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ABSTRACT 

The regufation of vitamin o hydroxylases in renal Q1~tochondria 

~ 
'-> 

has been investi gated. 

Rats .. raised normal diet haèf 
, 

25-.on a measurable 

hydroxyèholecalciferol 24-hYdroxylase (24-oHâse) and no'n-detectable. 
? 

25-hydroxycholechalciferol 1-hydroxylase (1-QHase) activities in th~i r 

renal mitochondria. Adult 8 weeks old rats had a 2 fold hlgher' 24-

OHase activlty than 2-4, weeks ,old pre-pu'bertal' rats. The enzyme ac-
'. 

tivity was stimulated 2-3 fold by fasting for 24 hours in the 1 young 
. 

and old rats. The mechanism of thÎs induction was examined and did not 

appear to involve parathyroid hormone (PTH), pituitary hormones or 

1 ,25-dihyd roxy~holecaJciferol. 

Female rats weaned on a vitamin D-deficient, low calcium diet ex­

hibited only 1-OHase actLvity and ho' 24-QHase activity in their renal 

mitochondria. Female adult (8-S0 weeks old) rats had a similar 1-eHase .' , 

activity compared to female 5-week old pubertal rats, although adult , 
rats were more hypocalcaèmic, hypophosphataemic and hyperparathyroid 

than. pubertal rats. During lactation 1-QHase activity was stimulated 3 

fold over non-Iactating adult 1-QHase activity levels. The hormonal 
o . 

involvement ln this stimulation is unknown. PTH does not appear to be 

involved in this stimulation, because lactatlng qnd f)on-Iactating rats 

. were both hyperpar.a~hyroid ànd PTH sensitive •. 

It c~n be concluded th~ r~al vitamin 0 hydroxylase act/vities 

can be induced by dietary and hormonal manipulations. An increase in ~ 
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the ènzyme content ln 'renal mftQchondria was not demonstra1;,ed 'and 

awaits molecular quantitation of the ~nzymes. 
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RESUME 

l.ors de ,ce travail, nous nous sommes interessès a l'étude de la 

regulation des vitamines 0 hydrQ~ylases a ~,Air, de préparations de 

mitochondries ré'nales de rats. \ 

Les mitochondries rénales de rats soumis. a un régime normal 

montrent une activité de la 25-hydroxycholecalciférol:-24-hydroxylase 

(24-oHase) tandis que l'activité de Hi 25-hydroxycholecalciférol-1-

hydroxylase (1-oHase) n'est pas dé"tetiable. Des rats adultes de 8 

semaines presentent une activité de la 24-0Hase deux fois supérieure 

a celle de rats pre-pubertaires de 2 semaines. Cette a4vité" peut 

" u 
etre stimulee de 2 a 4 fois, àutant chez les jeunes rats que, chez les 

\.;. 

r~ts ~gés, après un je,une qe 24 h. Le mécanisme de cette induction a 

été étudié et il ne semble pas faire intervenir l'hormone 

'" parathyroidienne (PTH), les hormones pit~itai res ou la 1,25-.. 
\ ~ dihydroxycholecalciférol. 

Sur des mitochondries énales de rates, soumises durant leur 

sevrage a un régime déficient en vitamine 0 et il faible,{teneur en 

talcium, 

l'activité 

seule l'activité de la 1-oHase est décelable. Par \ail,leurs, 

de cet enzyme est similai re chez des rates adulte (8' - 30 

. semaines) et des rates pUbères de 5 'semaines bie~ que es rates 

adultes' soient plus hypçcalcémiques, hypophosphatémiques et hyper-
) 

parathyroidiennes que les rates pubères. Chez les femelles lactantes", 

l'activité de la l-oHase est augmentée de 3 fois par rapport a des 

femelles adultes non lactantes. Les mécanismes hormonaux impliques 

'" " dans ce phenomene ne sont pas connus, a l'heur,e actuelle, mais la ,PTH 
• 
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ne semble pas Intervenir ~l"'. cette .st1mUlat1~n car le. femelle. lac­

tantes et non lactantes sont, a la fois, hyperparathYfoidiennes et 
~ , 

sensibles a hi PTH. \\ 
En conèlusion,. nos étades semblent 

~ \f 
hormonales et de regime \ augmentent 

) 

indiquer que des variations 

les activités rénales des 

vitamines'O hydroxylases. Aucune etude sur ,'augmentation du contenu 
'\ 

enzymatique d~ mitochondries rénales n fa été réalisé et une quan..: 

tifica~ion par des techniques de biologie moléculaire semble approprrer 
• 

'" d' . pour repon re a cette question. 
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DEDICATED TO MY MOTHER AND FATHER 

... 
The limitations of our biological 

equipment may condemn us to the 

role of Peeping Toms at the 

key-hole of eternity, but at 

least let us take the stuffing 

out of the key-hole which blocks 

even our Iimited view ••••••••••• 

Arthur Koestler 
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This thesJs "I~ divl ded '.nto two chap~ers th~t aré 'based on the follow-
d , 

Ing manuscrlpts and which will be referred to by their Ro~an numerals: 

, 

CHAPTER 1. Afar DEH, Tenennouse A, Warner M. Regulation of renal 25-

hydroxy-cholecalciferol 24-hydroxyfase in vitamin D-reprete 

rats. Manuseript submitted to J. Steroid Biochem. 

CHAPTER II. Afar DEH, Wamer M. Induction of renaJ mitochonQ(ial 25-

hydroxycholecalciferol 1-hydroxylase during lactation. 

Manuscript, not submitted for publication. 

, 

7 

; 
" 



~!",\:" . 
'r 

o TABLE OF COt-ITENr.S 

1 ... , . 
" 

Abstract .....................•.... ~ .........• :~: ..•.....•.......•.. : .•...•.. 2 
" - - , 

l 

Résumé ............. .' ................... '. ~" .................. : ................. 4 
" 

Oïl91nal Contnbub.on to Gclenb he Knowled'je ........................... ~ ... 10 

Llst of Tables ............ , ......... ~ ........................... • ......... 1. ... 11 • 

Ll.$t of Fl.gures ................ r .••••••••• " ••••••••• ~ •••••••••••••••••••••••• 1.:' 

Ll.st of .Abbrevla tl.ons .................................... " .................. 13 

INTRODUCTION 

Hl.stoncal Bacl-<ground ....................................................... 15 

MetabOl~~ Actl.v~bon O'f vl.taffitn D3: ......................................... 15 

Regul~t~on of V1L3mln D3 Metabollsm-(a) 25-OHase ............................ 17 

(b) 1-0Hase ............................. 18 

(c) 24-GHase ............................ 23 ;y 

(cf) The" Effect of Estregen on the 

Vl.taml.n D,~droxylases ln 81ïds ..... 26 

PhYSlologl.cal Actlons of Vltaml.n D3-(a) Actl.on on Intestlne ................. 20 

.(b) Actl.on on Bone ...................... 30 

(c) Action on Other Tlssues ............. 32 

. .. (d) Evidence fOjOIogleal Role <, • 

of 24, 25-DHCC ....................... 33 

, --
Objeetlve of Study .............•........... ~ ................................ 36 

.. \- '--1 

o , 8 " 

.;' 

lj .. [~k'5i'icf'~ ~u," ~ ~bt,;-\'i '!t.~:~J ~.'~w_ • .lL:'"". 



o 
,r 

'. 

, " :;<, '," l';:q':"I\.,'! ','~~1.:::,"':';<',"'~,""'!,,:.J ~;»''';~:'''f':,'·k~~~·~ç;r~~~1~:':~~S;> 
, ' 

il' '" 

ï-.'Ë:::L.C T'J ::m~ DI3Ct;S'3!Coj'~. 

Age Related Changes in Renal \li eam1n D·J"tabOli~"' ...• , .. "'~.' : ... " ........ :38' r 

Effects of Fastlng ~~_\litamin D Me~1~sm .................................. 39 . , . 
o 

, . 
Mechanism \ of 2~-QI-tase I~i.tion .. ~ ......... : .... ,", ... ~ ...................... 41 

Induction of 1-0Hase Actl Vl ty Dunng Lac ta tion ...... ' ............ : ............ .42 
. 

General Summary ............ , ............ .: ... : ..... -.... ' r •••••••••••••••••••• 43 . ' . 
, • 1:-

• ~ u "', , • 

\ .' ) . 
FOOTNOTESt ••••...•••.••.•••.•..••. _ ...••.•.•.•.••• ' ••...••...• : ..••.••.•••••• <15 

, , 

ACKI'IOIALEDGt"ENTS. . . . • . ••. '. • • . , . • . . • . • . . . . . • • .'. • . • . • . . . • • • . • . . . • • . . . . . . . . • . ... 46 

\ J ..... \ ~ ~'J. , , 

t 1 D ~ 
REFERENCES ••••••..•••.....••••..••.•.•••..•....•••.•..••••.•.•.••...• ~. ,:;" ••.• 48 

, 0 

CHAPTER I ........ -................. ~ ............... · .• ( ..•.... " ............... 74 
o ... .... ,! 

. 
CHAPTER II ......... ~ .............. : ......................................... 98 

-

o 

9 

" 
, . 

.... 



--' 1 

~o 
h J ' 

l', 

.. ' , . 
- " 

, . 
~ 

~f!§:~~~ ~ 
• b ~~~~Y:.~ \, ~ 

ORIGINAL CONTRIBtJTION TO SCIENTIFIC KNOWLEDGE ~ -.' 

.'. .. 
This thesis proxi...des noveJ Informa,ion concerning the regulation 

of ~vjtam~n· D metabolism. It was demonstr-ated that renal mitochondriel 
. , 

24-0Ha~ a'ctivity, is regulated as a functlon' of age and' food Intake 
.. • f 

in normal 'f"ats. The- significance of thls finding is unknown, but it im-
~ -"' .. .;~-: . 

( ., p,.. ....... e';' i' • 

plies samé funét;anal raie for 24,25-dihydraxycf'lolecaleiferol. 

