intestine, but very little is known about 

the biological effects of 1,25-(OH)2^3 at parathyroids. Fig

ure 4-12 incorporates the possible biochemical events with the 

observed biological effects of l,25-(OH)2Dg at these target tis

sues. Since our knowledge of the intestinal system is consider

ably more advanced, it will be outlined first. 

The hormone is known to enter the intestinal mucosa cell and bind 

to a specific receptor protein. The sterol-receptor complex subsequently 
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migrates into the nucleus where it associates with the chromatin, prob

ably via the nonhistone proteins. If 1,25-(0H)2D functions analogously 

to the classic steroid hormones (65-69), the next event would be increased 

synthesis of mRNA. Corradino (196) has shown that a-amanitin and actino-

mycin D, two mRNA inhibitors, reduce the amount of calcium which enters 

the intestinal cell when this tissue is grown in organ culture. More 

definitively, Zerwekh et al. (80) have shown that administration of 1,25-

(OH)2D3 to chicks, in vivo, results in increased intestinal chromatin 

template activity. Moreover, this effect can be observed (in vitro) 

using reconstituted intestinal cytosol and chromatin, and the presence of 

the hormone receptor is an absolute requirement for increased mRNA syn

thesis. These findings strongly suggest that l,25-(OH)2l>3 acts at the 

level of the intestinal nucleus to enhance chromatin template activity 

and produce new species of mRNA. The newly formed message(s) would then 

be expected to be translated into endpoint proteins which somehow partic

ipate in the transcellular movement of calcium and phosphate. Several 

endpoint proteins have been identified in this system (62-64), but the 

most promising candidate is calcium-binding protein. This protein was 

originally described by Wasserman and Taylor (62), and has since been 

isolated from the bovine and sequenced by Huang et al. (197). It consti

tutes 2% of the total protein in normal chick intestine, but is absent 

from D-deficient animals. It binds calcium with a = 10~% and fluc

tuates in concert with physiologic alterations in calcium transport. 

Whether calcium-binding protein is the endpoint protein is the subject 

of much debate. Nevertheless, the net result of the initial entry of the 
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sterol into the intestinal mucosa cell is a definitive enhancement in 

calcium and phosphate transport (Figure 4-12). 

With the discovery of specific, high-affinity receptors for 1,25-

(OH^D^ in the parathyroid, it is possible to envision that the receptor-

hormone complex in the nucleus of this tissue may function in an analogous 

manner, and ultimately alter the synthesis of gene products which assist 

calcium in its well-known inhibitory effect on PTH secretion. This hy

pothesis is illustrated in the upper portion of Figure 4-12. Again, 1,25-

(OH^D-j enters the cell and migrates into the nucleus via association 

with a receptor protein. One possibility (for which there is no evi

dence) is that the binding of the hormone-receptor complex to the genome 

alters the transcription of mRNA for parathyroid hormone (mRNAp^jj) . A 

more reasonable mechanism is patterned after the intestinal model (Figure 

4-12). The 1,25-(OH)2D2~receptor complex binds to the parathyroid genome 

and stimulates chromatin template activity. New mRNA species are trans

cribed and ultimately translated into calcium-translocating proteins 

(like calcium-binding protein). The resultant influx of calcium into 

the parathyroid cell inhibits the secretion of PTH. Since the parathy

roids have long been known to be responsive to calcium, this model merely 

provides a mechanism by which the tissue "senses" the concentration of 

this ion. A noteworthy feature of the model is that the endpoint protein 

produced by the action of the sterol on the target cell may be the same 

protein in both the intestine and parathyroids. In the former, the 

calcium-translocating protein has the positive effect of moving calcium 

into the circulation, and in the latter, the same gene product could have 
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the negative effect of inhibiting PTH secretion. In support of this con

cept, Oldham et al. (198) have detected and characterized a calcium-

binding protein in the parathyroid which is similar to the intestinal 

calcium-binding protein induced by l^S-COH^D^ (62). In addition, 

Chertow et al. (118) have reported that l,25-(OH)2D3 suppresses PTH se

cretion both in vivo in rats and in isolated slices of bovine parathyroid 

gland. Finally, l^S-^OH^D^ has most recently been shown to inhibit PTH 

secretion in bovine parathyroid cells in monolayer culture (119) and rat 

parathyroid in organ culture (120). This may be analogous to other enco-

crine systems, such as the ACTH-cortisol interrelationship, since PTH is 

known to greatly enhance the circulating concentration of l,25-(OH)2D3 

(Chapter 3). Thus, it would be reasonable for the product (1,25-(0H)^D^) 

to feedback-inhibit the biosynthesis and/or secretion of PTH. These 

reports, as well as the experiments described here regarding 1,25-

(OH)-receptors in the parathyroid gland, suggest that a more complex 

interrelationship may exist between PTH and l,25-(OH)2D3 in calcium and 

phosphate homeostasis. Chapter 6 of this dissertation will concern it

self with this hypothesis. 



CHAPTER 5 

PRESENCE OF 1,25-DIHYDROXYVITAMIN D3-
GLYCOSIDE IN THE CALCINOGENIC PLANTS, SOLANUM 

MALACOXYLON AND CESTRUM DIURNUM 

Background 

Calcinosis in grazing animals in certain regions of the world is 

caused by the ingestion of various botanical species. The calcinogenic 

plants include Splanum malacoxylon (j5.m.) in South America, Cestrum di-

urnum (C.cl.) in the United States, and Trisetum flavescens in Germany. 

The pathologic features (123,126) are very similar to vitamin D-intoxica-

tion (Chapter 3) and, in fact, .S.m. and C.-d_. have been shown to contain a 

substance or substances with biological activity similar to that of 1,25-

(OH^D^ (123). Because the renal biosynthesis of l^S-COH^D^ is strictly 

controlled by the calcium and phosphorus needs of animals (Chapter 3), it 

is likely that the etiology of the calcinosis involves excessive intake 

of the l,25-(OH)2D2~like activity in these plants which causes hyperab-

sorption of calcium and phosphorus even in the face of adequate serum 

levels of these ions. 

