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CALCIUM METABOLISM 
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Calcium is one of the most abundant metal ions found in all living 
organisms. In the higher animal species its abundance can, for the most 
part, be attributed to its central role as a component of the structural 
elements or skeleton. Ninety-nine per cent of all the calcium in man 
is deposited in the skeleton as hydroxyapatite. However, the multiple 
non-structural functions of this divalent ca tion and its essentiality in 
some cases dictates that it must be very closely regulated. For exa mple, 
calcium ions are essential for nerve conduction, for muscle contraction 
and relaxation, for the s tructural integrity of cell membranes and for 
the adhesion of one cell to another. It has other general functions, such 
as participating in the blood clolling mechanism and in certain enzym­
atic reactions. It is, therefore, reasonable that its concentration in the 
extracellular fluid and intracellular fluid mu st be closely regulated and 
that a sufficient and continuing ex ternal source of calcium must be 
assured. In terrestrial animals the infrequent intake of calcium has 
necessitated that the skeleton make available its calcium for the main­
tenance of extracellular fluid concentrations and that an effi cient and 
regula ted system of absorption be developed . 

Although much had been known about calcium metabolism in higher 
animals, within the past decade a new weallh of information has 
become available in this area, primarily because of the di scovery of 
calcitonin, a hormone believed to be involved in calcium reg ulation, and 
the discovery that vitamin D is converted to at leas t one hormon e which 
functions basically in control of calcium metabolism. It will be the pur­
pose of this review to bring into focus these new developm ents by 
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Fund of th e Univers ity of Wisco ns in-M ad iso n. 
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presentin g wha t is known concernin g th e m ech ani sms involved in 
calcium utiliza ti on and reg ula tion . 

lnl es linal calcium absorption 

Of bas ic import ance to calcium phys iology is th e utiliza ti on of thi s 
import ant environm ental element. T erres trial anim als which a rc in­
frequently exposed to ca lcium have developed ef fi cient mechani sms for 
its abso rption f rom the intes tinal tracl and effi cient conservation 
mech ani sms in th e kidn ey. ll is now known th a t calcium is abso rbed 
through out the ma ll int es tine and th ere h as been some di scuss ion as to 
which segment of the intes tine account s for the maj or port ion of 
calcium utilized . ll seems clear lha l the upper du odcnu in has the mos t 
effi cient mecha ni sm for calcium transpo rt, but lh a tlhe hulk of calcium 
is abso riJecl in the rem ainder of the small intes tine, simply IJcca usc of 
lhc leng th of lim e during which calcium is exposed lo th a t porti on of 
lhc int es tine (Harrison & Ha rri son 1969, Sch achler & Hoscn 1950, 
Lcngman 1963 ) . 

Th e r ole of vit amin D 

The mos t important facto r in determining the r a te of calcium ab­
so rption in all seg ments of the int c tin e is vit amin D. Very rccenlly, 
Ha rrison & Ha rri son have clearly hown tha l vitamin D s timul a tes 
int es tin al calcium absorption in a ll segments of the sm all intes tine and 
in the colon as well (Ha rri on & Ha rrison 1969) . Although it h ad IJeen 
believed for many years tha t vitamin D mu st fun ction direclly in the 
sma ll inl es tine with out m etaboli c change (Schachler e t al. 1964, 
Kodi cek 1960 ), recent evid ence has clea rly demonstra ted tha t under 
phy iologic circum stances it mu s t IJe mctabolically converted to an 
ac tive form IJefore it stimul a tes int es tinal calcium ab sorp tion (DeLuca 
1974). As shown in Figure 1, vit amin D, which can be derived either 
f rom the die t or from ultraviolet irradia tion of ·skin , firs t p rog resses to 
the liver , wfiere it undergoes hydroxyla ti on on ca rbon 25 to produce 
25-hydroxyvilamin D3 (25- 0H- D3 ) . This reac tion occurs p redominant­
ly in the micro omal fraction of the endoplasmi c reticulum in which 
NA DPH + molecul ar oxygen is utili zed to ca rry outlhi s h ydroxyla lion. 
Since thi reac ti on is carbon monox ide in~cn s ili ve, il is probably not a 
cy tochrome P-450 depend ent reac tion (Hors ting & DeLuca 1969) . This 
r eac ti on is feed-back regul a ted by the liver level of 25- 0H- D3 itself 
(Bha lt acharyya & DcLuca 1973) . Thu as th e live r 25-0H-D3 is utilized, 
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Figure 1. Diagrammatic rep resentation of lir e biogen esis and m etabolism of 
vitamin D
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its disappearance causes a release of the 25-hydroxylase to produce 
additional amounts of this important metabolile. The regulation is such 
that the circulating level of 25-0H-D3 in the blood is of the order of 
25- 40 ng/ml. This level can be raised by the administration of large 
amounts of vitamin D to levels of as high as 1200 ng/ml (1-Iaddad & 
Stamp 1974 ). 

The 25-0H-D3 is bound to an a 2-globulin of th e plasma and is trans-
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ported in this manner (Rikkers & DeLuca 1967, Edelstein et al. 1973, 
Belsey et al. 1974). The 25-0H-D 3 represents the most abundant meta­
bolite of vitamin D found in the blood and may be considered the 
circulating form of vitamin D (Ponchon & DeLuca 1969). So far no 
direct function has been demonstrated for this metabolite and instead 
it progresses to the kidney where it undergoes hydroxylation on carbon 
1 to form 1,25- dihydroxyvitamin D3 ( 1,25- (0H) 2D3 ) (Holick et al. 
1971, Fraser & Kodicek 1970). This hydroxylation occurs in the mito­
chondria of renal cells and requires molecular oxygen and internally 
generated NADPH (Gray et al. 1972, Ghazarian & DeLuca 1974). Very 
recently, clear evidence has been obtained that this reaction involves a 
specific cy£ochrome P-450 ( Ghazarian et al. 1974). This hydroxylation 
reaction is strongly feed-back regulated, as will be described below. 