~t hM bE;!en previously shawn that during lactation 1,25- , , 

dihydroxycholecalciferal production is elevated. Here, it is reporteq 
• . 

that 1-0Hase activity is induced several fold in renal mitochondrial 
_r"""_ " 

" preparations from lactating rats, which confirms the prev/ous in VIVO 

f/ndings. 
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INTRODUCTION 

Historicai Background 
J 

Vitamin 03 (cholecalçiferol) is one of the most important 

re~lators of calcIum and phosphorus homeostasis in higher animais 

[39,4O,63,97,125J. Vltaml n D. was diS~'fered i n t~e early 1920s an d was 

identified as a fat soluble nutritlonal factor necessary for proper 

grewth and health [39]. A bone di~order, nckets, was attrtbuted to a 

... deficiency in thls fat soluble factor. McColium showed that the anti 
\/ 

rachitlc substance found in butter fat and cod liver 011 was not i den:-

tical to vitamm A, the only known fat soluble vitamln at the time 

[85]. This work led to the isolation and purification of vltamln 03 by 

Askew et al. [6]. 
\, 

A discovery, which turned out to be cntlcaJ ln understandlng the 

vltamln 03 system, was the finding thàt ultraviolet (UV) rays cured 

rickets in rachitlc infants [65,71]. ThIs suggested that UV light con-
II> 

r-/ . 
verted an endogenous substance Intq vitamin .03. Subsequent studies 

~ / ' 

determined that vitamin Da fs a seca-steraid that is praduced from 7-

dehydrocholesterol (7-0HC) in the skin by UV irradiation [39,40,97]. 

Only much later did it become apparent that vitamln 03 has te underga 

several metabolic steps in arder te b'e active [39]. 

Metabollc Activation of Vitami" Da , 

Vitamin 03 is synthesized in the skin by a n~\Zymatic 

photolysis reaction [97]. 7-0HC 15 canverted to previtamil1, 03 when it 

15 
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absorbs light at wavelengths ln the UV range. Prevltamin Da exists ln 

a simpl.e thermoequllibrium with vitamin 03. The equilibrlu,m ratio of 

vitamln 03 -to prevltamin 03 depends on temperature and at 37°C the 

ratio is 89:11 [97). Vltamin Da then enters the circulation where it is 

bound by the vitamln D-binding protein (DBP) (16). 

Vitarryin 03 accumulates in the liver, where it is hydroxylated in 

the 25 position to produce 25-hydroxycholecalciferol (25-HCC) 

[39,40,63,97]. ThiS reaction is cataly1ed by a microsomal [82] and a 

"4. mitochond rial enzyme system [13]. The microsomal 25-hydroxylase (25-

OHase) is composed of \a cytochrome P450 and a flavoprotein which 

require NADP~, molecular oxygen for activity [40,82]. The",kinetics of 

this enzyme have ,been shown ta be ~tered by phenobarbital ad­

ministration ta the animai [41]. The mitochondrial enzyme Is a three 

" component mixed function oxidase consisting of a cytochrome P450, an 

iron sulfur protein and a flavoprotein [14]. As will be discflssed latèr, 

some studies demonstrate convincing evldence, that the mitochondrial 

25-o'Hase is more important ln the 25-hydroxylatlon of vitamln 03. 

25-HCC enters the circulation bound to DBP (16)., The 4 kidney is 

the major site of metabolism of 25-HCC [39,40,63,97,125]. The most Im­

portant metabolic ~action in the vitamin Da system is the 1-

hydroxylation 025-HCC ln renal mitochondria [39,40,63;97,125]. The 

product of this reaction, 1 ,25-di hydroxycholecalclferol (1 ,25-D~CC.), is 

the active hormone wlth respect to calcium absorption from the gut 

[18] and calcium mobillzation from bone [68]. The 1-hydroxylatlon of 25-
~ 

HCC Is also the most tlghtly regulated step ln vitamin 03 metabollsm 

16 
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and' will ba, discuss~d below ln greater detal!. 
.. 

The most abundant renal metabolite of 25-HCC Is 24,25-
, 

dlhydroxycholecalclferol (24,25-DHCC) [40]. The 24-hydroxylatlèn reac-

tlon of 25-HCC' Is also catalyzed by a ranal mltochondrial enzyme. 

80th, the 1-hydroxylase (1-0Hase) and the 24-hydroxylase (24-0Hase) 

are cytochrome P450s [22,56,66,139] and belong to the same P450 , 

famlly as the mitochondriaf 25-0Hase in the liver and the adrenal 

mitochondrial cytochrome P450-side chain cleavage [142]. Although the 

serum concentration of 24,25-DHCC ln ~~mal animais is 40-100 times 

higher than 1,25-DHCC [16,50], it Is contr~'v~rsial whether 24,25-DHCC 

exhibits any specifie hormonal actions [40,97]. Other renal metabolites 

of 25-HCC h~e been found, but they are quantitatively unimportant 

and do not exhi bit any bi%gical actlvity [40,97]. 

Regulation of Vitam!'n 03 Metabolism , 

(a) 25-QHase-

The 25-hydroxylation reactlon Is the first metabolic step ln the 

activation of vltamin 03: Andersson and Jornvall [3] reported that the 

. microsomal 25-0Hase Is Identlcal to the 16o(-hyproxylase (16D<-OHase) of 

testosterone, a weil characterlzed male specifie P450. The 16o<-OHase 

Is regulated by the growth hormone (GH) secretion pattern of the 
, 

animal [91,92]. Fema/e rats exhlbit a dlff~rent ~H secretion pattern 

trom males [46J and show very Iittle 16orOHase activlty [3,91,92] or 
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vltamin 03 25-0Hase acti:,ity in their hepatlc microsomes [3]. Even 

though female rats do not exhibit microsomal 25-0Hase actlvity, their 

serum 25-HCC levels are comparable to those in males [38]. Oahl back 

and Wickwall [38] demonstrated that serum 25-HCC concentrations 

correlated wlth mitochondria! activity, but not wlth 

microsomal 25-0Hase activity. It is s P'not known what factors are 

involved in the regulation of the mltochondrial 25-0Hase. 

(b) 1-oHase 

The crttlcal reactlon in vitaml n 03 metabolism is the 1-
1" 

hydroxylatlon of 25-HCC. This reactlon occurs prtmartly ln the kidney 

[51], however bone cells [70] and placenta [133,146] have also been 

shown ta exhiblt 1-0Hase activity. The regulation of bone cell 1-0Hase 

is not know~ and the placental 1-0Hase is under a different regulation 

than the renal enzyme (149]. This short ~eview on the regulation of 1-

OHase activity will concentrate on the renal 1-0Hase. 

The renaJ 1-hydroxylation rbaction is tightly regulated by a num-

ber of endocrine factors. The main regulators of 1-0Hase activity are 

hypocalcaemia, hypophosphataemia, parathyroid hormone (PTH), GH, 

" prolactin (PRL), estrogen and j ,25-0HCC itself. 

Hypocalcaemia stimulates 1-0Hase activity. This stimulation ls 

thought tO be mediated primarily by PTH [52], although sorne studies 
1 

have shown that hypocalcaemia can induce 1-oHase activity Independent 

of PTH [21,136]. A decrease ln serum calcium stimulates PTH secretion, 

which tht.:n acts on the kidney ta Increase 1-0Hase activlty 

18 
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,[39,40,63,74,125]. The' result Is a. rise in s,rum 1,25-D~CC concentra­

tion, which promotes 'an increase in calcium absorption from the gut 

and calcium mobilization from bone (see later section). The resulting 

increase in serum calcium th en feeds back to the parathyroi ds and 
. -

shuts off PTH secretion [39,40,63,97,125), thereby closing ,the loop. 

PTH is a pOlypeptide hormone. In the kidney it binds to plasma 

memb rane receptors, whlch are coupled to an adenylate cyclase [124]. 

PTH stimulates intracellular cAMP production whlch correlates wlth the 
~ 

PTH mediated increase in urinary phosphorus excretion [80,124]. Urr-

nary cAMP and phosphorus excretion are, therefoÇ-e, indices of PTH ac-

tion on the kldney [80). 

In contrast to the immedlate increase ln cAMP productiOfi,-_-the-

effect of PTH on 1-0Hase actlvity takes several hours to occur 

[4,5,64,67). Infusion of bovine PTH into thyroparat~yroidectomized 
, 

(TPTX) vitamln D-deficient' rats stimulated 1-0Hase activity within 6 

hours [67]. This effect was mimicked by infusion of cAMP or di butyryl 

cAMP Instead of bovine PTH [67]. Forskolin, a direct activator of 

adenylate cyclase, can stimulate 1-0Hase activity within 4 hours in 

chick kidney cell culture [64J as weil as in rat renêJ slices ln vitro 

[4]. The effect of forskolin was additive with PTH in chick kidney cell 

culture depending on the concentrations used [64]. In rat renal slices, 

however. forskolin and. PTH were not additive [4]. PTH has a/50 bee.n 
" 

'(1 

shown to stimulate 1-0Hase activity in Isolate-d mitochondria from 

guinea plg kidney [75]. This effect was rapid and peàked after 15 

minutes of incubation [75]. The mechanism of this ,In vitro stimulation 
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of 1-0Has,e actlvity by PTH was, however, not determined: 

The product of the 1-hydroxylation reaction, 1,25-DHCC, can act 
o , 

on the kidney to decrease its own synthesis [98,130, 134J. This feedb-a~k 

regulation of 1,25-DHCC synthesis is not due to a 1,25-DHCC medlated 

suppression of PTH secretion (see later section), slnce it directly an-

tagonizes \the effect of PTH on 1-0Hase activity in TPTX rats [98]. 

Furthermore, in rat renal slices 1,25-DHCC blocked the forskolrn 

mediated~nduction of 1-0Hase actlvity wlthout blockrn9 the effect of 
-

PTH and fo~ on cAMP production and proteln kinase activlt-y [4,5]. 
, 

Therefore, 1,25-DHCC acts directly on the kidney to suppress 1-0Hase 

activity at a site distal to cAMP generatlon and proteln kinase ac­, 
tivity. It is still unknown how cAMP activates the 1-0Hase. However, It 

has been shown that other mitochondrial P450s are also regulated 

cAMP [142]. 