The active factors in _S.m. and C^d.. differ chemically from the 

sterol hormone in that they are soluble in water but not in most organic 

solvents (123) and they have an apparent molecular weight in excess of 

1000 (130). Yet, aqueous extracts of both of these plants have many 

l,25-(OH)2Dg-like actions, including enhancement of calcium-binding pro

tein (CaBP) synthesis and intestinal calcium absorption in chicks fed a 

141 
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high-strontium diet (199). High strontium intake blocks the renal la-

hydroxylase enzyme, allowing only la-hydroxylated D-vitamins to function 

in such animals (200). .S.m. has been shown to be active in the anephric 

(201) and diabetic rat (202), further demonstrating that it does not re

quire la-hydroxylation for biologic potency. Finally S^.m. and C,.<1. are 

both efficacious in vivo. In this chapter the isolation and identifica

tion of the calcinogenic principle from both of these plants is described. 

It is proposed that this principle accounts for the hyperabsorption of 

calcium observed after eating these plants, and it is an excellent exam

ple of a disease which results from the circumvention of the stringent 

regulation of the la-hydroxylase enzyme. 

Oral Administration of 
S,.m. and C^d_. to Rachitic Chicks 

Initially, an aqueous extract of S^m. or C,.cl. was administered 

orally to chicks incapable of biosynthesizing l,25-(OH)2D2 because of 

the inhibitory effects of strontium. Table 5-1 summarizes plasma 1,25-

(OH)2D3~like activity and intestinal CaBP as a function of time after a 

single oral dose of the plant extract. Radioreceptor assay of the plasma 

from these animals shows that strontium-fed chicks have undetectable cir

culating levels of l^S-^H^D^ activity prior to administration of the 

plant, but dramatic increases occur in plasma hormone activity within 

6-12 hours after dosing. The l^S-^H^D^-equivalent concentrations 

achieved are 5-10 times the normal circulating level of 1,25-(0H)2D3 

in the chick (Table 3-1) (33). By 24 hours plasma activity decreases 

markedly, suggesting that the active factor turns over rapidly, as does 
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Table 5-1. Appearance of Plasma 1,25-(0H)2D3~like Activity and Intes
tinal Calcium-binding Protein (CaBP) in Strontium-inhibited 
Chicks Given S_.m. or C^cl. Orally. 

Plasma Radioreceptor 
Exp. Time After Activity (ng equiv. Intestinal CaBP 
No. Plant Dose (hrs) 1, 25-(OH) 2D3/IOO ml) (ug/mg protein) 

0 <1 0 

6 81 <0.5 

12 75 1.5 

24 14 6.7 

0 0 0 

6 24 <0.3 

12 43 1.4 

24 1-8 6.9 
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l,25-(OH)2D2 (49). The fact that strontium-inhibited chicks are able to 

produce the plasma 1,25-(OH)2D3~like substance is significant and sub

stantiates the earlier conclusions that la-hydroxylation is not required 

for plant activity. Intestinal CaBP results correlate well with plasma 

hormone values, but there is a 12-18 hr lag between maximal l,25-(OH)2Dg 

activity and maximal CaBP (Table 5-1). These data are also consistent 

with the concept that l,25-(OH)2D3 or its analogs function, at least in 

part, through new mRNA synthesis in the chick. 

In the next experiment the chromatographic mobility of the plasma 

i^S^OH^D^-like factor was determined after S^m. treatment. (Similar 

experiments were performed for C^d.. and will be discussed after the j^.m. 

data are presented.) Figure 5-1 illustrates the results of radioreceptor 

assays of individual column fractions during the purification of plasma 

from vitamin D-deficient (control) and chicks given .S.m. extract 12 hours 

prior to sacrifice. Tracer 1,25-(OH)2Ph]d^ migrates as expected on the 

columns, and no radioreceptor activity can be detected in control chicks. 

S,.m. treated chicks exhibit plasma l,25-(OH)2D-j activity which migrates 

with authentic l,25-(OH)2 on both Sephadex LH-20 and micro-Celite 

columns (Figure 5-1, lower panels). Thus, the S^.m.-produced lipid which 

competes with radioactive l,25-(OH)2D2 for the highly specific intestinal 

receptor, also migrates exactly with the marker hormone, suggesting that 

the assayable material in plasma is very similar in polarity to 1,25-

(OH^D^. Identical results were obtained when the plasma from strontium-

inhibited chicks was analyzed after C_.d_. administration (data not shown). 
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Figure 5-1. Chromatographic Migration of Plasma l^S-COH^Dj-like 
Factor Generated by S..m. Administration to Strontium-
inhibited Chicks. 

Control animals received no s.m., test animals were given S_.m. 12 hr be' 
fore killing. Pooled plasma from 10 chicks per group was extracted as 
described in Chapter 2 and purified on successive 1 x 15 cm Sephadex 
LH-20 columns, silicic acid columns, and 0.8 x 8.5 cm micro-Celite col
umns. Fifty percent aliquots were counted to determine recovery and 
migration position of marker 1,25—(OH)2[^HJD3 on both Sephadex LH—20 
and micro-Celite columns. Radioreceptor assay was performed on 20% 
aliquots of Sephadex LH-20 fractions and 50% aliquots of micro-Celite 
fractions. 
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Previous work (144) indicated that the vitamin D-active factor in 

the native .S.m. plant is probably a sterol-glycoside and, after testing 

a series of available glycosidases, it was found that incubation of puri

fied S..m. activity with S-glucosidase released an active substance which 

is soluble in chloroform. The chloroform extract exhibited marked vita

min D potency in strontium-fed chicks, demonstrating that it resembled 

its water-soluble progenitor in biologic characteristics. Figure 5-2 

shows its ability to compete effectively with labeled l,25-(OH)2D3 for 

binding to the intestinal receptor. However, as is also illustrated in 

Figure 5-2, untreated (purified) jS.m. has no apparent activity in the 

radioreceptor assay. This strong contrast in radioreceptor activity be

tween untreated and 0-glucosidase incubated S^m. suggests that the enzyme 

not only catalyzes the release of sugars to yield a lipid-soluble factor, 

but also exposes a hydroxyl group(s) functional in the binding of 1,25-

(OH^D^-like sterols to the intestinal receptor. 