The 1,25- (0H) 2D3 has now been shown to be at least one of the 
metabolically active forms of vitamin D in the intestine "(Boyle et al. 
1972 a, Wong et al. 1972). The kidney is the sole site of production 
of this important metabolite, and hence renal tissue is essential 
for vitamin 0 to exert its characteristic effects on the intestine, 
bone and elsewhere. Recent work with radioactive 1,25-(0H) 2D3 has 
provided evidence that this compound is probably not further meta­
bolized before it functions in the small intestine and in bone (Frolik 
& DeLuca 1971, 1972). Because its production is regulated in a 
negative manner by serum calcium concentration working through 
the parathyroid gland, one must consider 1,25-(0H) 2D3 a hormone 
derived from vitamin D whose primary function is in the utilization 
or mobilization of calcium from intestine and bone (Boyle et al. 
1972 b, Garabedan et al. 1972). 

Receplor hypothesis of 1,25-(0fl) !D$ function in intestine 

The 1,25- (0H) 2D3 progresses to the intestine, where presumably it 
enters the columnar epithelial cells of the villi and appears in the 
nuclear "fraction" (Figure 2) (Haussler et al. 1968, Chen et al. 1970). 
So far no clear evidence has been provided which would prove con­
clusively that all of the 1,25- (0H) 2D3 of the nuclear fraction is located 
in the nucleus itself. Autoradiography has not been performed to 
demonstrate this and by subcellular fraclionation techniques, only 
crude nuclei have been prepared. This fraction contains not only nuclei, 
but also brush border membranes, other cell fragments, plasma mem­
brane and debris. Attempts to obtain highly purified intestinal nuclei 



290 

5 

4 

"' Q 
0 3 
"' 0 
u 
:J 

::< 
~2 
::< 
Q. 
Cl 

I 

HECTOH F. DELUCA 

D 0 - 0eficient 

f.222 0 .3 nmoles 1,25·(0H)p3 3 hrs before 

~ 
~ t;; 
~ ~ fb ~ ~ V.: ,.-..,. 

Homog· Nucle1 M1to M1cr Cytosol 

Figure 2. S ubcellular location of 
L H- 1,25- (0H)

2
D

3 
in int estin al mucosa. 

\'ilamin D-deficienl rats w ere div ided 
into two grou ps . On e gro up rece ived 
0.3 nmoles 1,25-(0H)

2
D

3 
inlravenouslu 

in 0.02 m! ethan ol 3 hours before 
receiving 0.3 nmoles 3][- 1,25- (011) 

2
D 

3 

(1!!3) while th e oth er group received 
th e 0.02 m! of ethanol 3 hours bef ore 
rece ivin g th e ' II- 1,25- (0ll) 

2
D 

3 
(0) . 

Th e rat s w ere killed 3 hours aft er 
rece iving I he 3IJ- 1 ,25- (011) 

2
D 

3 
and I he 

cell fractions prepared. (C hen & 

DeLuca 1973, reprod uced with th e kind 
permission of the publisher.) 

enate Debris 

have been frustrat ed by techni cal difficulties . So far pure nuclei in 
yields of only 20 per cent can be obta ined from intes tinal mu cosa and 
thus it is n ot possible to fully exa mine the ques tion of whether the 
1,25-(0H ) 2D3 whi ch appears in the nuclear fra cti on is in fact associated 
with the nuclei. In any case, somewhere in the ncighborh ood of 80 per 
cent of ad minis tered 1,25- (0H ) 2D3 appea rs in the nuclea r fracti on . 
There have been a ll cmpt s, primarily by Hausslcr and coworlwrs, to 
demonstrate that 1,25-(0H ) 2D3 acts in a fashion similar to that 
desc ribed for other s teroid h ormones ; n amely tha t it becomes as­
socia ted with a 3.5 S cy toplas mi c receptor which becomes convert ed to 
a larger recep tor in becom.in g bound to chroma tin of the nu cleus 
(Brumbaugh & Haussler 1974 a, b ) . Although thi s concep t is appealing, 
inasmuch as it wou ld be consis tent with ex is tin g dog ma on the function 
of s teroid horm ones, proo f th a t thi s m echani sm actu all y occurs is far 
from complete. In r a t int es tin e the on ly protein whi ch has been shown 
to bind 1,25- (0H ) 2Ds is a 6S co mponent (Knut son cl a l. 1975, Haddad 
& Birge 1971 ) . This component prefers binding 25- 0 il- D3 to 
1,25-(0H ) 2D3 • Recent work has demonstrated that the 6S prot ein does 
n ot bind 1,25- (0H ) 2D3 in vivo and hence cann ot represent a rcceptor 
for 1,25- (0H ) 2D3 in the initi a tion of intes tin al calcium tran spo rt 
(Knutson et a l. 1975). The administration of sa tura tin g amounts of 
1,25- (0H ) 2D3 in vivo will not prevent th e binding of rad ioactive 
25-0H- D3 lo the 6S co mponent of cy topl asm in cuba ted in vitro . On 
the other h and , administra ti on of sa tura ting amount s of 25- 0H- D3 

will prevent the in vitro binding of radioactive 1,25- (0I-I) 2D3 to the 
6S component (Figure 3 ). Since 1,25- (0H ) 2D3 and not 2 5-0H-D~ is the 
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Figure 3. Int es tinal mucosa cytosol binding of eith er 311- 1,25- (0 JJ )tD3 or 
' Il- 25-0II- D

3
• l'ilamin D- deficient rat s w ere bilat erally nepl!reco tmized to prevent 

convers ion of '11-25-0JJ- D, to ' Il- 1,25-(0H)tD3• They were th en injected with 
0.05 ml ethan ol, 0.05 ml ethanol containing 650 pmole 1,25-(0lf) 2 D3 or the ethanol 
con taining 650 pmole 25-011- D,. On e hour later the int es tinal cu tosol was prepared 
and incubat ed with eitl1 er 3 pmo le ' ll- 25- 0ll- D3 or 3 pm ole 3ll- 1,25-(0H) tD3• 

Samples were then analyzed on a linear 10- 30 per cen t density gradient centrifuga­
tion sustem. Th e arrows indicate the position of sedim entation of 'Il- 1,25-(0H) tD3 

and ' ll- 25-()II- D, binding protein (Knutzon et al. 1975). Note that predos ing with 
25- 0H- D

3 
but not will! 1,25-(0ll)tD

3 
prevents l> inding in vit ro to th e 6S protein 

/ab eled with th e arrow. 
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active form in s timul ating intes tinal calcium transport, it is evident 
that this cy tosolic component cannot be functioning as a rcceptor in 
this sys tem. Since the 3.5S component r epo rted in chick intes tinal 
cy tosol (Brumbagh & Hauss ler 1974 a) h as n ot been found in rat 
intes tin al mucosa, it is n ot ye t possible to accep t the idea tha t there 
ex is ts a 3.5S componen t which serves as the recep tor for 1,25- (0H) 2D3 , 

at leas t not in m am mal s. Intense work is continuing in thi s area and 
further information on this undoubt edly will be available in the not 
too di stant future. 