Hypophosphataemia, induced by dietary phosphorus deprivatlon, 

stimulat~~i-OHase activity independent of PTH [129]. The mechanisni of \, 

this stimulation has been shown to requi re a pituitary factor [57], 

which was identified as GH [58,59]. Other studies have also shown that 

hypophysectomy decreases the constitutive level of 1-0Hase activity 

ln rats [120,147]. In doses that do not affect PTH secretion, human GH 

(hGH) could Increase serum levels of 1,25-DHCC back to normal in 

hypo~hysectomized rats [120]. However, hGH has more lactogenic 

propert:ies than somatogenic properties in the rat [106]. Wongsurawat 

et al. [147] demonstrated 'an effect of hypophysectomy in rats on in 

vitro rena l sllce 1-0Hase activity, which is reversed by administration 
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of rat GH, • a specifie somatogen ln the rat (108), over a period of 10 

days. Bickle et al. (12J failed to see an effect of GH on 1-0Hase 'ac­

tivity. Ho~ever~· ~ey added GH dlrectlY to renal tubules ~ndq.s 
and incubations were 20 minutes long (12J. ,Since GH often reguires the 

production of rnsulin-like growth factors (IGFs) for action [103], 20 
, 

mi nutes may not be enough tlme for GH to exert ani' effects on 1-

OHase activity. 

Insulin has been shown to affect 1-0Hase activi'ty in a Si~ 
manner as GH duri ng phosphate deprlvation of rats. Matsumoto et al. 

[84] demonstrated that streptozotocin induced diabetic 'rats had lower 

constitutive 1-0Hase actlvity and a dlmlnished response to dietary 
\ 

é , 
phosphorus deprlvation. Treatment with insulin reversedc'the effects of 

the di.:ibetic state. The k(dney is one of the sites of IGF production 

" [42]. There~ore, it 15 possible that 1-0Hase activity during phosphorus 

deprivation Is ~egulated by an IGF mediated mechanism, that car;1 al5..o 

be activated by insulin. To date, no su ch mechanism has been 

demoris~{atedl • 

. In mammals pre~ncy and lactation a.ç; physiologie states in 

which the ~m ~static system Is""ïressed •. In pregnancy ~alclum 
is needed for fetal bone development and ~Uring lactation calcium is 

.... 
~red for milk production. These states are also characterized by -

exhibiting a 2-fold increase in serum 1,25-DHCC concentrations and en­

hanced ~testlnaf calcium transport [15,103]. A simple e~Planat!on for 

these ~efvations Is that a decrease in serum calcium 'st-lmulates 

PTH secretion, which then Induces 1-0Hase actlvity. The rise in serum 

21 

• --

) 



o 

} 
(J 

, .. 

• 

1,25-0HCC ÎS then responslble for the increased calcium absorption in 

the gut. How~ver, parathyroicfectomy of lactating rats. does not com-

pletel y abolish the Increase in serum 1,25-DHCC [103]. This suggests 

that I?TH is not the only factor invoived ln regulati ng 1-0Hase ,a<;:­

tivity during lactation. Several reports have since then shown that 

PRL can stimulate 1,25-DHCC production in vivo as weil as in vitro 

[12,J10,121,122]. During pregnancy and lactation PRL 
• 

30-60 fol d [113]. In the rat admi nistratlon a 
. 

dopaminergic agonist that inhibits PRL secretion blocks tHe rise 

in serum 1,25-DHCC and significahtly reduces t 

calcium absorption observed during lactation [110]. Simuitaneous PRL 
\ 

admmistration of bromocryptine treated rats prevents the changes 

seen ~ith bromocryptine alone [110]. Altt:lough ;hese restJ.lts are very 

convincing, Matsumoto et al. [83] did no~ observe a changé in the in 

vivo metabolism of 25-riCC by constant i.nfusion of PRL. The doses of 

PRL used in both studies were approximately the same. However, the 

method of adminiltration of·the hormone wr different. Matsumoto et 

al. . [83] used q constant infusion protocol, while Robinson et al. [110] 

" ( 
treated the rats wïth 2-3 bolus Injections of PRL per day. Since PRL 

Is normally secreted in a pulsatile fashion, the protocol used by 

Robinson et al. [110] may be more physiological. It still remains 

unknown by wb,ft mechanism PRL' activates the 1-0Hasè. 

u . . 
In mammals the effects .of sterolds on vltamm 03 metabollsm ls 

unresolved. cllnÎèal' ~ on human subJects has $~OW~ that' a ~arked 
Increase III serum testosterone levels during male pu.berty has no ef-
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'fect on ser'um concentrations of vltamln D~ metabolltes [74]. In women, 

, 

endogenous estrogen levels fluctuate duriilg 'the menst,rual cycle.' While 

sorne Investigators report a correlation between nigh serum estrogen . 

levels and an increased 'production of 1,25-DHCC [20,60], others hâve 

shown that no correlation exists [10]. An effect of estrogen on the 

metabolism of vitamin D3 in the mammal, parttculè:rly the human, could 

be of great cllnical importance, since osteoporosis, a bone disorder ~r 
( . 

which primarily affects postmenopausal women is a/50 characterized by • 

a 1055 ln endogenous estrogen production [109]. 

e, 
, ~ 

(c) 24-QHase 

The 24-hy~roxylation reaction occurs predominantly in renal 
J 

mitochondrii However, nephrèctomy does not prevent the formation of 
fi 

24,25-DHCC in the body, although the, plasma con.çentration of 24,25-

" DHCC ln nephrectomized r'ats Is lower than ln sham operated rats [54]. 

It was deij!rmined that rat intestine [78], .human placenta [144], rat 

bone C~1I5 [70], rat cartilage and cultured chondrocytes [53] also ex-. .. 
hibit .24-0Hase activity. 

There exists a reciprocal relationship between renal 24-0Hase 

activity and 1-oHase activlty. In effect, when 1-QHase actlvity is 

high, such as durlng hypocalcaemic conditions 'Cinduced by a low calcium 
"",\.-

- ---- ~- ~-

d'et or a vltamin D-deflcient dlet), then 24-0Hase actlvity 15 low 

• [17,99]. 

tlon Is 

In normocalcaemlc or 

low' and 24,~-OHCC 

1 

hyperca/caemic animaIs 1,25-DHCC groduc-, 

Is th,e predominant metabollte of 25-HCC 
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[17,99]. Treatment of vltamln O-defjcient rats w/th 1,25-DHCC over a 5. 

day period, reduced the in vivo production of 1,25-DHCC ~o non-

detectable levels, while stlmulatlng 24,25-DHCC production [130]. The 

1,25-0HCC 'mediated incr~ase ln 24-?5-DHC9 P~Oduction proved to ~ 

sensitive to administration of actinomycin 0 or cycloheximide to the 

animal, if given withln 24 hours of 1,25-DHCC treatment [134J. This 

suggests that transcriptional and translational events are involved in 

the induction of 24-0Hase activity by 1,25-DHCC. 

PTH, an inducer of the 1-0Hase, decreases constitutive levels of , 

24-0Hase activity and also antagonizes the 1,25-DHCC medlated 

stimulation of 24,25-DHCC production [98]. Thyroparathyroidectomy of 

vitam!n 0 replete rats with measurable in vitro renar 24-0Hase ac-

----' 
tivlty, induced the enzyme activity about 2.5 fold over sham ~perated 

rats [131]. The mechanism of action of PTH in regulating urinary phos-

phate excretion and 1 ..... 0Hase activ!ty involves the second messenger 

cAMP. Infusion of PTH or cAM,P, or a su~maximal dose ~of PTH plus 

theophylline (a cycllc nuc\eotide phosphodlesterase Inhibitor) into ~TPTX 

rats, ail inhibite.d 24-0Hase activity [1 ~5J. 

It is not known at what level PTH and 1,25-0HCC interact to 

regulate 24-0Hase activity, but It Is possible that the 2A.-OHase is 

., reg'ulated by a balance between PTH and 1 ,~5-DHCC action. In other 

words, during hypocalcaemia PTH secretion is increased, PTH then acts 

on the kidney to induce 1-QHase activity and suppress 24-0Hase ac-

tivity. The result is an elevation in serum 1,25-DHCC concentration, 

whlch leads to enhanced calcium transport ln the gut. As serum calcium 
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levels increase PTH secretion is suppresserd. The removal of an In-

ohibitory Influence (PT~) and the presence of a stimu/ator (1 ,25-0HCC) 

results in an· Increased 24-0Hase activity. 

It is not known whether ot~er fact&rs are involved in regulating 

24-0Hase. Hypophysectomy increases 24,25-DHCC production, whlfe .GH 

administration to hypophysectomized rats rej/erses the effects of 

h ypophysectomy [48,147]. However, hypophysectomy also decreases 

parath~rold gland functlon, whlch returns upon GH treatment [79, 120J. 

Therefore, the effects of hypophysectomy and GH on 24-0Hase actlvlty 

are probably secondary to effects on the parathyrold Wllands. 

Chronic treatment of vltamln D-replete rats wlth thyroxine (T4) 

increased plasma levels of 24,25-DHCC and decreased plasma levels of 

1,25-DHCC [143]. Consistent wlth thls report Miller and Ghazarran [89] 

demonstrated that dall ~ 1 nJectlons of T 4 or trI lodoth y rani ne (T3) for 

6 days induced renal 24-0Hase actlvity and repressed renal 1-0Hase 

actlvlty. The authors conclude from the study that thyro/d hormones 

affect vitamin 03 metabol/sm e/ther dlrectly or by thelr abll/ty to 

slml..\late bone resorpt!on. A stimulation of bone resorptlon woul d have 

the effect of elévatlng serum calcium concentration, whlch would 

c 
depress PTH secretion, resultlng in decreased 1,25-DHCC and i ncreased 

24,25-DHCC synthesis. This sequence of events has not been confirmed, 

"and the posslbllity still exists that thyroid hèrmones affect rena/ 

vitamin D metabolism direct/y. 

The 24-hydroxylation reaç;tion has been regarded as a deactiva- • 

tiof) pathway for 1,25-DHCC [78]. The product of the 24-hydr~ylation 
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of 1,25-DHCC, 1,24,25-trihydroxycholecalciferol (1 ,24,25-THCC), ·Is 

biologic?lly less active than 1,25-DHtC [69]. , A high 24-0Hase acti'lity 

would work ln two ways to Inactlvate the vitamln D system: (a) by 24-
, f 

hydroxylatmg 1 ,25-DHCC. to produce the less active metabolite; (b) by 

24-hydroxylatlng 25-HCC to produce a ccmpound that, according to 

many investlgators, IS blologlcally inactive (revlewed by Brommage and 

DeLuca, ref.19). This hypothesls is in agreément wlth the data showlng 
~ -~ 

a major ~nvolvement of 1,25-DHCC ln regulatlng Its own ~egradation by 

Induclng 24-0Hase actlvlty. However, 1,25-DHCC is malnly excrete:d ln 

the bile and as a slde-cham oxidatlon product [77J. These ~xcretory 

processes are non-satu rable an d are not regulated b y serum caici um, 

phosphorus, or 1,25-DHCC levels. Although 24-hydroxylase actlvlty IS 

regulated by 1,25-DHCC, it is u-hllkely that a change ln 24-hydroxylase .. 
actlvity Will cause a change ln the excretlon of 1,25-DHCC. 