Characterization by Celite Chromatography 

In the next experiment, detailed chromatographic analysis was 

carried out on the lipid-soluble factor derived either from plasma of 

S^.m. treated chicks or from the direct action of 8-glucosidase on .S.m. 

Celite liquid-liquid-partition columns (1 x 40 cm) were utilized because 

these columns can resolve l,25-(OH)2l>3 from other dihydroxyvitamin 

forms (41) as well as from l,25-(OH)2D2 (Chapter 3; Figures 3-8, 3-9). 

The data in Figure 5-3 demonstrate that the factor or factors from both 

sources with 1,25-(0H)9D3-like activity migrate exactly with authentic 

labeled hormone. From these data, it is concluded that contains a 
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Figure 5-2. Competition of S_.m. with Radioactive l,25-(OH)2D3 for 
Binding to the Chick Intestinal Receptor System. 

Radioreceptor assays were carried out by filtration as outlined in 
Chapter 3 (Figure 3-4). Nonradioactive l,25-(OH)2D3 standard was uti
lized at a concentration of 0.6 IU/ml while S^.m. solutions contained 
5 IU of D3 equivalents per ml. Silicic acid purified .S.m. showed no 
activity while (3-glucosidase treated .S.m. exhibited significant radio
receptor activity (about 0.4 IU of l,25-(OH)2D3 equivalents per ml). 
1,25-(0H)2D3~like activity of the (3-glucosidase incubated fraction is 
probably less than the vitamin D3 equivalent activity because of in
complete hydrolysis. 



Figure 5-3. 1 x 40 cm Celite Liquid-liquid Partition Chromatography 
of Lipid-soluble jS.m. Factor. 

Chloroform soluble factor from either jS.m. treated chick plasma (upper 
panel) or from 3-glucosidase hydrolysis of purified S^.m. (lower panel) 
was prepurified on Sephadex LH-20 and silicic acid columns and then 
analyzed on long Celite columns. Radioreceptor activity is compared to 
the migration position of 1,25-(0H)2pH]D3 internal marker. Other vi
tamin D forms migrate as indicated: A, 25-OHDg; B, 24,25-
dihydroxyvitamin D^; C, 24,25-dihydroxyvitamin D3; D, 1,25-
dihydroxyvitamin D2. 
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molecule which is quite similar or identical to 1,25-(0H)2D3 which is 

linked to carbohydrate(s). Cleavage of this glycoside can be achieved 

(in part) with 3-glucosidase (203) and apparently occurs in vivo after 

ingestion of S,.m. or C_.cl. 

Illustrated in the upper portion of Figure 5-4 are the results of 

a similar experiment where an extract of the Cestrum plant was orally ad

ministered to chicks and the plasma analyzed by Celite chromatography. 

The coincident migration of authentic hormone with the radioreceptor 

activity from the chick plasma substantiates that C^d^ must contain a 

factor very similar, if not identical, to 1,25-(OH)2^3 • addition, the 

Celite chromatograms are preliminary evidence that the calcinogenic prin

ciple from C_.d_. and S^m. are similar. During the course of these inves

tigations, it was found that a mixed glycosidase preparation from the sea 

worm, Charonia lampus, was considerably more efficient than 8-glucosidase 

alone in liberating the lipid-soluble active material from the plant. 

The lower panel of Figure 5-4 depicts the results of Celite chromatog

raphy after £.<1. was hydrolyzed by this sea worm preparation. The 1,25-

(OH^D^-like binding activity comigrated with labeled hormone just as was 

observed with the purified plasma principle from £.d_.-fed strontium-

inhibited chicks (Figure 5-4, upper panel). It is thus reasonable to 

assume that the in vitro hydrolysis by the mixed glycosidase preparation 

resembles a similar hydrolysis which takes place in vivo, both liberating 

an active fragment indistinguishable from l,25-(OH)2Dg by all of the 

chromatographic systems employed (Figure 5-3, legend). 
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Isolation, Purification, and 
Characterization of the Active Factor 

from Solanum malacoxylon 

Hydrolysis and Purification 

The same chromatography systems employed analytically in these 

comigration studies were then used to purify sufficient quantities of C^. 

lampus-hydrolyzed material to allow for further characterization of the 

S_.m. factor. The active lipophilic fragment of the S^m.-calcinogenic 

factor was generated and isolated from 24 g of dried leaf, as detailed 

in Figure 5-5. During the course of the purification, the active cal-

cinogenic fractions were monitored by three methods: 

1) Bioassay by administration of the fraction to strontium-fed 

chicks and subsequent measurement of intestinal calcium absorp

tion and calcium-binding protein (146). 

2) Radioreceptor assay of the fractions as described in Chapter 3. 

3) Monitorization of the fractions for tracer 1,25-(OH)2["^Hjthat 

was added to the sample prior to chromatography. 

Ultraviolet Absorption Spectrum 
of the Purified Material 

Based upon bioassay in strontium inhibited chicks, the final 

yield of 1,25-(OH) 2D.j-like activity from S_.m. was equivalent to approxi

mately 3.5 ug of the sterol hormone. Radioreceptor assay resulted in a 

similar value of 3.0 ug 1,25-(OH)2l>3 equivalents. Figure 5-6 illustrates 

the UV absorption spectrum of the purified lipophilic fragment. The 

spectrum is identical to that of 1,25-(OH)2D3, with a maximum of 264 nm 

and a minimum at 228 nm (204), which at least indicates that the factor 
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Figure 5-5. Hydrolysis by C_. lampus Glycosidases and Purification of 
the Lipophilic Fragment of the Active Calcinogenic Factor 
from Solanum tnalacoxylon. 
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Figure 5-6. Ultraviolet Absorption Spectrum of Purified S_.m. Factor. 