Possible role of 1,25- (0H) .D, in transcriptional m echanism 

The mech anism whereby 1,25- (0H) 2D3 s timulat es intes tinal calcium 
transport is not a t all clear at the present time. Early work with 
actinomycin D demonstra ted that its prior administration to rats or 
chicks prevents vitamin D from initiating int es tinal calcium transport 
(Zull et al. 1965, Norman 1965 ). This led to the idea that vitamin D 
must carry out it s fun ction in the intes tine by interacting with the 
nucleus to s timul a te retrieval of genetic inform ation and synthesis of 
the proteins which th en participate in intes tinal calcium transport. 
This concept h as persisted for 1,25- (0H ) 2D3 • Howeve r, the question of 
whether actinomycin D will block 1,25- (0H ) 2D3 induced intes tinal 
calcium transport remains controversial. Both actinomycin D (Tanaka 
et al. 1972 ) and cycl oh e~ imide (T anaka et al. 1972, T sai e t a l. 1973 ) 
when administered to vitamin D-defi cient rats will bring about a 
diminution of the 25- 0H- D3- l a- hydroxylase of kidn ey ti ssue. Thus the 
administration of ac tinom ycin D to animals prior to the administration 
of vitamin D could h ave blocked intes tinal calcium tran sport by in­
hibiting renewal of the l a- hydroxylase enzyme. Since the la-hydroxyl­
ase enzyme has a h alf-life of the order of 2- 4 hours, this is n ot an 
unlikely possibility. When actinomycin D is given 2 hours prior to the 
administration of 1,25- (0H ) 2D3 to vitamin D-defi cient rats, intes tin al 
calcium transport is initiated virtually as well as in animal s not given 
antibiotic (Tan aka et al. 1971 ) (Figure 4). To illu strat e that the anti­
biotic was functional in these experiments, the ac tion of 1,2 5- (0H ) 2D ~ 

in mobilizin g calcium from bone was completely blocked by that anti­
biotic in the same animals (Tana ka & DeLu ca 1971). The qu es ti on 
n evertheless remains as to whether actinomycin D does progress to 
the intes tin al cells which a re responsive to 1,25- (0H ) 2D3 • Quite 
opposite res ults have been obtained in the chi ck in which actinomycin 
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Int estinal calcium transport was measured in vitro at various tim es aft er 
1,25- (0H) t DJ dosing. 

D was given every 2 hours prior to and during the adminis tra ti on of 
1 ,25- (OH) zD3 ( Tsai et al. 197 3). A 11 hough the intes tinal ca lcium ab­
sorp tion response to 1,25- (0H ) 2D3 was blocked, such a protocol is 
extremely toxic, especially to chickens . The experience in our laboratory 
is that when actinomycin D is given at concen trations not toxic to 
chickens, the 1,25- (0H) 2D3 s timul ated int es ti nal calcium transport is 
not blocked (Omdahl & DeLuca 1973, and unpubli shed resulls). No 
maller which experiment proves to be co rrect, interpretation of 
mechanisms in whole animals with the use of toxic antib iotics is risky 
at best. Corradin o has repor ted th a t the 1,25- (0I-1) 20 3 stimulation of 
calcium binding pro tein in tissue cu llu re is blocked by actinomycin D 
and a -aminitin ( Corradino 1973 ). Lil,ely induction is taking place in 
this sys tem which uses embryoni c int es tine not yet developed, but i t is a 
great extrapolation that this refl ec ts th e situation in a vitamin D­
cleficient ch icken wi th a fully developed intestine. It mu st, therefore, 
remain that the mechanism whereby intes tinal calcium transport is 
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initiated by 1,25- {0H ) 2D3 is not at a ll se ttled and although the most 
favorable con cep t of 1,25- {0H ) 2D3 act ion is that involving retrieval of 

·genetic information and pro tein synthesis, much work r ema ins to be 
done before this can be es tablish ed clearly. 

Transfer of calcium across the epithelial ce ll 

The m echanism of calcium transpor t across the cell is also n ot 
se ttled . There is no doubt that calcium is tran sported actively aga inst 
an electrical and a concen trati on gradient. Although there is almost 
complete agreement tha t vitamin D increases tll.e tra nsfer of calcium 
across the brush border surface ( Omdahl & DeLuca 1973 ) , th ere is less 
agreement as to whether vitamin D3 is involved in the serosal transfer 
of calcium ( Schachter e t al. 1966, Martin & DeLuca 1969 a). How 
vitamin D brings about the transfer of calcium across the brush border 
surface is also entirely specul a tive. Wasserman and his colleagues 
have demonstra ted tha t vitamin D a nd more r ecently 1,25- (0H ) 2D 3 

brings about the appearance of a calcium binding protein in int es tine 
(Wasserman & T aylor 1966, Wasserm an 1970 ). This protein, which 
has a molecular weight in the neighborhood of 24,000 in chi cks (Was­
serman 1975 a) and in mammals in the n eighborhood of 8- 12,000 
(Drescher & DeLuca 1971 a ), binds aproximately 4 calcium ions per 
molecule of protein. Although there is evidence th at this protein is 
form ed in the goblet cells (Taylor &Wasserman 1970 ), there is some 