The presence of the 24-0Hase in renal mltochondrla suggests 

that It is an enzyme that produces a blologlcally Important hormone, 

because other mitochondrlal P450s are usually involved ln hormone 

blosynthesls, rather than thel r degradation [142J, 
~ 

) 

(d) The Effect of Estrogen on Vitamin 0 HYdroxylases ln Blrds 

In birds the egg-Iaying cycle represents a phYSlologic~1 calcium 

stress. The production of the eg9 shell can· requi re as much as one 

gram of calcium in one hour every 24 hours during' the e99 'laYlng 

cycle [28]. Consequently an increase in intestinal calcium transport 

and deposltion of medullary bone occurs ln preparation for the e9g 
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production process (28]. Kenny [73] showed that following ovulation in 

the egg-Iaylng Japanese Quail 1,25-DHCC production is enhanced, even 

at a time before any calcification of the egg shell begins. If ovula-

tlon does not happen after oviposition takes place, then 1,25-DHCC 

production rapldly declines [73]. In female birds estrogen secretion 

increases as the bird reaches maturity and it was propcsed that 

estrogen 
\ 

is responsible for the changes in calcium metabolism during 

reprod~ctlop (28]. A number of stud les have reported that estrad iol 
" 

CE.:) treatme'nt can stlmulate 1-0Hase actlvity ln female birds 

[7,8,9,28,128] and in male blr)\js when grven together wlth testosterone 

[128]. The affect of E2 IS larger in magnitude than that of PTH, and 

the effects of PTH and E2 given' together are additive, suggestmg 

that they act via different mechanisms [9,28]. Pretreatment with 

tamoxifen citrate, an anti-estrogen, prevented the Ez mediated in-

crease in 1,25-DHCC production, but did not affect the induclbllity of 

1-0Hase actlvlty by PTH [9]. This is further eVldence supportlng the 

notion that E2 and PTH act via different mechanlsms. The induction of 

1-0Hase actlvity by E2 happens only in the intact blrd, beeause E: 

treatment of cultured chick kidney cells had no effect on 1-0Hase ae­

tivity [119]. This data implies that E2 does not indues the 1-0Hase 

dlrectly, but actp via an indirect mechanism. Ez is known to stimulate 

t1 synthesls and secretion of PRL and GH [2,30,117]. It is, therefore, 

possible that E2 Increases'l ,25-DHCC production via a pathway that 

involves PRL and/or GH. ihis has; not been determined yet. 

Ez treatment of immature females had no effect on 24-0Hase ac-
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tivity, but in immature males 24-0Hase activity was markedly 

decreased [7]. On the other hand, ,tamoxifen citrate ~timulated 24-

OHase activity in female birds, which was partially inhibited by E2 and 

completely mhibited 1 Oy PTH [9). It Is difficult to assess what these 

data me an ln the context of the norma! hormonal regulatlon of 24-

OHase actlvity. It has not been determined yet whether E2 has an ef-

fect on synth.esis or activation of the 24-0Hase , or whether the ef-

fects are medlated via PTH or sorne other Intermediary factor. 

Ph 

eflnltlon a hormone 15 a substance that IS secreted by ê. 

specifie tissue 1 nto the blood stream and IS transported to othe r 

speclflc tissues, upon whlch a physlologlcal effect IS exerted. Hor-

mones are effective ln minute quantltles and exert thelr effects by 

blndlng to speclflc hlgh afflnlty receptors. Ali these criteria con-

sldered, 1,25-DHCC is an endocrine hormone, wlth the kldney as ItS e'1-

docnne gland for synthesis and secretion. The intestine, bone and 

par'àthyroid glands are th en the major target organs wlth spec,fic 

reeeptors for 1 ,25-DHCC. ,/ 

(a) Action on Intestine 

The most thoroughly investi gated effect of 1,25-DHCC is ItS role 

ln increasing calCium absorption from the Intestine [18). 1,25-DHCC has 

also be6n shawn to inerease intestinal phosphorus absorption [31], but 
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most . studles have eoneentrated on the moleeular meehanlsms of "the 

1,25-DHCC medi'ated Inerease in calcium transport. Autoradiographie 
, 

studles on target tissues for 1,25-DHCC demonstrated evi.dence for a 

nuclear concentration and r;etention of 1,25-DHCC ln the Intestine 
lf 

[126,150] as weil as other tissues [126J. Using chlck emb ryonic intes-

tinal organ cultures it was then demonstrated that the intestinal cal-

cium transport in response to 1,25-DHCC is blocked by RNA and proteln 

synthesis inhibitors [49]. These studles provided strong evidence for 

a nuclear mechanism of 1,25-DHCC action, similar to classical steroid 

hormone action on gene expression. In other words, 1,25-DHCC acts on 

specifie genes that code for proteins involved ln calcium transport in 

the Intestine. A ~ytosolic receptor for 1,25-DHCC has been found in 

the intestine, which upon binding of 1,25-DHCC translocates to the 

nucleus [137]. The avian intestinal 1,25-DHCC receptor has deI! 
charactenzed an d wned [86]. ( 

An important discovery in the vitamln 0 field was the identifica-

tion of a vitamin D-dependent calcium binding proteln in the gut (CaBP) 

[141]. Si nce then a number of vltamm D-dependent CaBPs have been 

found ln the intestine and varrous other tissues [97]. Initially it was 

thought that the intestinal CaBP Is Involved in the calcium transport 

process. Corradmo et al. [34] showed that adding CaBP to intestinal 

mucosa, deficient in CaBP, Ihcreased calcium transport ln these cells. 

Taylor [135] demonstrated CaBP specific immunofluorescenee over ab-

sorptive cell cytoplasm. However, other Investigators demonstrated 

• 
that l,25-DHCC mediated intestinal calcium transport occurs at least 2 
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hours before CaBP can be detected Immunologically and at least 1 hour 

before protein synthesis occurs on the polyribosomes [123]. Also, 

'rachltlc chicks require the presence of dietary calcium for" a maximal 

stimulation of CaBP production by 1,25-DHCC [123]. These data sug-

gested that CaBP IS an intracellular protein whose synthesis is in-
j 

creased as a consequence of raised intracellular calcium content. 

Therefore, Spencer et al. [123] proposed that CaBP acts as a buffer 

for intraceIJular calcium, permltting a continued 1,25-0HCC mediated 
") 

calcium absorption. CaBP has been cloned [43] and an increase in its 

mRNA by 1 ,25-~C administration has been observed [46]. Further 

studies will be required to determine what the exact function of CaBP 

is. 

(b) Action on Bone 

Vltamin 03 has two major actions on bone: (a) mineralization of 

bone, whlch Is characterized morphoJogically as a decrease in the 

amount of osteoid, when vltamin 03 is administered to rachltic animaIs; 

(b) bone resorption, which is manlfested as a decrease in bone minerai 

and matnx content [125]. Vitamin 0 deficiency leads to bone disorders 

such as rickets during growth and osteomalacia ln the adult [39,125]. 

This is due to the hypocalcaemla and decreased' bone mineralization 

that accompanies vitami n 0 deficiency [125]. Ingèstion of high doses of 

vitamin 0 can result ln vltamin 0 toxicity, one of its characterlstlcs 

being excessive bone resorption, without a corresponding Increase in 

Qone minerallzation [125]. 

., 
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Bone is a high/y c6mplex trssue that consfsts of a number bf 

difftrent cell types. The osteoblasts are the bone forming cells and 

have been own' to exhiblt recep;tors for 1,25-DHCC [32] and PTH [116]. 

Although known to have a variety of effects on os-

teoblasts, he mechanisms~of 1,25-DHCC mediated bone mineralizatlon is 

still poorly understood (95J. 

Bone resorptlon is mediated by another cell type, the os­

teoclast. PTH and 1,25-DHCC are the ,major bone resorbing horm6nes 

[95,125]. In tact they requi re the presence of one another in order to 

be active [26,55] .. Osteoclasts, however, exhibit neither 1,25-DHCC [93] 

nor PTH receptors [116]. IS01ated mature osteoclasts also do not 

respond to 1,25-DHCC [29J. One hypothesis that has been put forward 
. 

is that PTH and 1,25-DHCC mediate osteoclastic bone resorption via 

another cell type, possibly the osteoblast [111]. Recently, it has been 

shown that PTH mediated, osteoclastic bone resorption ln vitro 

requi res the presence of osteoblastic cells [87]. Alone, neither 05-

teoclasts nor osteoblasts are able to respond to PTH with bone 

resorption (87]. 

Another line of research has also shown that mononuclear 

phagocytes, the postulated precursor cells that differentiate into 

pre-osteoclasts [95], !respond to 1,25-DHCC by enhancement of ce Il 

maturation and phagocytic activity [11]. 'Therefore, the exact mechanism 

of 1,25-DHCC mediated bone resorption is not completely understood. 
\ 
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(c) Action on Other Tissues 
1 

Thë_ parathyroid glands have for a long time· been suspected of . ~ 

being a target organ for 1,25-DHCC. Since PTH is a stimulator of 1,25-

DHCC production, it qeems plausl ble that 1,25-DHCC regulates PTH 

secretion by a feedback mecl'fanism. In fact, 1,25-DHCC can suppress 

the secretion of PTH in intact animais [23,25] as weil as in bovine 

parathyroid cells in culture [24]. This study also showed that PTH 

secretion elosely parallels levels of pre-pro PTH mRNA. It was then . -
determmed that 1,25-DHCC acts on the parathyrolds by suppressing 

transcription of the pre-pro PTH gene [112]. 

The hepatlc metabolism ~f vltamin D3 has been determlned to be 

affected 'by 1,25-DHCC [61]. Dletary supplementatlon of vitamln 0-

deflclent rats wlth 1,25-DHCC resulted in a deerease in clrculating 

levels of vftamin D3 and 25-HCC and an inerease in more polar" metabo­." 
lites [61]. This sug;es~ that 1,25-DHCC accelerates the in vivo me-

tabolism of vitamin D3 and 25-HCC. 