Because of the minimal absorbance present in the sample, a small amount 
of background absorbance from the Celite column and/or solvents was 
subtracted by reading the peak fractions off the last 1 x 40 cm Celite 
column (fractions 18-22, Figure 5-4) in one ml distilled ethanol vs. 
an equal number of fractions obtained just prior to and after the peak 
(fractions 15-17 and 23-24, Figure 5-4), also in one ml of distilled 
ethanol. 
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contains a molecule with the 5,6-cis-triene system unique to the D-

vitamins. Assuming an extinction coefficient equal to that of 1,25-

(OH^D^, the ahsorbance at 264 nm translates into an absolute quantity of 

3.0 yg of 1,25-(OH)2D2~like sterol. This value correlates well with the 

bioassay and radioreceptor assay estimates listed above. 

Mass Spectrum of 
the Purified Factor 

Based upon its chromatographic mobility and efficacy in competing 

with 1,25-(0H)2[^H]D^ for binding to the specific intestinal receptor as 

well as its characteristic vitamin D UV spectrum, it was obvious that the 

lipophilic S_.m. fragment was very similar, if not identical, to 1,25-

(OH^D^* Therefore, the mass spectrum of purified jS.m. was compared to 

that of crystalline 1,25-(OH)2D3. One microgram of the material was ana

lyzed by direct-probe mass spectrometry to yield the spectrum shown in 

Figure 5-7A. The compound displayed a parent molecular ion of m/e 416 

as well as peaks at m/e 398, 380, and 362 which are characteristic of 

the parent minus one, two, and three 1^0, respectively. This suggests 

that the Splanum factor, like 1,25-(OH) âs three hydroxyl groups 

present in the molecule. Additional fragments at m/3 285, 267, 251, 152, 

134 localize two of these hydroxyl groups in the A-ring of the sterol 

molecule, and the strong signal at m/e 59 is consistent with the third 

hydroxyl being situated on carbon 25 in the side chain. This spectrum 

(Figure 5-7A) is virtually identical to the mass spectrum of authentic 

crystalline l^S-COHj^D^ (Figure 3-3). These data, in combination with 

the characteristic vitamin D ultraviolet spectrum and the high affinity 



Figure 5-7. Analysis of the Lipophilic Fragment of Solanum malacoxylon 
by Direct-probe Mass Spectrometry (A), and Combined Gas 
Chromatography-Mass Spectrometry (C). 

A. Direct-probe mass spectrum of one microgram of purified hydrolyzed 
S^.m. Sample was directly introduced on the probe and continuous 
scanning was carried out while the sample was rapidly heated to 275° 
above ambient temperature. Ionization was accomplished by electron 
bombardment. Preliminary analysis was done on 500 ng of 1,25-
(OH)2D3 (not shown) and the synthetic hormone emerged from the probe 
at 225° and produced the characteristic mass spectrum of this mole
cule (204). One microgram of S_.m. was similarly analyzed, as was a 
comparable portion of the background blank saved from the final 
Celite column. 

B. Gas chromatogram-mass spectrum of one microgram of synthetic 1,25-
(OH^Do. Sample was introduced onto a 2 m 3% QF1 column and heated 
to 200° above ambient temperature. The inset shows the gas chro
matographic trace; the arrow shows the peak fraction which was char
acterized by mass spectrometry. 

C. Gas chromatograph-mass spectrum of 2 micrograms of purified hydro
lyzed S^.m. The inset shows the gas chromatographic trace; the arrow 
shows the peak fraction which was characterized by mass spectrometry. 
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of the hydrolyzed S_.m. molecule for the specific intestinal receptor 

protein, support the conclusion that the active principle in this plant 

is l,25-(OH)2D3. 

To further substantiate this conclusion, the purified sample was 

analyzed by combined gas chromatography and mass spectrometry in the 

electron ionization mode and compared to that of synthetic 1,25-(OH)2^3* 

Figure 5-7B shows the gas chromatographic trace obtained with 1 pg of 

synthetic l,25-(OH)2D3 in the inset and the mass spectrum of the major 

peak of ion current emerging from the column. This peak emerges at a 

time of 14 minutes. The fragment pattern is distinct from that obtained 

by direct probe and indicates that thermal cyclization of the 1,25-

(OH^D-j molecule has occurred. D vitamins are known to pyrolyze during 

gas chromatography yielding two isomers, namely the "pyro-" and "isopyro-" 

forms, as a result of closure of the B-ring (134,205); this fact is ger

mane to understanding the fragment pattern. Figure 5-8 pictures 

1,2 5-dihydroxypyrovitamin and the cleavages of the ABCD ring system 

which are typical of classic steroids (206) and probably produce the mass 

fragments actually observed in Figure 5-7B for 1,25-(OH)2D3. The molec

ular weight of l,25-(OH) 2D.J is 416, but the parent peak of the gas 

chromatogram-mass spectrum (GC/MS), which is at m/e 380, represents the 

native molecule minus two hydroxyl groups that are lost in the form of 

H2O during heating. Loss of the third hydroxyl in the form of 1^0 yields 

the fragment at m/e 362. Cleavage I (Figure 5-8) gives a major peak at 

m/e 59 by removal of the portion of the side chain; and, removal of the 

entire side chain (111 amu) from the fragment at m/e 362 (cleavage II) 
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yields the peak at m/e 251 which is the ABCE ring array. As discussed by 

Budzikiewitz et al. (207), steroid ring systems are commonly cleaved 

between and (cleavage III) losing 42 amu and leaving a frag

ment at m/e 209 in this instance. The m/e 209 fragment (or m/e 210 re

sulting from common hydrogen rearrangement in steroids) (207), now serves 

as a source for three complementary pairs of fragments which comprise the 

important remaining peaks of the l,25-(0H)2Dg mass spectral pattern. 

These pairs include: m/e 155 and 55 resulting from cleavage at IV; m/e 

141 and 69, from cleavage at V; and m/e 105 which represents both frag

ments generated from cleavage at VI. It should be emphasized that cleav

ages III-VI pictured in Figure 5-8 are characteristic cleavage positions 

predicted from the mass spectra of other steroids (206,207). 