reason to ques tion that infonnation. In any case, its participation in 
calcium transpor t is supported by the idea that calcium absorp ti on rate 
is in a very rough way correla ted with the amount of calcium binding 
protein present (Ebel et a l. 1969, Wasserman 1970 ). Additionally the 
fact that the protein binds calcium and appears on ly after vitamin D 
also gives support to the idea of its participation in calcium trans port. 
Howeve r, no experimen t h as sa ti s facto rily demonstrated it s clear in­
volvement in the trans fer p rocess. Fu r thermore, there is n o qu antitative 
relationship between the amount of this protein and the calcium I rans­
p ort rate (Harmeyer & DeLuca 1969, \Vasserman 1975 a) . A mos t 
striking discrepancy is the lime cou rse of calcium binding protein levels 
in the intesti ne of chick after 1,25- (0H ) 2D3 administration . Twenty­
four hours after 1,25- {0H ) 2D3 , intes tinal calcium absorption has 
diminished to rachitic levels while the calcium binding protein level 
remains high (Wasserman 1957 a, Norm an 1974), sugges ting some 
other controllin g factor or that the ca lcium binding protein is a con-
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sequ ence of, ra ther than a pa rti cipant in , ca lcium absorpti on . An other 
sys tem whi ch co uld account for the vi tamin D-induced transfer of 
calcium ac ross the bru sh bord er surface is the ac tiva ti on of a calci um 
depend ent adenosin e tri ph osph a tase (.Martin et a l. 1969, Melan con & 
DeLuca 1970 ). Although thi s enzyme h as been sugges ted to be identica l 
wilh the alkaline phospha tase of th e brush border, it s appeara nce an d 
tha t of alkalin e phosphatase does n ot co rrela te well with th e initi a ti on 
of int es tin al calcium transport. ' Vhether it is j nvolved then in calcium 
transfer , th erefore, remains controver sial. 

There h as been much work r ega rd ing the biogen esis of chick calcium 
binding p ro tein and the possibl e role of 1,25- (0H )2D3 in initi a tin g thi s 
synthes is . Alth ough m any a tt emp ts h ave been m ade to demonstra te the 
incorpora tion of r adioact ive amin o acid s in the calcium bin d ing p rotein 
foll owin g s timul a ti on by some form of vitamin D, th e r esult s have been 
di sappointin g (Drescher & DeLu ca 1971 b, Bruns & Avioli 1975). Some 
work by MarGrego r et a l. (1970 ) h as sh own a s timul a tion of radi o­
ac tive amin o acid in co rporati on int o the calcium binding protein by 
vitamin D, alth ough it was necessa ry to mani pulate the defi cient 
chi ckens in su ch a way as to m a ke int erp reta tion of the experiment 
unclear. More recently Emtage e t a l. (1973 ) and Lawson & Emtage 
(1974) h ave s tudied the synth e is of calcium bin d in g p rotein by poly­
somes isola ted from the intes tines of chi cks given vitamin D as com­
pa red to r achiti c chickens. They fo und th a t the polyso mes from the 
vitamin D trea ted chickens synthes ize calcium binding p rotein in vitro, 
wh ereas those from the deficient chi cl< s do not. Cal cium bin d ing protein 
was detec ted by immunological methods and hence th ere seem s little 
doubt that they are in fact m easurin g synthes is of the calcium binding 
protein or a related p rotein . Since chicks given vitamin D must 
synthesize th e ca lcium binding protein backbone, it is n ot surpri sin g 
to find tha t polysomes from vitamin D-trea ted chicks synthesize 
calcium binding p rotein. The key qu es tion must, th erefore, remain : 
wh at is the sequ ence of events leadin g to the appearan ce of the calcium 
binding protein a nd wh a t is its rela tionship to calcium t ran sport ? 

The role of mitoch ondri a in the transfer of calcium h as also rece ived 
a good deal of attenti on . There is no doubt tha t a t cal cium concentra­
ti ons aboutl0-7 M, mitochondri a will ac tively la ke up calcium (DeLu ca 
& Engs trom 1961 , Vasing ton & i\[urphy 1962, Rossi & Lehnin ger 1964). 
Thi s is believed to p lay an important role in ca lcifica ti on and may well 
be an important m echani sm to p revent intracellul a r damage by high 
calci um concentra tions. It m ay al so be a mech ani sm wh ereby ca lcium 
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can be transferred through the cell without damaging the enzymatic 
and metabolic m achin ery. Wheth er mitoch ondria actually participates 
as a calcium shuttl e remains unknown, although it represent s an inter­
es ting idea ( Omdahl & DeLu ca 1973 ) . 

Sodium ion s a re required for intes tinal calcium transport (Martin & 
DeLuca 1969 b, Harri son & Harri son 1963 ) . In contras t to the rol e of 
sodium in glu cose and amino acid transpo rt, sodium is required for the 
serosal transfer of calcium. Its pa rti cipa tion is n ot defined, although 
a suggestion tha t it provides a co ncentration driven exch ange mechan­
ism for calcium a t the basa l-l a tera l membrane h as been made (Omdahl 
& DeLuca 1973 ) . 

A new compound which has a marked effect on calcium absorption 
is found in ex trac ts of a tox ic plant: Solanum malacoxylon ( \Vassc r­
m an 1975 b ) . This subs tance, which apparently has a molecul a r weight 
of over 2000, initiates calcium tra nsport (Wasserman 1975 b, Uribe et 
al. 1974) and stimulates the appea ran ce of calcium binding protein 
(Wasserman 1975 b ) . This has led to the sugges tion that il represents 
a plant source of 1,25- (0H) 2D3 (W assc rm an 1974). However, unlike 
1,25- (0H )2D3 , it does not m obilize calcium from bone (Uribc cl al. 
1974), is aqueous solubl e and is s tab le in oxygen ated aqueous solutions, 
all of which make it unlikely lhat it is 1,25- (0H) 2D3 • Ra ther it may 
illus trate the lack of specificity of lhc intes tinal calcium tran sport 
sys tem. 

The mechanism of intes tinal calcium transport then remain s rein­
lively undefin ed and mu st be regarded as unsc ltl cd . Figure 5 demon­
s tra tes the variety of possible mech ani sms in volving th e active form of 
vitamin D. The 1,25- (0I-1 )2D3 may or may not intemct with a receptor 
in the cytosol and may or may not be transferred to lhe nucleus where 
it may initiate the transc rip ti on of specific genes coding for ca lcium 
transport proteins. The mes enger then can be read out by the poly­
somes yielding the proteins which par ti cipate in intes tinal calcium ab­
sorp tion. Alternatively, 1,25- (0H) 2D3 may function at the polysome 
level to initi a te translation of fun ctional proteins and calcium tran spo rt 
or it may function directly at the brush border membrane. It may a lso 
participate in the conver sion of precursor protein to calcium trans­
port proteins. The true transport protein may or may not be the cal­
cium binding protein. In any case lh e brush border membrane is 
rendered permeable to calcium which upon entering the cell is 
sequestered perhaps by the mitochondria. The mitochondria can shuttle 
calcium to the basa l-lateral membrane, where a deficient level of 
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Figure 5. Diagrammatic sk etch of /;n own and hypoth es ized events in th e 
1,25-(0H) 

1
D

3 
stimulation of int estina l calcium transport. 
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calcium brings about release of the intramitochondrial calcium. Cal­
cium is then expell ed through the basal-la teral membrane by a down­
hill sodium gradi ent which exchanges for the calcium. Alternatively, 
studies with lanthanum sugges t that calcium may not even enter the 
cell during transfer and may be . transferred from the brush border 
direclly to the basal lateral membrane (Wasserman 1975 a). It is 
obvious that much remains to be learned concern ing the mechanism of 
intestinal calcium transport and the r ole of vi tam in D in initiating this 
process. 