The kidney has also been shown to be a target organ for 1,25-

DHCC. Besi des inducing renal 24-0Hase actlvity, 1,25-DHCC has also 

been fmplicated in increasing renal calcium [62] an'cj phosphate reab-

sorption [107]. There Is no doubt that other tar-get organs for 1,25-

DHCC will be found, especially in light pf finding vitamin D-dependent 

Ca8Ps ln a variety of tissues [97] and having specifie binding and 

retention of radioactive 1,25-DHCC in different organs as seen by 

autoradlography [126]. 
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(d) Evidence for a Biologlcal Role of 24,25-DHCC 

The 24-oHase catalizes the formation of 24,25-DHCC. Although 

this metabolite of 25-HCC is quantitatively more important in nérmal 
'" 

animais than 1,25-DHCC, its role as a hormone is not as clear as for 
1 • 

,1,25-DHCC. Tanaka èt al. [132] used 24,24-difluoro 25-HCC, a compound 

that can be hydroxylated in the 1-position but not in 'the 24-position, 

ta test whether the 24-hydroxylatlon IS important for vltamin 03 ac-

tian. The results showed that there was no slgmficant difference be-

tween the action of the dlfluora compound and 25-HCC in vltamin 0-

deficient rats with, respect to intestinal calcium transport, calcium 

mobilization trom bone, healing and mlnerallzatlon of rachltlc bone, 

elev/tin g serum phosphorus and preventlng rachltogenesis [132]. They 

co~cluded that the 24-hydroxylatlon of 25-HCC is not Important for 

any of the effects attributed to vitamln O. 

On the other hand, studles have shown that 24,25-0HCC, in 

physiological doses, can effectlvely suppress PTH secretIon in the dog 

[23], in the goat [25], and ln bovine parathyroid glands ln vitro [33]. 

Although 1,25-DHCC is more effectIve in suppressing PTH secretion in 

bovine parathyroid glands in vitro [33], it was concluded by ail these 

studies that 24,25-DHCC, by virtue of being the predominant metabo-
, 

lite in the norme- and hypercalcaemlc state, plays an important role 

in the inhibition of PTH secretion [23,25,33]. In contrast, Dietel et 

al. [44] found no effect of 24,25-DHCC on PTH secretion ln porcine 

parathyroid ,glands and ln human parathyroid adenomas ln organ cul-
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ture. 

Corvol et al.[35] presented biochemical evidence for an action of 

24,25-DHCC on chondrocytes. In physiological concentrations 24,25-DHCC 

Increased the incorporation of radioactive sulfate into proteoglycans 

[35]. Subsequeot studies, using thè same model, demonstrated Increased 
, 

DNA polymerase activity in response to 24,25-DHCC [36] and a speclfic 

nuclear uptake of (3H] 24,25-DHCC in- chondrocytes [37]. In both 

studles 1,25-DHCC had simllar effects in the same dose ran~~ The 

authors concluded that 24,25-DHCC can act ln the same manner as 

1,25-DHCC and other sterold hormones. 

Effects of 24,25,-DHCC on bone were also reported. 24,25-DHCC 

was observed to prevent bone resorptlon in nephrectomlzed and neph-

rectomlzed parathyroidectomlzed hypocalcaemlc rats [101]. A direct ac-

tion on osteoclasts was excluded as the mechanlsm of action [101]. 

Rather, 24,25-DHCC was postulated to act via osteocytes, or by in-

hlbitlng cell activity [101]. Ornoy et al.[100] and Endo et al.[47] have 

demonstrated that 24,25-DHCC is requi red for proper bone formation ln 

chicks. Both stud ies showed that although 1 ,2~-DHCC is the Important 

hormone for increasing serum calcium and phosphorus levels, a com-

bination treatment of l,25-DHCC or 1-HCC with 24,25-DHCC was most ef-

fective ln curing rachitic lesions and causing bone mineralization 

[47,100]. Recent evidence f"- a role of 24,25-DHCC in the regulation 

of bone formation and miner~on stems from the finding that ad-

minlstratlon to vitamin D-deficient rats of 25-HCC or 24,25-DHCC, but 

not 1 ,25-DH ~C, restored the 1 i near rate of bone ml neral apposition 
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• ~AR) tc? n~al [127J. Thyroparathyroldectomy aboli shed the effec~ of, 

24,25-0HCC, but simultaneous administration of PTH and 24,25-DHCC to 

vitamiri D-deflcient TPTX rats restored the BMAR to normal [127].' T/:1ese 

results demonstrated that PTH and"24,25-0HCC can -act in concert to 

regulate bone formation and mineralization. 

To date, conclusive evi dence for a 24,25-DHCC receptor is la.ek-

i Ing. 24,25-DHCC has been observed to aècumulate in fetavat bones 

~6] and in chick callus tissue, after experimental fracture, at a tlme 

" coinclding wlth cartilage synthesis [81]. Furthermore, long bones of 

new born rats exhlblted speclfic hlgh afflnity binding sites for 24,25-

DHCC [118]. Long bones from new barn rats consist predomlnantly of 

cartilage. It was, therefore, suggested that these blnding sites are 

located ln the chondrocytes 'and that 24,25-DHCC is Involved in the 

regulation of cartilage synthesis [118], as has been suggested by , 

other studles [35,37,81 J. 

In summary, eVldence for a spec,lfic blologlcal action for 24,2Ô-

DHCC is controversial. Although the results obtained with 24,24--,. 

'dlfluoro 25-HCC are C'onvinctng data against a blologlcal role for 

24,25-DHCC, other studies have equally convincing data supporting a 

role for 24,25-DHCC ln suppressing PTH secretion and in the synthesis 

of cartilage and bQl1e. Conclusive demonstration of a 24,25-DHCC 

receptor that interacts with DNA, or sorne form of second messenger 

system, is needed to prove that 24,25-DH~C Is an important hormone. 

Another' criteria for 24,25-DHCC being a hormone is that its syn­

thes~'Js tigbtly regulated. So far, the regulat~çn of the 24-QHase Is 
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shown to be seeondary to thM' df the' 1-OHase. In effect, the produc-

J 

tlon 9f 1,25-:0HCC is responsible for Indue/ng 24-QHase activity. 

Ob lectlve of Study' 

The molecular mechanisms Învolved in the induction of 1-0Hase' 
l 

and 24-0Hase activity are unknown. (t Is not clear whether the in-

creased ~nzyme act/vities are due to de novo enzyme synthesis or due 

to the activation of pre-existlng enzyme. The Ind uction of several 

hepatic microsomal P450s by phenobarbital, pregnenolone 16 
• 

-carbon/trile and 3-methylctlolanthrene involves an Increase in total 

hepatic microsomaJ P450 and an accu,muJatlon of the respective mRNAs 

[102,114,138]. The renaJ mitochondriaJ P450 content does not change 
, 

when rats are made vitamin O-deficient, despite large <:j:hanges ln renal 

vitamin 0 hydroxylase activities [139]. However, It is not known what 

proportion of renal mitochondrial P450 Is made up of 1-0Hase or of 

24-oHase enzyme. 

• The production of molecuJar probes, such as speclfic polyclonaJ 

or monoclonal antibodies, against the renal vitamln 0 hy~rO'XYlaSeS 

would allow us to quantify the Individual enzymes. These molecular 

tools would also allow us to determine whether transcriptiona!, trans-

latlonal or post-translational events are Involved in the induction o,f l 

enzyme actlvities by various treatments. 

The objective of this study is to Identify conditions under which . 
1-DHase Ilctivity and 24-QHase activity are consistently hlgh ln an ln 
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vitro assay system. - The purpose' of th/s Is to obtaln mltochondria 
, 

wlt~ elther hlgh 1-oHase ~r hlgh 24-oHase aetlvity, from wh/ch ,the en-, 
~ 

zrmes can be Isolated and purlfled. Specifie antibodles to the 1-0Hase 

and 24-QHase can then be produced, in order to study the regulation " 

of vltamin, 0 metabolism at the molecular level . 

• • 

, , 
", 

, 0 



'"' 

o 

o 

. J,_. ,- .. .,"" . 
._- ........ 
f·r, ", '.-,'" .. > :"':" , :(.(~'!~.:;V-~·f·~"P'J~,;'~-'~. "' - 1 

RE9UL T9 and DISCUSSION 

Age Related Changes ln Renal Vltamln D 'Metabolism 

Renal vltam/n 0 hydroxylase activit/es can be changed by dietary 

manipulatlOITS'i Rats raised on a diet with adequate caicium, phosphorus 
.. " 

and vitamin 0 content 
. 

have measurable, 24~pHase activity and non-

detectable 1-<yase activity in their ren,:1 mitochondria. -Rats that are 

weaned 0y vitamin D-deficie~t, low calcium diet have measurable 1-

OHase activity and non-de1ectable 24-0Hase aCjivity in their renal 

mitocflond ria. 

~NormaG1male Fats exhlbited an age related increase. in 24-0Hase 
L 

actl vit'y [Ch.r]. The enzyme actlvity was lower in 2-4 week old rats 

than' ~n 8 week 01 d adult rats2• It was not petermined at w hat tlme 

point adult levels of 24-0Hase' activlty were reached, but it must 

have occurred after 30 days of age. The mechanism of this inductipn 

Is not known, but age related changes in. other forms of hepatlc and 

renal microsomal P450s do occur [94]. The signiflcance of the change 

in enzyme activity with age can a;t 'this point not be evaluated, since 

, it is still debatable whether 24,25-DHoé··'I.."'~ a biolag/cal functlon. \. 
.-/~ -

First. generation vitamin (j)-deficledt (G1) female rats did not ex-

hibit an age related change in ('en al mitochondrial 1-0Hase activlty 
, 

[Ch.II]. Young (5 weeks old) rats had measurable 1-0Hase actlvity and 

no 24-0Hase actlvit)? Adult rats (8-30 weeks old) had a hlghly vari-

. " , able 1-0Ha~~ activity, which on average was not si gnifi~n'tIY dif~erent 

from young rats. ~Th~ mechanism of induction af 1-0Ha~ activity is 
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likely tg InvQlve PTH. While the adu'/t rats were hypocalcaemic, 

hypopt\csphataemic and hyperparathyroid, the young rats had normal 
, . 

serum coneantrations of calcium and phosphorus, bùt serum PTH levels 

~were slightly elevated (Ch.II]. Serum PTH levels were determmed using 

the mld-moleeule radiolmmunoassay (RIA) for PTH. ,_ThIs assay has ItS 

lImitatIons, srnc~ It does not measure blologically active hormone. The 

fact that the young rats exhlblted measurable 1-0Hase actl'llty and 

increased urlnary e~cretlon of cAMP, tndlcated that they were effec-

tlvely hyperparath-yrold. 