The inset of Figure 5-7C illustrates the total ion current trace 

obtained from gas chromatography of 2 yg of purified hydrolyzed S^m. fac

tor. Again, the major peak emerges at a time of 14 minutes, resolved 

from several minor contaminants present in the sample. Mass spectral 

analysis of this peak reveals a fragment pattern equivalent to that ob

tained for l,25-(OH)2D^ (compare panel B with panel C). The coincident 

migration of the active lipophilic fragment of S^.m. with l,25-(OH)2D3 on 

the gas chromatographic column and the identical mass spectra of the re

sulting peaks provides strong evidence that the structure of this calcino-

genic factor is l,25-(OH)2D3* 

It must be emphasized that the Splanum factor occurs as a water-

soluble substance in the native state and, after enzymatic cleavage with 

a mixed glycosidase preparation, becomes lipophilic. The same alteration 
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of the substance by almond 0-glucosidase (Figure 5-3) suggests that the 

naturally occurring form of this principle is a l,25-(OH)2Dg glycoside. 

Enzymatic Hydrolysis, Purification, 
and Characterization of the 
Cestrum diurnum Factor 

Isolation and Purification 

Dried C^.d^. leaf (300 g) was extracted with CHClg and the nonsol-

uble material was further extracted with CHCl^tCH^OH (1:2). The active 

material was precipitated with acetone and the pellet subsequently redis-

solved in CHCl^CH^OH (1:2). After removal of this solvent, the material 

was exposed to 500 mg of mixed glycosidases from C_. lampus just as was 

done for S_.m. (above). The active material (determined by bioassay) (146) 

was combined with tracer l,25-(OH) (15,000 cpm, 0.875 ng) and pre-

purified by silicic acid chromatography, Sephadex LH-20, and micro-Celite 

chromatography. The active radioreceptor fraction from the final micro-

Celite column was concentrated and purified on a 1 x 40 cm Celite liquid-

liquid partition column similar to the column utilized for the purification 

of the active S^.m. factor. Quantitation of the material was achieved 

with the radioreceptor assay which indicated that 1.2 yg of 1,25-(OH)2^3-

equivalents were present. This represents the total activity derived 

from 300 gm of dried C^cL leaf, but this should not be used as an indi

cation of the concentration of the factor in £.cl., since yields during 

the early extraction procedures were not assessed. 
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Physical Characterization 

The peak fractions from the final Celite column were pooled, con

centrated to a total volume of 1 ml, and analyzed by ultraviolet spec

trometry. The UV absorption spectrum was identical to that of 

l,25-(OH)2D3 (data not shown). 

This evidence for the 1,25-(OH)2D3~like nature of C..d_., together 

with the data already obtained regarding S_.m,, compelled the comparison 

of the mass spectrum of the hydrolyzed purified £.d_. extract to that of 

crystalline l.ZS-COH^D^ by GC/MS. Figure 5-9A (inset) depicts the total 

ion current obtained with 1.2 yg of synthetic l,25-(OH)2^3* The major 

peak of ion current merges from this column at 7 minutes (arrow) and 

represents 1,25-dihydroxypyrovitamin D3; the second peak represents 1,25-

dihydroxyisopyrovitamin D3. The mass spectrum (Figure 5-9A) of the major 

peak (arrow) shows characteristic fragments at m/e 380, 362, 251, 209, 

155, 141, 105, 69, 59, and 55. A similar mass fragment pattern was ob

served for the second, "isopyro", peak of total ion current (data not 

shown). The inset of Figure 5-9B illustrates the total ion current trace 

and the monitored ion current at m/e 380 obtained from gas chromatography 

of 1.2 ug of purified hydrolyzed £.d_. factor. Again, the major peak 

(arrow) emerges from this column at 7 minutes, resolved from sample con

taminants which apparently obscure any observation of the "isopyro" form 

of £.cl. Mass spectral analysis of this peak (Figure 5-9B) reveals a 

fragment pattern equivalent to that obtained for 1,25-(OH) 2^3• The co

incident migration of the active lipophilic fragment of £.<1. with 1,25-

(0H)2D3 on the gas chromatographic column, and the identical mass spectra 



Figure 5-9. Analysis of l,25-(OH)2D3 and the Lipophilic Fragment of Cestrum diurnum by Gas-
liquid Partition Chromatography and Mass Spectrometry. 

A. Gas chromatograph/mass spectrum of 1.2 pg of synthetic 1,25-(OH)2D3. 

B. Gas chromatograph/mass spectrum of 1.2 pg of purified hydrolyzed C^cL Insets show gas 
chromatographic traces of total ion current (---) and ion current at m/e 380 (—). The 
arrows indicate the peak fractions which were characterized by mass spectrometry. These 
analyses were performed on a Model 3300-6110 Finnigan GC/MS with quadrapole analyzer in 
the electron impact ionization mode, equipped with a 2 mm x 50 cm, 3% OV-7 (100-120 mesh) 
glass column. Other parameters: injection port temp., 260°; column temp., 245° initial, 
8° per min programmed increase; sample application in 5 pi double distilled ethanol (100%). 
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of the resulting peaks convincingly demonstrates that l,25-(OH)2D3 is 

present in £.d.., although the steroid apparently exists in the native 

plant in the form of a glycoside. 