R egulation of intes tinal calcium absorption by dietary calcium 
and phosphorus 

A great deal of progress h as been mad e in understanding the mechan­
ism of regulation of intestinal calcium transport by dietary calcium and 
by the skeletal needs for calcium. Early work by Rotlensten (1938), by 
Fairbanks & Mitchell (1936) and the definitive work of Nicolaysen et al. 
(1953) clearly demonstrated th a t animals or man placed on a low 
calcium diet h ave a marked ly elevated ra te of intestinal calcium 
absorption. On the other hand, anim als or humans placed on a high 
calcium diet have marked ly reduced rates of intes tinal calcium ab­
sorption. Furthermore, it can be shown that animals or man requiring 
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calcium for skeletal growth or calcification have markedly elevated 
intes tinal calcium absorption. In fact , Nicolaysen and coworkers demon­
strated tha t prisoners placed on a low calcium die t develop highly ef­
ficient intes tinal calcium absorption which persisted even after they 
were placed on an adequate calcium intake. This high efficiency of 
absorption persisted until their bones, which had been demineralized 
by the low calcium diet, were completely recalcified. Nicol aysen 
reasoned tha t some endogenous facto r or hormone must be secreted in 
response to the need for calcium and stimulates the intes tine lo absorb 
the cation. Nicolaysen found further that the appearance of the 
endogenous factor in the regula tion of intestina l calcium absorption 
requires the presence of vitamin D. With the discovery tha t vitamin D 
must be metabolically con verted to 25- 0H- D3 in the liver, followed by 
conversion to 1,25- (0H ) 2D3 in the kidney before it can function in the 
intestine, came the concep t tha t dietary calcium and the need for 
calcium might well regulate the syn thesis of the act ive form of vitamin 
D. The first clear evidence for this idea was provided by the work of 
Boy le et al. (1971) in which the effect of dietary calcium in rats both 
deficient and given vitamin Don the in vivo generation of 1,25- (0H ) 2D3 

was studied. They dem onstra ted quite clearly that rats maintained on 
a low calcium diet synthesize large amounts of 1,25- ( OH ) 2D3 • As 
dietary calcium is increased, the synthesis of 1,25- (0H) 2D3 is shut 
down. However, in the vitamin D-deficiei1t animals, it is clear that the 
regula tion of 1,25- (0H ) 2D3 syn thesis from a s ingle dose of 3H 25-0H-D 3 

by dietary calcium does not take place. It was discovered at the same 
lime tha t as the synthesis of 1,25-(0H) 2D3 is shut down by dietary cal­
cium, another m etabolite, 24,25-dihydroxy-vitamin D3 (24,25- (OH ) 2D3 ) 

(Ho lick et al. 1972 b), is syn thesized. The exact role of the 24,25-­
( OH ) 2D3 in calcium m etabolism, if any, has n ot yet been es tablished . 

Utilizing the chicken, additional work has sh own that kidney mito­
chondria will synthesize 24,25- ( OH ) 2D3 when they are isola ted from 
chickens m ain tained on a diet high in calcium plus vitamin D3 , whereas 
they will synthesize 1,25- (0H )2D3 when they are m aintained on a die t 
low in calcium supplemented with vitamin D3 (Omdahl e t al. 1972, 
Knu tson & DeLuca 197 4) . Furthermore, Omdahl & DeLuca (1971, 
1972 ) have demons tra ted tha t s trontium inhibits intestinal calcium 
absorption by blocking the syn thesis of 1,25- ( OH) 2D3 • These res ulls led 
to the concept that l,25- (0H ) 2D3 might in part r epresent Nicolaysen 's 
endogenous factor and might well be the message that lh e intes tine 
receives in response to a need for calcium. Proof that thi s is lhe case 
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has been ob tained in animals maintained on either 25- 0H- D3 or 
1,25- (0H) 2D3 as their sole source of vitamin D (Omdahl & DeLuca 
1973, Ribovich & DeLuca, unpubli shed results) . Chicks given the 
25- 0H- D3 show a markedly eleva ted intestinal calcium absorption rate 
when a diet low in calcium is fed and a diminished rate when high 
calcium or s tron tium diet is fed. On the other hand, animals given 
1,25- (0H) 2D3 show a high rate of intestinal calcium absorption quite 
independent of dietary calcium and stronti um (Omdahl & DeLuca 
1973) . Similar results have been obtained with the rat (Ribovich and 
DeLuca, unpublish ed results) (Table 1) . Thus it seems that regulation 
of intes tin al calcium transport by dietary calcium or the need for 
calcium is m ediated by the regulation of 1 ,25- ( OH) 2D3 s~·nthesis and 
that 1,25- (0H)~D3 itself may represent the endogenous factor Nico­
laysen described (Boyle et al. 1972 b ) . 

Table 1. Stimulation of int es tinal calcium transport by low calcium and low 
phosphorus die ts. 

Transp ort ratio 45Ca serosal medium / 45Ca mucosal medium 

Vitamin 0
3 

High calcium, 

normal phos phoru s 2.3 ± 0.3 3.7 ± 0.5 

Low calcium 

normal phosphoru s 3.4 ± 0.1 3.8 ± 0.3 

High calcium, 

low phosph oru s 6.5 ± 0.5 6.7 ± 0.3 

Hats were fed th e various diets fo r 3 wcel>s. At 2 wcel>s they received a daily ora l 
dose of either vitam in 0

3 
( 25 ng) or 1 ,25-(0H )~03 (12.5 ng) in 0.1 ml propy lene 

glycol for 1 week. They were kill ed 24 hours af ter the las t dose and intes tinal 
ca lcium tran spo rt determined ( ~lart in ·&. OeLuca 1969 a). 