Second generatlon vltamtn O"'-deficlent rats (G2) exhlblt an rnq:juc-

tlOn of 1-0Hase actlvity at the tlme of puberty [140]. The enzyme ac-

tlVlty becomes non-detectabfe after 65 days of age, whlch correlates 

wlth the loss of Pl'H sensltl vit y (90,140]. At no tlme dl d any of the Gl 

rats. dlsplay PTH\ reslsté\nCe, as measured by thelr urtnary cAMP e.;cre­

tlon [Ch.II]. Ther~ore, the i nt-t~al development ~f hyperparathyrol dlsm 

was probably responslble for the appearance of 1-0Hase actlvlty ln G1 

rats .. 

1 
Effects of Fastlng on Vitamin 0 Metabolism 

In an attemptrto determlne whether vltamln 0 metabollsm is al-

tered on a day ta day basls, accordtng to the bodies' need for cal-
1 

clum 'and. _phosphorus, normal rats were deprlved of food for 24 hours 

and renal mltochondrial vltamrn D hydroxylase actlvltles were measured 

P [Ch.I]. At no time was any 1-oHase activity detectable in normal rats. 
\,.. 

Fasttng for 24 hours induced 24-0Hase actlvity 2-3 foid in adult as 

, 

39 



·.i':~~-. 

" 
,\ ,. ~ 

o 

... , .. , . .:. \l·~~fi: :·~·rl\\,~.~·~·~"'-'e:,I:~ .. ,:' ~ .. ~.t:~~~"'::;~~ .. ~."~~~~;'it); ~ \ 
. ....' 

weil as young rats. 
1 

This finding was unexpected ln light of what is 

known abotlt vitamln 0 metabolism. Food deprivation in effect ls equÎ'I-

aient to the removal of dietary calcium and phosphorus. In order to 

satisfy the animais requirement for calcium and phosphorus, bone 

resorptlon must take place. Therefore, fasting should increase PTH 

secretion and possibly 1,2&-~CC production, since both are patent 

bone resorbing hormones. Howev~r, neither serum PTH nor serum 1,25-

DHCC concentrations SI gnlflcantl y chan ge wlth fastl n g [Ch.!]. 

There ar~ 3 POSSlbllitles that could explaln the observed 

phenomena: (1) The effective levels of PTH were hlgher than determrned 

by the mld-molecule RIA (In effect, bone resorptlon takes place wlth 

small changes ln serum PTH levels, that cannot be detec:ed by the 

used methodology); (2) The Induced 24-0Hase actrvlty Increases serum 

levels of 24,25-DHGC, W hlch then acts as a calel um regulatl n 9 hormone; 

(3) There Is some un k now n mechanlsm at work. In man 24,25-DHCC has 

been show n to i nerease 1 ntestl nal caici um absorption [72]. However, 
-.;;q,. 

fasted rats had no dletary calel um i ntake. Bone resorptlon has been 

shown to be rnhlblted by 24,25-DHCC [101]. Therefore, scenario (2) IS 

unlikely t9 occur. It remains a distinct posslbllity that the effective 

PTH levels are Inereased (1). In order to test thls hypothesls further, 

a PTH assay that deteets blologicall y active hormone woul d have to 

be used in these experiments, and bone resorptlon would have to be 

measured in fasti n 9 rats. 

\ 
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Mechanlsm of 24-oHase Induction 

Hormones that have been shown to influence 24-0Hase actlvity 

lnclude thyroid hormones [89,143], PTH [98,134], pituitary hormones 

(48,147] and 1,25-DHCC [98,130,134]. Thyroid hormones are unHkely to be . 

i nvolved in the stimulation of 24-0Hase actlvlty by fasting, SI nce 

their serum concentrations ar-e reduced ln starvatlon [105]. A remove.! 

of an inhibitory) influence on 24-0Hase actlvlty by PTH can also be 

ruled out, SI nce parathyrol dectomy dl d not p revent the respctlse te 

fastlng ana fed PTX rats exhlblted an enzyme actlvlty not slgnlflca'ltly 

different from Intact fed rats [Ch.I]. 

Simllarly, pttuitary hormones can aise be ell ml nated as pCSSI b le 

medlators of the 1 nductlOn of 24-0Hase actlvlty by fastl ng, SI nce ar; 

Increase ln enzyme actlvlty was observed in hypophysectomlzed rats 

[Ch.r). 

A hlgh dose (2.5 nmol) of 1,25-DHCC stlmulated 24-0Hase actlvlty 

withln 10 hours in normal rats [Ch.I]. If 1,25-DHCC 15 l'wolved ln the 

effect of fastlng on~24-0Hase actlvity, then serum levels of 1,25-

DHCC shou 1 d rise wlthln 10 hours of food removal. However, serum 1,25-

DHCC did not signlficantly change withln that tlme penod [Ch.!), sug-

gesting that the induction of 24-0Hase activlty by fasting is indepen-

dent of 1,25-DHCC. 

Serum 1,25-DHCC [88J and 24,25-DHCC [148] concentrations °follmv 

a diurnal rhythm. Both the light/dark cycle and the time of feeding 

can act as synchrbnizers of a diurnal rhythm [148]. It is not known 

whether a connection exists between the diu~al rhythm of 24,25-DHCC 
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production and the induction of 24-0Hase activity by f:::>od dep!"'ivat!~n. 

The blologlcal significance of this enzyme regulatlon by food in-

take is not uhderstood, malnly because the exact biologlcal rcle of 
\ 

24,25-DHCC IS not known. The findmg th-at anorectlc girie: also e,,:h!blt 

elevated serum levels of 24,25-DHCC [1] confl rms that- starvatlon car. 

Induce a change ln vltamln 0 metabcllsm. 

Induction of 1-QHase Actlvlty Durlng Lactation 

In the present Investigation It was shown that rena! 

mltochondrlal 1'-OHase actlvlty ln G1 adult femaie rats IS ,nduced by 

lactation [Ch.II]. The enzyme aC"!:lvlty ln lactatlng rats IS consistetltly . ' 

hlgh, regardless of the age of the rat or the length cf the lac:a-

tlonal perfoct. The ..l-OHase actlvlty ln non-Iactatlng G1 females was 

hlghly variable. Although some non-Iactatlng females exhlblted ac-

tlvltles equlvalent to values obtalned for lactatlng rats, on average 

lactatmg rats had a 3-4 fold hlgher 1-0Hase actlvlty. 

Lactatlng rats have been shown to exhlblt elevated serum leveis 

of 1,25-DHCC [15,104]. Therefore, the present flndlngs I .. ere nQt U'lex-

pected. The mechanlsm of 1-0Hase induction, however, is not clear. 

Lactatlhg and non-Iactatlng rats were hypocalcaemlc, hypophos-

phataemic, hyperparathyrold and PTH sensitive, as determmed by t~ 

increased ·urJnary excretion of cAMP [Ch.II]. It is, therefore, unllkely 

that PTH, hypocalcaemia and hypophosphataemia alone mediate \he 

stimulation of 1-0Hase activity during lactation. Sorne other factor 

present during lactation may be responsi ble for the observed enzyme 
! 
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Induction. PRL is known ta stimulate 1,25-DHCC production in vivo 

[110,121] as weil as in vitro [12,121]. In this investigation, 24 hours 

after Utter removal, a procedure known to decrease serum PRL levels, 

1-0Hase activlty was stl!! elevated [Ch.!I]. It was not deternined 

whether a Icnger perJop after litter remo'lal is necessary for the 1-

OHase actlvity to decrease, Slnce the enzyme half-life IS not known. 

Therefore, It coul d not be demonstrated w hether a lactatlcnal factor 

plays a role ln the Induction of renal mltochondrlêl 1-0Hase act 'lIt Y 

dunng lactation. 

General Summary 

Normal adult (8 weeks old) rats exhlblted 24-0Hase aC:lvlty ln 

thelr renal mltochondrla whlch was hlgher than the actlvlty dlsplayed 

by pre-puberta/ (2-4 weeks o/d) rats. The 24-0Hase actlvlt; l'las In­

duced by food depnvatlon for 24 hours, regardless of the age of the 

animaI. The mechanlsm of thls Induction IS not clear, but It is Inde­

pendent of PTH, pltU/tary hormones and 1,25-DHCC. 

Adu/t (8-30 weeks o!d) G1 fema/es had vanable 1-0Hase actl'/ity 

in thelr renal mltochondria, whlch on average was not slgnificanlty 

different from the activity seer;( in young 5 week old rats. The 1-

OHase actlvlty was stlmulated dunng lactation. The mediators of this 

induction could not be identified, but it is suspected that sorne fac­

tor other than PTH, hypocalcaemla and hypophosphataemia is respon­

sible. 

ThiS investigation has demonstrated conditions under which renal 
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o .'mitochondrial vitamln 0 hydroxylases are easily and rapidly stimulated. 

It is not known whether the descrlbed phenornena are due to a post-

-
translational activation of the -enzymes or 'whether translatlcnal 

and/or transcriptional events are involved. The informat.on presented 

here can be used to prepare renal mitochondria wlth induced 1-0Hase 
, ..... f 

or 24-0Hase activlties, from whlch the enzymes can be punfied and 

studied at the molecular level. 
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o FOOTNorES 

While writing this thesis, new data has been published that is 

relevant to this thesis. Footnote (1) refers te an article that 
} 

presents evidence implicatlng somatomedin C in the stimulation of 1-

OHase activity dUring hypophosphataemia. Footnote (2) refers to al'1 

article demonstratmg an effect of age on 24-0Hase and 1-0Hase ac-

tivity. Their results show an increase ln 24-0Hase actlvity and a 

decrease in 1-0Hase actlvity with an Increase in age. The hydroxylase 

activity measurements were taken startlng wlth 2 month old rats and 

endlng wlth 24 month old rats. 