Discussion 

The present results comprise direct proof that the sterol portion 

of the water-soluble calcinogenic factor of Splanum malacoxylon and Oes

trum diurnum is 1,25-(0H)2D^. Identification of this phytosterol is 

based upon its ultraviolet absorption and its mass spectrum, both of 

which are the same as those of synthetic crystalline hormone. In retro

spect, the combination of observations that the lipophilic part of both 

S_.m. and C.<i. migrate identically with tritiated 1,25-(0H)2D3 on high 

resolution Celite columns (32,41) and binds effectively to the specific 

receptor protein from chick intestine,strongly suggested that the mole

cule was l,25-(OH)2D3. Of particular significance was the finding that 

the active fragment from both of these plants migrated on Celite with 

l,25-(OH)2D3 rather than 1,25-(OH)2D2 (32) (Figures 3-8, 3-9; Chapter 3), 

since the D2 form of the hormone might have been expected to be present 

in plants. These data are consistent with and extend numerous previous 

biological experiments which demonstrated that 1,25-(OH)oD^-like proper

ties of S^.m. and £.(1. Most notable among these are the studies showing 

that la-hydroxylation of the plant factors was not required for biological 

activity (125, 145, 201, 202, 208, 209). Receptor-binding efficacy of 

the lipophilic part of these plants was a key factor in proving a struc

tural as well as functional relationship between the calcinogenic factor 

and 1,25-(0H)2Dg. It has been shown that there are rigid structural 
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requirements for optimal binding to this receptor, including the presence 

of all three hydroxyl groups of l^S-COH^D^ as well as an unaltered side 

chain (122,176). 

A critical breakthrough in these studies was the achieving of ef

ficient hydrolytic cleavage of the native l,25-(OH)2Dg glycoside to pro

duce the unconjugated sterol in high yield. Purification of the sterol 

could then be carried out by procedures classically applied to 1,25-

9 
(011)203. Use of the wide range of glycosidases from Charonia lampus 

released the majority of vitamin D-like activity in the form of chloro

form soluble molecule, and proved to be more effective than hydrolysis 

with g-glucosidase. This finding suggests that l^S^OH^D^ may be 

glycosidically linked to various carbohydrate moieties or to varying car

bohydrate sequences, thus producing a family of calcinogenic compounds in 

the native plants. More work is necessary to define the composition of 

the carbohydrate(s) linked to the sterol and to determine the position(s) 

of conjugation; Figure 5-10 depicts one possibility. Even if there is a 

family of calcinogenic compounds with varying carbohydrate sequences, it 

appears that the common active unit is the l,25-(OH)2D3 hormone. This is 

supported by the fact that oral administration of either S^.m. or £•<!. to 

chicks rapidly produces significant plasma l,25-(OH)2D3 (Table 5-1), a 

finding which also implies that animals possess endogenous glycosidases 

for hydrolyzing the native factor or that hydrolysis is due to intestinal 

microbial action. The fact that the active factor from C..d_. is more 

9. Includes glucosidases, mannosidases, galactosidases, fuco-
sidases, etc., with both 01 and 3 stereospecificities. 
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e 5-10. 1,25-(OH)2D3-glycoside: Possible Structure of the Calcino-
genic Principle as it Exists in the Plants Splanum mala-
coxylon and Cestrum diurnum. 



165 

soluble in organic solvents that the S^.m. principle (and consequently, 

the initial extraction from the leaf was not the same in both plants; 

see Chapter 2) may mean that C_.cL -glycoside may contain the hormone 

linked to fewer carbohydrate moieties. 

The reason for the existence of such calcinogenic factors remains 

unknown. On one hand, they may play a role in the mineral metabolism of 

the plants, while on the other, they may serve some survival function in 

the plant's ecosystem. Since ljZS-COH^D^ has become an important thera

peutic agent in disorders such as renal osteodystrophy and hypoparathy

roidism, it is possible that these plants may provide an important 

pharmacologic source of the hormone. The water-soluble l.ZS-COH^D^ 

glycosides of these calcinogenic plants may offer some advantages (e.g., 

oral administration to patients) over the native sterol hormone in the 

treatment of such clinical conditions of defective l,25-(OH)2D3 

biosynthesis. 

In the context of this dissertation, the discovery of the hor

monal form of vitamin D in these plants and the ingestion of the princip

le by animals, provides a unique situation where the la-hydroxylase 

enzyme is completely bypassed. As discussed in Chapter 3, this renal 

enzyme is stringently modulated by numerous ionic and hormonal regulators 

which maintain l,25-(OH)2D3 at the proper circulating concentration. The 

calcinogenic disease that is manifested after eating Solanum or Cestrum 

thus becomes an example of a naturally occurring vitamin D-»intoxication. 

The pathologic signs of this disease are similar to hypervitaminosis D 

experienced by humans (Chapter 3) but the causes behind the two maladies 
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are quite dissimilar. Human D-intoxication results from a massive phar

macological intake of vitamin D^• This is the accepted therapy for pa

tients who display low circulating PTH primarily from an absence of the 

parathyroid gland due to surgical parathyroidectomy of an adenoma, acci

dental PTX during routine thyroid surgery, or severe neck trauma; in rare 

instances the glands are idiopathically absent or non-functional. The 

absence (or low level) of plasma PTH results in low circulating 1,25-

(OH)2^2 (Figure 3-14) and ultimate bone disease possibly because the 

sterol hormone and the peptide hormone function in concert to resorb cal

cium at bone (210). As seen in Chapter 3, human vitamin D-intoxication 

is a direct result of enormous circulating quantities of 25-OHD2. The 

l,25-(0H)2l>2 concentration is near normal in this disease which demon

strates the regulation at the la-hydroxylase. Since excessive 25-0HD2 

mimics small amounts of 1,25-(0H)2D2 at the intestinal receptor (the re

ceptor sterol specificity is 500:1 for 25-OHD2 and 1,25-(OH)2^2' resPec~ 

tively, Figure 3-6), calcium is hyperabsorbed across the intestine and 

calcinosis results. 

The calcinosis disease of grazing animals discussed in this chap

ter could be considered "hyperhormonosis D", since it is the potent hor

mone that is in excess in these animals. In this malady, the intestinal 

receptor is not "deceived", but rather it is "overwhelmed" (saturated). 

There is no reason to suspect disfunction of the renal la-hydroxylase; 

the enzyme is simply and efficiently bypassed. The result is severe 

hypercalcemia, extensive calcium deposition in the soft tissues (lung, 

kidney, liver), bone deterioration, and death. 