Another important factor in the regulation of intestinal calcium 
absorption is the dietary phosphorus level. Carlsson (1953) initially 
demonstrated that rats on a low phosphorus diet have a markedly 
eleva ted intestinal calcium absorp tion rate. This was further es tab­
lished by the work of ~lorrissey & \Vasserman (1971) and was con­
firmed by the work of Tanaka et al. ( 1973 ) . Of great interest is that 
Phosphate deprivation, even in the absence of parathyroid glands, 
brings about a stimulation of 1,25- (0H) 2D3 syn thesis (Tanaka & 
DeLuca 1973). Furthermore it could be shown that the intestines of 
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rats maintained on low phosphorus diets which develop high rates of 
intestinal calcium absorption also accumulate large amounts of 
1,25- (0H) 2D3 (Tanaka & DeLuca 1973). It seemed possible, therefore, 
that the regulation of intestinal calcium transport by phosphate de­
privation might well be through the stimulation of 1,25- ( OH) 2D3 

synthesis. However, in experiments in which rats were given 1,25-
( OH ) 2D3 from exogenous sources, it is evident that they still show an 
elevated intestinal calcium absoq)tion when they are given phosphate 
deficient diets (see Table 1 ) . Thus the stimulation of intestinal calcium 
absorption by phosphate deprivation is not solely due to the regulation 
of 1,25-(0H) 2D3 synthesis, but some other unknown factor or meta­
bolic event must be involved. This has not as yet been determined. 

Regulation of intestinal absorption by parathyroid hormone, 
calcitonin and glucocorlicoids 

The question of whether there are other hormones that might affect 
vitamin D metabolism can obviously be raised. Work by Garabedian et 
al. (1974) has shown that the 1,25- (0H) 2D3 stimulated intestinal 
calcium transport does not require the presence of parathyroid hor­
mone nor its activity enhanced by the presence of this peptide hormone. 
Furthermore, work being canied out by others with radioactive para­
thyroid hormone has shown that the intestine is not a target of 
parathyroid hormone action and the parathyroid hormone is not bound 
to that tissue (Zull & Repke 1972, Neuman, unpublished resulls). It 
therefore seems clear that the parathyroid hormone does not play a role 
directly on intestinal calcium transport. As will be shown in a later 
section, in response to the need for calcium, it is the parathyroid glands 
which sense the serum calcium concentration and secrete the para­
thyroid hormone. Parathyroid hormone in some unknown way pro­
ceeds to the kidney, where it stimulates the synthesis of 1,25- (0H) 2D3 • 

It seems clear then that the reported effects of parathyroid hormone on 
intestinal calcium transport are mediated by its role in the stimulation 
of the synthesis of the active form of vitamin D for that process. 
Therefore, chronic hypoparathyroidism is probably associated with 
reduced intestinal calcium absorption and an inappropriate response 
of the intestine to calcium deprivation (Avioli et al. 1974). 

It is not at all certain to what extent calcitonin plays a role in the 
regulation of intestinal calcium transport. /n vitro experiments using 
vascularly perfused intestine have shown that calcitonin does inhibit 
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int es tinal calcium absorpti on (Oison cl al. 1972 ). W ork in intac t 
animals, h O\YCvcr, h as n ot been uniform in this rega rd and it is un­
certa in to what ex tent calcitonin inhibits intes tinal calcium transpor t 
in vivo. It seems likely th a t the maj or effect of calciton in is on th e bone 
r a th er th an the gas troint cs tinal trac t as far as calcium is concerned. 

F ina lly some men ti on should be m ade of the glu cocor ti coid s and 
th eir effec t on intes tinal calcium absorpti on. Ha rri son & Ha rri son 
(1960) demonstrated th at corti sone co1lld reduce int es tin al calc,i um 
transport. Thi s was taken as a m echanism which might refl ect the 
glu coco rli co ids' ab ility to co unt eract vitamin D toxi cit y. Although thi s 
is probably not the case, the mechani sm whereby the glucoco rti coid s 
can red uce intes tin al calcium absorp ti on is of som e interest. It h as been 
pos tul ated th a t th e glu cocorti coid s might interfere with vi tam in D 
metaboli sm, th ereby red ucing th e amount of 1,25- (0H ) 2D3 reaching 
the int c tin e ·(Avioli c l al. 1968). However, J{imberg and associa tes have 
provided data which indi ca te that corli coids redu ce int es tin al calcium 
tran sport in animals given exogenous 1 ,25- (0H) 2D3 (Kimbcrg et al. 
1071 ). Furthermore, th ey failed to demonstrate any effect of th e 
glu coco rticoids on the metaboli sm of vi tamin D to th e 1,25- (0H ) 2D3 

(Favus e t al. 1973 a, b ). On th e oth er hand, very recent worl< from 
Rasmu scn's labora tory h as shown th a t the glucocorti coid s might well 
induce the con vers ion of 1,25- (0H )zD3 in the intes tin e to a more polar 
but inactive metabolit e (Carrc et al. 1974). It seems strange that thi s 
was not obser ved by Kimbcrg and associates, but nevertheless might 
account for the glucocorti coid red uced intestinal calcium abso rpti on. 
Only furth er inves tiga tion will provide the answer to thi s important 
qu es tion. 

~~ 0 B I L I Z A T I 0 N 0 F C A L C I U M F H. 0 ~ I B 0 N E 

R ole of parathyroid horm one 

Another important s it e is the mobilization of calcium from bone. 
There is a mass ive amount of lit cra lure which clearly illu s tra tes th a t 
the parathyroid h orm one, both in vivo aJ1d in vitro, will mobilize 
calcium from bone. The m echani sm of this m obilization of calci um 
rem a ins unknown in spite of a grea t deal of intensive in ves tiga tion. 
Allhough attempts h ave been m ade to demonstrate that the parathyroid 
hormone brings about th ese changes by s timulating RNA and protein 
syn thesi , these results are inconclu sive (Park & T almage 1968 ) . In 
fact, it appears th at the parathyroid hormone a t least initi a lly does not 

20 ACTA ORTIIOP . 46, 3 
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require this mechanism to initiate mobilization of calcium from bone 
(Rasmussen et al. 1964). Although it seems clear that the parathyroid 
hormone stimulates osteoblast resorption, there is also evidence that 
resorption of bone takes place by osteocytes and also possibly by osteo­
blasts in response to this hormone (Belanger 1965). There is some 
evidence that this hormone stimulates mobilization of calcium from 
bone via activation of adenyl cyclase and the cyclic AMP mechanism 
(Wells & Lloyd 1967, Chase & Aurbach 1967). Although the para­
thyroid hormone is believed to function in the kidney in this fashion, 
the evidence in the bone is not as clear. The most likely possibility is 
that the parathyroid hormone in some way stimulates a calcium trans­
port system which does not involve the synthesis of new protein. 