(1) Gray RW (1987) EVidence that somatomedlns medlate the effect of 

hypophosphataemia t-o" increase serum 1 ,25-dlhyd roxyvltaml n 03 levels 1 n 

rats. Endocrl ne!. 121: 504-512. l 

(2) Ishida M, Bulos B, Takamoto S, Sacktor B (1987) Hydroxylatlon of 

25-hydroxyvltamin 03 by renal mltochondria from rats of different 

ages. Endocrino!. 121: 443-448. 

\ 
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SUMMARY 

... 
Changes ln renal mitochondnal 25-hydroxycholecalciferol 24-

hydroxylase (24-0Hase) activity a"l) a function of age and duri ng fast­
} 

ing and refeedmg was examined. 

In adult male rats (8 weeJ<s old) th,e level of 24-0Hase activlty 

in renal mitochondna expressed as pmol 24,25-dl hyd roxycholecalciferol 

(24,25-DHCC) produced/g kldney/30 minutes was 103 ± 9.5. Between t'NC 

1 

and four ~eeks of age the actlvlty was 40-50% of the adult control 

actl vit yi, . 

Fastlng of 8 week 01 d rats for 24 hours 1 ncreased the 

24-0Hase actlvlty 3 fold ta 268 + 29 pmol 24,25-0HCC/g kldney!30 

min. These elevated levels of enzyme actlvlty were mamtamed 

throughout a fastrng period of up to 32 hours. Wlthln 10 hours of 

refeeding of rats, which had been starved fot:' 24 hours, the 24-0Hase 

activity returned to normal. Fastln9 of 3 week-old rats also 

resulted in a 3 fold increase in 24-0Hase actlvity. 

Nelther parathyrold hormone (PTH) nor pituitary hormones appear 

to mediate the increase in enzyme activity in response to fasting, 

since the increase in enzyme activity during fasting was not abolished 

by parathyroidectomy or hypophysectomy. Furthermore, no changes in 

serum concentrations of cal ci um, phosphorus and PTH were detected 

during starvation. 

Wlthin 10 hours of administering 1,25 dihydrixycho,lecalciferol 

(1,25 DHCC) 24-0Hase activity is Induced 10 fold. Food deprivation for 
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o 3 and 10 hours, however, dl d not change serum 1,25 DHCC 'concentra-

tlons. 

We conclude that the 24-0Hase is regulated in vltamin D replete 

rats as a functlon of age and ln response to food intake. The 

mechanlsm of thls regulation is unknown, but these changes ln 24-

hydroxyfase actlvlty suggests sorne physlological role for 24,25-DHCC. 
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INTRODUCTION 

"-

Two major mt\tabolltes of 25-hyd roxycholécalciferol (25-HCC) are 

produced in renal mitochondrla. These are 1 ,25-dlhy,d roxycholecalclferol 

(1,?5-DHCC) and 24,25-dlhydroxycholecalciferoJ (24,25-DHCC) [10,2Oj... In 
'''-

normal rats with adequate calcium, phosphorus and vitamin 0 intake\ 

24,25-DHCC Is the predominant renal metaboJlte. Dunng perlods of caI-
o / 

Clum, phosphorus or vÎtamln 0 deprlvation 1,25-DHCC predcmtnates 

[2,28]. The hormonal actions of 1,25-DHCC ln facilltatlng calcium, and 

phosphorus absorption from the gut (3,7] and osteoclastlc bone 

resorptlon [13] are weil documented. The blologlcal role of 24,25-DHCC 

is less clear. !ts effects on bone formation (12,19,21,22,27] and PTH 

secretion [5,6,8,11,31] are still controversial. Putative receptors for 

~ 

24,25-DHCC have been found ln chondrocytes [9], fetal bone and limb 
.; 

• 
~bud mesenchymal cells (26], and in parathyroid glands (17]. 

If 24,25-DHCC has endocrine functions, its synthesis sh6uld be 

regulated in response to the body's need for Its action. So far the 

only hormones known to stlmulate the 24-0Hase are 1,25-DHCC (29] and .. 
thyroid horn:one [16]. We now report evidence that regulatlon cf the 

24-0Hase activlty changes wlth age in rats and that activity also 

changes as a function of food i ntake. 

EXPERIMENTAL 
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AnimaIs 

Intact and parathyroidectomized male Sprague Dawley rats (14-30 
t 

days old and 8 weeks old ) were purchased from Charles River 

(Canada) and maintained on a normal diet of Purina Rat Chow. For 

starvatlon experiments the food was removed from the rats at 10 am, 

whlle water was still available ad libitum. The rats were anaes-

thesized wlth ether and killed -by exsanguination at 10 am or at 6 
\ 

pm the following day. For treatment wlth 1,25-DHCC rats were !r.Je::ed 

with 2.5 nmoles of the the hormone at mldnight and were sacrtflced at 

10 am the followlng mornlng. 

--1 

Materials 

25-hyd roxy (26,27-[3H]) cholecalciferol (20.6 C I/mmol), 1,25-

dl hydroxy (26,27-[3H]) cholecalciferol (130-180 CI/mmol), and 24,25-

di hydroxy(26,27-[3HJ )cholecalclferol (130-180 CI/mmol) were purchased 

from Amersham and were purified by high performance Ilquid 

chromatography (HPLC) prlor ta use. Nonradloactlve 25-HCC was a g~ft .' 
from Hoffman- L3. Roche an d nonradioacti ve 1,25-DHCC was a glft from 

Duphar B.V.,' Amsterdam, Holland. 

Renal Mitochonprial 24-oHase Assay 
~ -

Kidneys were homogenized in 10 vblumes (w/v) of ice cord 0.25 M 

sucrose using a Brink[J1an Polytron PT10-35, fittea with a PT20 probe, 

for 5 seconds at speea setting No 5. 'Crude mitochondria were 

prepared by dlfferertial 'centrifugation. The nucl,ear fract)on: wàs 
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o removed, by centrifugation ât: 1000 x 9 for· 10 rt:Iinutes.", The 

mitochondrial fraction was obtaine,d by centrlfuging the postnuclear 

fraction at 10000 x 9 for 10 minutes. The mitochondrial pellet was 

resuspended -in 20 mM Hepes buffer, pH 7.4, containing 125 mM KCI, '2 

mM MgCI2, 10 mM succinate" 0.25 mM ED:rA and 1.0 mM DTT,at a con-

centratlon of 0.5 9 of original kidney weight/ml of buffer. 

Mltochondrial 24-0Hase activity was measured according to Vieth and 
• 

Fraser (32]. One ml of homogenate 'lias incubated in the presence of 

500 nM [3H] 25-HCC (400-800 cpm/pmol). After incubation at 37" C for 

30 minutes the reaction was stopped by _addition of 5 ml of 

'chloroforrn-methanol (-2:1). In the ori gi nal methdd 'oy ~ieth and Fraser 

[32] the incub~tion was performed at a ~ower temper~ture and for a 

shorter time period. We have determine~that similar values were ob-

tained using either Incubation method~ The mixture was then vortexed 

and the phases separate,d by centrifugation. The organic phase was 
, 
" 

removed and the extraction repeated. 

Identification of 24,25-DHCC " 

, 

The pooled organic extracts from the incuba~ons were dried un-

der nitrogen and vitamin D metabolites were separated by HPLC on a , 
, 1 

Zorbax Sil column (Dupont Co.), by elution with hexane-isopropanol (9:1) 

or on an Ultrasphere- ODS column (Beckman Instruments, Inc.), eluted 

with methanol- water (4:1). 24,25-DHCC and 25-HCC werè 1 dentlfled by 

their co-elution with radio/abel/ed standards. Since the resolutlon be-

tween 2p-HCC and 24,25-DHCC was not Ideal using the Zorbax Sil sys-
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tem, the Identity of 24,25-DHCC eluted from this column ~as further 
1 . 

confirmed using the l,lltrasphere- ODS sYf3tem and by ,sodium 
'. 

metaperiodate cleavage performed according to Tanaka, Lorenc and 
, 

DeLuca [30]. Vitamin 0 metabol ites wfire qua'1ti~ated by liquid scmtil-

lation counting. 

Measuremen~ of serum calcium and phosphorus 

Blood was co"ected from rats anaestheslzed wlth ether. The 

blood samples were left to clot for 2 hours at room temperature and 

then centnfuged at 5000 x 9 for 20 minutes, C~cil.!m and phosphorus 

concentrations were determlned uSJng specific diagnostic kits from the 

Lancer division of Sherwcod Medical, St.Louis, Mo. 

S~rum PTH Levels 

Serum PTH was deterrnined u~ing the midmolecule RIA kit from Im-

muno Nuclear Corporation, Still water, MN. \ 

Serum 11 25-DHCC Concentrat;i.ons 

Food'was removed from 8 week old rats at 6 pm and at midnight. 

Blood was collected 3 hours and 10 hours later respectively. Serum 
" 

1,25-DHCC concentrations were determined using a radloreceptor assay 
, 

from Immuno Nuclear Corporatlon- St,:lr, Sti"water, MN. 

f' 

Statistical Analyses • 

Statistlcal comparisons were performed usi ng Dunnett's test. The 
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results are expressed as means + standard errors. 

RESULTS 1) 
Effect of fOO~rtVatlon on 24-oHase n,,;tlVlty 

~I mltochondnal 24-0Hase act,vlty was meas .... red ln 
"l 
~ 

adult rats malntalned on normal rat chow. The enzyme,actlvlty ln fec 
" 

animais was 103 ± 9.5 pmol 24,25-DHCC/g kldney/30 min. Starva1:lon of 
, 

these rats for 24 hours Increased the 24-0Hase act,vlty ta 268 ± 29 

pmol 24,25-DHCC/g kldney/30 min. Figure 1 IS an example of an HPLC 

elutlon profile of the chloroform-methanol extract after incubatlng 

[3H] 25-HCC wlth renal mltochond ria from a fed and ~ starved rat. The 

main metabollte, 24,25-DHCC, was Identlfled by Its co- elutlon with 

radioactIve standard 24,25-DHCC on two HPLC systems (Flg.la, Flg.lb). 

Sodium penodate cleavage resulted in tl1e disappearance of 100% of 

the 24,25-DHCC peak chromatographed on an Ultrasphere-ODS column, 

eluted wlth methanol-water (4:1). • • The 24-0Hase actlvlty remalned hlgh for at least 32 hours of ~ 

starvatlon. Ten hours after refeeding fasted rats the 24-0Hase ac-

tlvlty returned to near normal levels (Table 1). 