CHAPTER 6 

CONCLUSIONS 

The experiments reported in this dissertation have been designed 

to elucidate the interrelationships between the two primary calcium-

regulating hormones—PTH, a peptide, and 1,25-(OH)> a sterol. The 

metabolic processes which regulate the circulating concentration of this 

sterol hormone have been given considerable attention. Data presented in 

Chapter 3 demonstrate that little or no control of vitamin D metabolism 

exists at the vitamin D-25-hydroxylase enzyme. In Chapter 5, the effects 

of excess l^S-COH^D^ were discussed. From these findings it becomes 

evident that the metabolic events immediately before and after the actual 

biosynthesis of l,25-(OH)2l>3 are of secondary importance in the ultimate 

concentration of this hormone in blood. The la-hydroxylase thus merges 

as the key to the endocrine system. Perhaps the most efficient method of 

succinctly summarizing the results described herein concerning this im

portant enzyme would be to present a model which is consistent with these 

data, and which incorporates the experimental findings of other vitamin D 

researchers. Figure 6-1 illustrates a proposed model for the interrela

tionship between PTH, l^S-COH^D^, and low circulating calcium; it rep

resents a composite diagram of Figures 3-14 and 4-12. When compared to 

the model in Chapter 1 (Figure 1-2), it becomes obvious that our initial 

discussion of the homeostatic control of this ion was quite superficial. 
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Figure 6-1. Model for the Interrelationship between PTH, l,25-(OH)2^3» anĉ  Low Plasma Calcium. 

See text for discussion. Symbols used.; small circles (•), l,25-(OH)2D3 hormone; large circles 
(Q)t specific intestinal and parathyroid cytoplasmic receptors for l,25-(OH)2D3; solid rectangles 
(tSBi) and ovals ((£9) within cell nucleus, chromatin associated proteins such as histones and 
nonhistones; solid squares (•) within cell nucleus, nuclear receptor for l^S-COH^D^; solid ar
rows (mmm^) , l,25-(OH)2D3 acting at intestine and bone, parathyroid hormone acting at kidney, and 
mobilized phosphate from the gut; boxed P (®), phosphate in urine; dashed arrows (•••^)> 
l,25-(01i)2D3 negatively acting at the parathyroids and mobilized calcium counteracting original 
plasma condition of hypocalcemia. See Figure 4-12 and Chapter 4 for an expanded discussion of the i_. 
subcellular events. oo 
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The fulcrum of the system is the renal mitochondrial la-

hydroxylase enzyme which converts 25-OHD.j to l,25-(OH)2Dg. The latter 

(Figure 6-1, sma.ll circles) then acts at its three known target tissues— 

bone, intestine, and parathyroid. The ultimate mission of the sterol at 

these organs is to maintain a critical blood concentration of calcium and 

phosphate for the proper functioning of such fundamental processes as 

muscle contraction, skeletal integrity, nerve conduction, blood coagula

tion, hormone secretion, and general enzyme catalysis. What is the se

quence of events which ensue if plasma calcium falls below the critical 

concentration required to carry out these functions? Low extracellular 

calcium (Figure 6-1, LOW Ca) stimulates the parathyroid glands to bio-

synthesize and secrete PTH. There is a direct correlation between the 

extent of hypocalcemia and the magnitude of PTH release (211). This re

sponse of the parathyroid gland represents a key point of control in cal

cium homeostasis, and it is apparent that a closely coupled mechanism of 

synthesis and secretion must exist to allow the gland to maintain its 

supply of hormone. It has been found (212,213) that PTH is not synthe

sized as such, but instead is formed from a larger peptide precursor 

called proparathyroid hormone. In fact, there appears to be a series of 

biosynthesis and conversion steps prior to the actual secretion of the 

peptide hormone (213) (denoted in Figure 6-1 by the series of arrows 

within the parathyroid cell). The assumption is that an intracellular 

calcium pool is changed when plasma calcium falls (or rises), and that 

the changes in calcium concentration within this cellular pool regulate 

hormone secretion, possibly by controlling the conversion of the 
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prohormone to the active hormone. A detailed discussion of this topic 

is beyond the scope of this dissertation; suffice it to say that extra

cellular PTH is greatly enhanced by low plasma calcium. 

The data presented in Chapter 3 combined with the results of 

DeLuca and co-workers (26,95) strongly suggest that. PTH exhibits a posi

tive effect on the renal la-hydroxylase. The biochemical mechanisms in

volved in this stimulation are unknown. Since PTH is a peptide hormone, 

it may function in this enhancement process by associating with a membrane 

bound renal receptor and subsequent stimulation in adenylate cyclase ac

tivity. This leads to an increase in the 3'-5'-adenosine monophosphate 

(cAMP) concentration, and an alteration in activity of numerous cellular 

enzymes. In addition, there is an enhanced rate of calcium entry into 

the cytoplasm and efflux of this ion from the mitochondria. The kidney 

is thus faced with a variety of alterations, any one of which may stimu

late the la-hydroxylase to synthesize vitamin D hormone. The "signals" 

are low plasma calcium followed by elevated PTH; the actual enzyme "ef

fector" has yet to be elucidated. 

The resulting increased blood concentration of 1,25-(0H)2D3 has 

a variety of effects on its target organs. At the parathyroid, the 

sterol acts in a negative fashion (dashed arrow) to decrease the syn

thesis and/or release of PTH (crosses on arrows). Data supporting this 

effect and the possible role of specific receptor molecules for 1,25-

(OH^D^ in this tissue have been discussed in Chapter 4« Briefly, there 

appears to be an endocrine feedback loop whereby increased plasma PTH 

enhances plasma l^S-COH^D^, which in turn decreases circulating PTH 
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Hence, the peptide hormone is a tropic modulator of the plasma concentra

tion of 1,25-(OH)2D3, and this sterol hormone is a negative regulator of 

circulating PTH. 