Role of vitamin D 

Another equally if not more important agent in the mobilization of 
calcium from bone is vitamin D and its metabolites. Carlsson and 
coworkers demonstrated quite early that vitamin D, even at physiologic 
doses, induces the mobilization of calcium from previously formed bone 
(Carlsson 1952). This has been confirmed by Nicolaysen & Eeg-Larsen 
(1956) and by work carried out in our own laboratory (Blunt et al. 
1968). It is now clear that it is not vitamin D itself, but rather its active 
metabolite, 1,25- (0H) 2D3 , which brings about this mobilization (Holick 
et al. 1972, Reynolds et al. 1973, Raisz et al. 1972). The mobilization of 
calcium from bone in response to 1,25- (OH) 2D3 is blocked entirely by 
the previous administration of .actinomycin D, whereas if that antibiotic 
is given after the 1,25- (OH ) 2D3, the process is not inhibi led ( Tanaka & 
DeLuca 1971). It seems that there is more evidence to support the idea 
that in this system 1,25-(0H) 2D3 may well initiate the process by 
stimulating the synthesis of specific messenger and specific proteins 
involved in the transport process. Work by Weber et al. (1971) has 
demonstrated that the bone may well accumulate 1,25- (0H) 2D3 in the 
nucleus of the cells, which would be in support of such a mechanism. 

The mobilization of calcium from bone has also been studied in vitro 
using isolated bone cultures by both Raisz et al. (1972) and Reynolds 
et al. (1973). In this system vitamin D3 itself is totally inactive, whereas 
25- 0H- D3 functions at concentrations of the order of 10-7 M (Figure 6) 
(Stern, DeLuca, Tanaka and Schnoes, unpublished results). However, 
1,25- (0H) 2D3 is the most potent form functioning as low as 10-12 M. 
The mechanism whereby 1,25- (0H) 2D3 initaites the mobilization of 
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Figure 6. /l esorpl ion of embruonic bone bu v itamin D m elabol iles ami analogs 
in v itro. Pregnant rats w ere given 250 J.ICi •sea. N in eleen-dau embruonic radii and 
uln ae from /li e f etu ses were cultured suclithat one radius served as a co ntrol f or th e 
oth er radius from a s ingle em bryo. To one of these a m etabolit e at /li e given concen­
tration was added wh ile th e control received th e vehicle. The rat io of H(;a in tl1e 
m edium of experim ental bone to tli at in th e co ntrol was calcu lated and plott ed 

(S tern , Tanalw , DeLuca, and Schn oes, llll[JUb lished result s) . 

hone in culture h as n ot been closely s tudi ed. It is of omc interes t th a t 
in culture the 1,25-( 0H ) 2D3 and the pa ra thyroid horm one will initi a te 
the mobiliza tion of calciu m independent of each other . On the other 
h and , in vivo it is well known tha t phys iologic doses of either 
1,25- (0H )2D3 or para thy roid hormone arc req uired for thi s sys tem to 
operate (DeLuca 1974, Rasmusscn e t al. 1963, Ha rri son e t al. 1958) . In 
the absen ce of either 1,25- ( OH ) 2D3 or the para thyroid horm one, mobili­
za tion of calcium from bone is m a rkedly dimini sh ed. The two agents, 
therefore, seem to opera te in con cert an d the absence of e' ther int er­
feres with the process. The discrepan cy between the result s in vivo and 
those obta ined in vitro a re, therefore, of som e concern. Ho\\'ever, in 
vitro the mobiliza ti on of calcium is carried out in low p hosph a te 
med ium. It may be that if the cultu re experiments· a re carried out a t 
ph osph a te concent ra tions approaching n ormal, both agent s must he 
present to elicit mobiliza tion of calcium from bone. 

20 ' 
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R ole of calcitonin 

Calcitonin is the only h orm one whi ch inhibits the mobiliza tion of 
cal cium from bone. Thi s peptide h ormon e, th e s tru cture of which is 
full y known and which h as been synthesized, appear s to opera te in 
young m ammals to block the m obilizati on of calcium from hone 
(T almage & l\Iunson 1972, T aylor 1972). T alm age and hi s colleagues 
h ave sugges ted with good eviden ce tha t calcitonin ac tu all y is a phos­
phate m etaboli sm h ormone in \Yhich the h orm one s timul a tes the 
transfer of phosphate into the hon e cell s and into the hon e fluid 
inhibiting the fl ow of calcium to the extracellul a r fluid (T alm age e t a l. 
1972, 1973 ) . This interes ting possibility is n ow under examin a tion a nd 
additional information will he n ecessa ry to es tabli sh it on a firm bas is . 
Coupled with these very int eres ting result s are histologica l examin a­
tions of the os teocytes an d os teohl as ts in which there appears to he a 
shrinkage following calci tonin admini s tra tion (T alm age e t a l. 1975) . 
\Vh atever the mech ani sm might he, calcitonin can opera te in the 
absen ce of vitamin D and in the absence · of the para thyro id h orm one 
(l\Iorii & DeLuca 1967 ) . Its mech anism a lso rem ains to he defined a t 
the cellular and m olecul a r level. 

R EN AL REA B S OH P TIO N 

A third and very important sit e of regul a tion of calcium in the bl ood is 
the kidney. It h as been es timated tha t the kidney filt ers and reahso rhs 
on the order of 7 g of calcium/ day. Virtually all of the calcium which is 
filt ered is reahso rhed even in the absence of vitamin D and of pa ra­
thyroid h ormone (Berns tein e t al. 1963, Gran 1960 ). However, there is 
clear evidence tha t parathy roid h ormone does increase the ren al r eab­
sorption of calcium and there is some evidence tha t 1 ,25- (0H ) ~D3 also 
stimula tes r eabsorption of calcium (Steelc e t a l. 1975). However, the 
effects of the 1,25- (0H ) 2D3 on this p aramete r h ave not been thoroughly 
s tudied. In any case, the ex is tence of a calcium binding protein which 
appears in r esponse to vitamin D h as been demonstra ted by W asserma n 
and his colleagues both by direct m easurement and by flu orescent anti­
body m ethods (T aylor & W asserm an 1972 ) . Thus although 99 per cent 
of the filt ered ca lcium is reabsorhed in the absence of these agents it is 
evident tha t the r emaining 1 per cent is reahso rbed much better when 
these agents a re present. Much work r emains to be done in this area 
and in regard to the well knO\\ n effects of calcium and phospha te on 
th eir respec tive reabsorp tion mechanisms. 
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The renal reabsorption of phosphate in r esponse lo parathyroid 
hormone has been thoroughly studied and should be bri efl y mentioned 
here. The parathyroid hormon e inhibits phosphate reabsorption as one 
of its wcii known and basic mechanisms. Recent results from two 
labora tori es ind ependently have shown th a t possibly thi s inhibition of 
renal reabsorption of phospha te may welt" be due lo parathyroid 
induced change in inlralumenal pH, rendering the phosphate more 
ionized and less able lo penetrat e the renal ceiis (Bank et al. 197-!, 
Uchika\Ya & Borle 1974) . This excitin g n ew development might weii 
s ignal a n ew era in our und erstanding of parathyroid hormone regula­
tion of renal reabsorption of phosphate. 

Il is well kn own that the pa rathy roid h ormon e in carrying out it s 
effec ts in the kidn ey activates the adenyl cyclase to produce cyclic Al\IP 
(C hase & Aurbach 1967 ). It is not clea r whether all of the effec ts of the 
parathyroid h ormone are the direct result of cyclic AMP or whether 
the parathyroid hormone activates ca lcium m ovement at the same 
lime that it act iva tes cycli c Al\IP. The action of cycli c Al\IP appears to 
require cal cium. Again the cellular events and molecular events of the 
parathy roid h ormone induced changes in th e kidney have not been 
thoroughl y s tudied . In any case, th e kidn ey must be rega rded as a 
maj or organ involved in the regul a tion of sc rum ca lcium and in fact is 
th ought by many to be the major o rgan de terminin g sc rum calcium 
concentration, a position which probably is ex treme. 

CA L C IFICATIO N 

i\Iu ch n ew inform ation has become ava ilable in the area of calcifica tion. 
Although the mechani sm which has been favored for many yea rs, 
namely the ca talyzed crys tallization by nu clea ted collagen fibril s, h as 
not been disp roved, there h as · been, in addi li on, n ew evid ence whi ch 
sugges ts that cell s whi ch govern calcification accumulat e calcium in 
vesicles and that th e vesicles may be either of mitochondrial ori gin or 
independ ent of mitochondria. The vesicles are supposedly secreted into 
th e m a trix a rea and arc involved direclly in transporting ca lcium to the 
calcifica tion s it es (Anderson 1969, Anderson & Reynold s 1973, Slavkin 
e t al. 1972 ) . In fa cllhcre m ay even be hydroxy apatite crys tal s forming 
in th e vesicles. The ves icl es also contain enzymes which may well 
prepare the collagen surface for min eralization . Thi s important new 
developm ent in ves icles m ay also u sher in a large number of n ew 
considerations rega rdin g the mechani sm and regul a tion of calci fi ca tion. 
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Exactly how calcification is regulated by humoral agents, if at all, is 
unknown. However, this important mechanism must be considered in 
any integrated evaluation of calcium metabolism. 

CA L C I U l\1 11 0 i\l E 0 S TA S IS (Figure 7) 

Having discussed the sites at which there is humoral regulation of 
calcium metabolism it seems important now to bring together these 
various sites in an integrated concept of the regulation of calcium 
metabolism. It is important to realize that there are two cell types 
which continually monitor serum calcium concentration; namely cells 
of the parathyroid glands and the c-cells of the thyroid or, in the case 
of lower organisms, the ultimobranchial bodies . In response to hypo­
calcemia, the parathyroid hormone is secreted. This hormone, which is 
84 amino acids long, has two basic sites of actjon. The first is the 
kidney, where it stimulates renal reabsorption of calcium and phos­
phate diuresis. At the same time, however, it stimulates production of 
1,25-( OH ) 2D3 from 25- 0H- D3 ( Garabedian et al. 1972, Fraser & 
Kodicek 1973). The parathyroid hormone also goes to bon e where, 
together with the secreted 1,25- (0H) 2D3 it functions to mobilize 
calcium from previously formed bone. This then returns calcium to the 
extracellular fluid . The 1,25- (0H ) 2D3 which is formed in response to 
parathyroid hormone, in addition to mobilizing calcium from bone, 
stimulates renal reabsorption of calcium and most important, stim­
ulates intestinal calcium absorption. This mechanism also res tores 
serum calcium to normal , which then shuts off secretion of parathyroid 
hormone. When the serum calcium rises above the normal level of 
10 mg/ 100 ml, the c-cells react by secreting calcitonin. Calcitonin in an 
ill-defined manner proceeds to the bone and blocks mobilization of 
calcium, thus reducing serum calcium levels. It may also proceed to the 
kidney and to the intestine, where it m ay also block calcium utiliza tion 
from the sources, although this is not es tablished. Finally, phosphate 
deprivation will stimulate 1,25- (0H ) 2D3 synthesis guile independenlly 
of any parathyroid hormone (DeLuca 1974) and, in addition, phosphate 
deprivation stimulates mobilization of bone min eral and s timulates in­
testinal calcium absorption (Baylink et al. 1971, T anaka et al. 1972, 
Morrissey & vVasserman 1971 ) . Thus phosphate deprivation by more 
than one mechanism will also elevate serum calcium con centration. 
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Bone 

Kidney 

Figure 7. Diagrammatic representation of th e Imm oral control of serum calcium 
concentration, taking into account th e vitamin D syst em . 
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It is evident that in the past decade much n ew information has been 
gathered regarding calcium metabolism at the physiological and extra­
cellular level. In addition, n ew information is becoming available re­
garding intracellular mechanisms of calcium transport and mobiliza­
tion. Finally, during the past decade the hormone calcitonin has been 
introduced as well as a hormone derived from vitamin D, namely 
1,25-( 0H) 2D3 , has been discovered and demonstrated to play a central 
role in the regulation of calcium metabolism. The ex citing develop­
ments will undoubtedly foster the revelation of new information during 
the next decade which hopefully will bring about an elucidation of th e 
mol ecular m echanisms of calcium m etabolism. 
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