At intestine, 1,25-(0H)2D3 has the positive effect of stimulating 

ion absorption. The possible mechanism by which the sterol accomplishes 

this task has been discussed in Chapters 1 and 4, outlined in Figure 4-2, 

and extensively reviewed (25,26,31,89,122). Briefly, the mechanism in

volves the association of sterol (small circles) with receptor (large 

circles) followed by template stimulation of mRNA transcription, and 

translation of the gene product(s) into new proteins like calcium-binding 

protein (CaBP). A considerable amount of experimental data has been col

lected concerning each of these mechanistic steps, and most recently, 

Spencer and co-workers (214) have tentatively linked the administration 

of the sterol hormone to the transcription of specific mRNA which codes 

for CaBP; the mRNA^gp is only present in the intestinal polysomal frac

tion of chicks previously dosed with 1,25-(OH)£0^. For the purposes of 

outlining this endocrine model (Figure 6-1), it is sufficient to conclude 

that l,25-(OH)2l>3 probably acts at intestine via gene regulation and pro

tein synthesis to enhance the absorption of calcium (dashed arrow from 

intestinal cell) and phosphorus (solid arrow from intestinal cell). 

At bone, the effects of l^S^OH^D^ are less well understood. 

This is primarily because whenever a deficiency of the sterol exists 

there is usually a simultaneous elevation in circulating PTH, and this 

peptide is known to act at bone to increase resorption of calcium and 

phosphate. Baylink and co-workers (215) have separated the effects of 
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these two hormones on bone by the administration of pharmacologic doses 

of vitamin D to parathyroidectomized animals. Under these conditions 

there is an increase in the extent of bone resorptive surface and osteo

clast (bone breakdown cells) activity. In addition, l.ZS^OH^D^ resorbs 

bone independently of PTH in bone organ culture (61). Therefore, the ef

fect of l,25-(OH)2D3 at bone is thought to be essentially the same as PTH; 

namely, to resorb calcium and probably phosphate (arrows from bone). The 

biochemical mechanism behind this process is also unknown. l^S^OH^D^ 

receptors have not been identified in this tissue nor has any functional 

endpoint protein such as CaBP. Nevertheless, impressive 1,25-(0H)2^3" 

mediated release of calcium from bone grown in culture has led virtually 

all vitamin D researchers to consider this tissue as a target organ for 

the sterol hormone. 

In summary of Figure 6-1, the mobilized calcium from intestine 

and bone counteracts (dashed arrows) the original plasma condition of 

low calcium. The mobilized phosphate (solid arrow) is excreted in the 

urine (boxed P) resulting in phosphaturia. Hence, the original plasma 

condition of low calcium is corrected by a two-step mechanism: The first 

involves an increase in circulating PTH followed by an enhancement in 

the plasma concentration of 1,25-(0H)2^3 directly at bone and intestine 

to mobilize calcium and phosphate. The latter ion is released in the 

urine and, consequently, only circulating calcium is physiologically ad

justed upward. 

With regards to calcium's reciprocal ion, what is the sequence of 

events which ensue if plasma phosphate is depressed? The data in Chapter 
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3 of this dissertation clearly show that blood l^S^OH^D^ dramatically 

increases if phosphate is low. The adaptive mechanism in rats is very 

rapid with striking increases in the circulating hormone concentration by 

24 hours after initiation of a phosphate-free diet. Furthermore, the en

hancement in l,25-(OH)2D2 under low phosphate stress is completely inde

pendent of the parathyroid and thyroid glands, a finding which is in 

direct contrast with the calcium-mediated l^S-COH^D^ increase (Figure 

6-1) seen in these animals. 

The distinctly dissimilar mechanism by which hypophosphatemia, 

compared to hypocalcemia, alters l^S-COH^D^ levels in blood, has re

sulted in the model depicted in Figure 6-2. Low plasma phosphate (Low P) 

stimulates the la-hydroxylation of 25-(OH)2D3 to 1,25-(OH) and the 

increased circulating hormone acts at the three target tissues—parathy

roid, bone, and intestine. Under phosphate stress, the concentration of 

plasma calcium is normal-to-high since these ions are known to act in a 

reciprocal manner. Hence, the parathyroid gland is not stimulated to 

produce PTH (absence of PTH arrows in Figure 6-2). Also, 1,25-(0H)2D3 

probably aids in the reduction of PTH synthesis or release probably via 

its receptor (large circles). 

At the intestine and bone, 1,25-(OH)2D3 acts to mobilize calcium 

and phosphate as discussed above. The increased plasma phosphate count

erbalances (dashed line) the original plasma condition of low phosphate. 

Calcium (solid arrow) is also mobilized from intestine and bone by the 

action of the vitamin D hormone. This ion is excreted in the urine (boxed 

Ca) because the renal threshold of calcium is exceeded and because there 
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is a lack of PTH to resorb the ion. Consequently, the enhanced renal 

excretion of calcium counterbalances the augmented plasma calcium, and 

the net result produced from the original hypophosphatemic stimulus is a 

selective increase in plasma phosphate. 

The conclusion which can be drawn from this incomplete evidence 

is that there is a complex interconnecting network surrounding the modes 

of action of PTH and l^S-COH^D^. The fact that "new regulators!" of 

the system seem to be discovered with increasing frequency suggests that 

the system may become more complex before it is simplified. For example, 

it is possible that the multifarious collection of modulators—calcium, 

CT, l,25-(OH)2Dg itself, insulin, prolactin, estrogen, etc.—of the la-

hydroxylase, all act via a small set of tropic messengers such as phos

phate and PTH. These tropic signals could then act via a common 

mechanism to alter an intracellular messenger such as cAMP or phosphate. 

Therefore, it is possible to envision a condensation of the ever in

creasing number of la-hydroxylase controllers to one or two actual enzyme 

eff ec tors. 

It is certain that this attempt to develop a unified control 

model for the la-hydroxylase will require modification as our knowledge 

increases. Nevertheless, the model is useful because it draws attention 

to the fact that an understanding of mineral homeostasis requires a com

bined understanding of cellular ionic, metabolic, and hormonal biochemistry. 

A considerable portion of the data compiled in this dissertation 

has been published by the author (32,33,135,216,217). 
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