Effect of parathyroidectomy on the induction of the 24-QHase 

Parathyroldectomlzed starved adult rats exhlbited a 2-3 fold 
. 

hlghe,( 24-0Hase actlvity compared to fed parathyroidectomlzed rats 

(Figure 2). The enzyme activitles were comparable to the actlvitles 

sean 1 n intact animais. Simi larly, hypophysectomlzed rats also showed 



o 

o 

an 1 ncrease in 24-0Hase acti vit Y , 't-Ihen fasted, whic:") was equivalent 

to the induced activity seen in starved intact rats (Figure 2). 
o 

\ 

Age dependency of 24-DHase Activity 

Prepubertal rats ranglng ln age from 2-4 weeks ar.d recelvlng a 

normal dlet had constitutively lower 24-0Hase actlvlty than adult , 

rats (Table 2). Food depnvatlon for 24 hours of "22 day day old rats 

Increased the enzyme acti Vit Y to 151 ± 23 pmol 24,25-DHCC/g k 1 d ney /30 

min. Although thls represented a 3 fold increase ln 24-0Hase actlvlty 

over fed prepubedaf rats, It was nevertheless lower than the ac-

tlvlty seen ln fasted adult rats. 

other effects of Starvatlon 

Starvation for 24 hours had no slgnlflcant effect on serum cal-

clum, phosphorus and PTH concentrations (Table 3). 

Ten hours after treatlng fed adult rats wlth 1,25-DHCC, 24-

OHase activlty is induced 10 fold (Table 1). ThiS would suggest that if 

an increase ln serum l,25-DHCC occurs wlthln 10 hours of fastln9, It 

coul d be the change in 24-0Hase actlvlty seen wlth 

food depnvation.· no change in serum 1,25-DHCC 15 observed 

after 3 and 10 hou s of fasting (Table 4). 

82 



( 

, 

DISÇUSSION 

Vitaml n 0 24-hydroxylase is a renal mltochond ~I cytochrorr.e 

P450 [4,15,23] whose actlvlty is stimulated by 1,25-DHCC [29,30] and by 

thy rOI d 
~ 0 

hormone [16]. Although the physlologlca/ reles of 24,25-CHCC 

are still debated [18], the presence of the 24-hy d roxy/ase ïn 

mltochondna suggests a hormonal functlon of thls metabo/!te, sirce 

mltochondna/ P450s are usually invo/ved ln hormone biosyntresis 

rather than thei r degradation. 

The present study provides evidence for changes in the level of 

24-hydroxylase actlvlty wlth age and for its induction upon fastlng. 

E/evated levels of 24,25-DHCC have been found in anorectlc gi ris [1 ] 

and in chi/dren with type-1 dlabetes [25]. These observations suggest 

that hormonal and/or dietary changes may be involved in the ab normal 

pattern of vitamln 0 metabolites. 

We have ru/ed out t~ involvement of PTH and pitultary hormones 

as mediators of the response ta starvatlon ln rats, since an Increase 

ln 24-h~drOxyl!e actlvlty was observed ln 'both parathyroldectomlzed 

and hypophys~ctomized rats upon food wlthdrawal. 

Of the two hormones known to stlmulate 

thyroid hormone Is unlikely to ~ involved, 

24-hydroxylas~ actl Vit Y , 

since /ts levels are 

decreased during starvatlon of rats (24J. In the case of 1,25-DHCC, no 

change ln the serum levels of thls hormone wa!S detected durl ng the 

starvation period. Serum 1,25-DHCC measurements were only taken at 
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two time points. Therefore, it is PO~ible that a temporary inçtease 

in the serum concentration of 1,25-0HjC was missed. However, if fast­

ing is a stimulus for 1,25-DHCC production, then 1-hydroxylase activity 

shoLlI d be measurable throughout the period of 'cod withd rav.Jal. A: n:J 

tJme was any 1-hydroxylase actl'llty mea~rable ln the rena! 

mltochondna of these rats. 

The tncrease in 24-hydroxylase activlty upon fastlng coula (,ot 

be predlc:ed on the basls of what is understood about the raie of 

Yltamln 0 metabolttes in calClum homeostasls [10]. Withdra'.rJal cf food 

for 10-32 hou rs shoul d have caused an elevatlon of PTH, osteocl astlc 

bone resorption and an Increase ln 1-hydroxylase actl'/Ity, ln arder ta 

satisfy the calCium needs of the body. In the staryed rats there was 

no elevation in serum levels "'Of PTH. The ml dmolecule tmmunoassay used 

ln these studles does not measure blologicall y aC:1 ye PTH. Therefore, 

it remalns possible that the effectlye' levels of PTH were e/evated 

during staryatlon, but not enough to cause a detectab/e Increase ln 

serum 1,25-DHCC concentrations. 

The bio/agI cal SI gnlficance of the eleyated 24-0Hase act! v,, ty 

during food deprivation and the lower enzyme activlty durlng the pre-

pubertal period is not clear. One important functlon attributed to the 

24-0Hase is to hydrcxylate 1,25-DHCC to produce 1,24,25-

trihydroxycholeealciferol (1,24,25-THCC), a less active metabo/ite of 

1 ,25-DHCC ~14]. In effect, 1,25-DHCC is able to Induee Its own Inactl va-

tion by stimulating 24-hydroxylase activity. The eyider.ce presented in 

"this study demonstrates that 24-0Hase aetivity can~ ind'uced 
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without a change in serûm 1,25-DHCC concentrat.lons. The regulation, of 

24-0Hase activity by dietary manipulations suggests that 24,25-DHCC 

has a biological role and is not merely a by-prod'Jct of an excretory 

path way fer 1,.25-DHCC. 

, 
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FIGURE LEGENDS 

Figure 1: 
, 

HPLC elution profiles of extracts of renal m,tocncndria frcm a 

fed and a starved adult rat, inc',""bated with [3H) 25-HCC for 30 min at 

37 C. The extract ~Jas chromatographed uSlng: (A) a Zorbax 5:1 c:Jlumî, 

equilibrated wlth h~xane-Isopropanol (9:1) at a flow rate of 1ml/mln; (9) 
\ 

an Urtrasphere-ODS column equillbrated in water-methanol (4:1) at ê. 

flow rate of lml/mln. The fractions were analyzed for radloactlvlty b; 

Ilquid sCintillation countlng. The retentlon tlme of standard vlt=..:nln 0 
-

metaborltes IS Indlcated at the top of the fIgures. 

Figure 2. 

Renal mltochondrial 24-0Hase activlty in parathyroldectomlzed, 

hypophysectomlzed and intact adult rats. There were 3-17 rats pero 

group. The results were expressed as % activity of fasted Intact 

adult rats. * P < 0.05 compared to fasted intact adult rats. 

\ 

HYPOX= hypophysectomll,-ed. 

PTX= parathyroidectomited. 
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o 
TABLE 1 

Effect of starvation on 24-0Hase actlvity in renal 

week old rats 

mitochondria 0) 8 

pmol 24,25 DHCC produced/g kldney/38 min 

control fed 103 ±: 3.5 (17 ) 

starved 24 hr. 268 ±: 29 (12; * 
stàrved 32 hr. 287 + 36 (5) * 
10 hr. post refeed 1 ng of 

24 hr. starved 92 ± 18 (5) 

10 hr. post injection of 

1,25 DHCC (2.5 nmoles) 978 + 46 (4) * 
.) 

.. * P ( 0.05 compared ta control fed rats. 
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TABLE 2 

Effect of age and fasting on renal mitochondrial 24-0Hase activity in 

rats 

pmol 24,25-DHCC prad uced/g ki dney /20 ml n 

14 day old 

22 day ald 

30 day ald 

56 day ald 

fed 

42 ± 5.0 (4) 

46 ± 9.3 (11) 

50 ± 15 (5) 

103 ± 9.5 (17) 

* p < 0.05 compared to 22 day al d fed rats. 

ND= not determined. 

88 

24 hr. fasted 

ND 

151 ± 23 (::)* 

ND 

268 + 29 ( 12):x 



o 
TABLE 3: 

Effects of starvation on plasma levels of calcium, phosphorus and PTH 

in 8 week old rats· 

control fed starved 24 h r 

( 

\ 

Ca(mg/dl) 9.07 ±: 0.19 (18) 9.09 ± 0.22 (9) NS 

PI(mg/dl) 8.10 ± 0.22 (18 ) 8.27 ± 0.23 (10) NS 
~ 

PTH(pmol/l) 48 ± 6.5 (4) 53 ± 5.0 (4) NS 

NS = not slgnlficantly different from control fed. 
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TABLE 4 

Effect of fasti"9 on serum'1,25 DHCC concentration in 8 week old rats 

control fed 

3 hr. fasted 

10 hr. fasted 

pg 1,25-DHCC!ml 

122:!: 6.9 (5) 

111 + 7.2 (5) NS 

131 + 15 (5) NS 

NS= not significantly dlfferent from control fed. 
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S!JMMARY 

Female 'rats maintai~~d from weanlng on a vitamin D-deficient 

diet have measu;able lev,ej~ of 25-hYdrO~YC.hOleCalclferOI 1-l:rydroxylase 

(1-0Hase) in thei r ,renal mitochondria (71 
1 

+ 9 pmol 
~ 

1,25-

di hy d roxychol ecalciferol p1)oduced [1,25-DHCC]/g kidney/30 min.) and no 

detectable 24-hydroxylase açtivity at 5 weeks of age. In the adult 

females (8-30 weeks old) the 1-0Hase activity is variable with a mean 

of 121 ± 29 pmol 1,25-0HCC/g kidney/30 mm. Lactating fema~es exhib!tec 

consistently hlgh 1-0Hase actlvity (355<± 37 pmol/g kidney/30 min). 

Twenty-four hOurs after the removal of the Iitters 

was ~till elevated (340 ± 59 pmol/g kidney/30 min). 

1-0H ase ac:i '1 i ty 

'" 
Serum PTH levels were 3-15 fol d elevated in aIl the adult 

vitami n D-deficient rats, regardless of lactational status. FI ve-week 

eld females only exhibited a slight elevation in serum PTH levels. Uri-

nary cAMP excretion was increased in ail the vitamln D-deficient rats. 
~ 

This indicates that ail the vitamln D-deficlent rats ~'1ere PTH sensl­
\) 

tive. 

We conclude that 1-0Hase activity becomes measurable in vitam!n 

D-deficiency due te hyperparathyreidism and renal PTH responslveness. 

Lactation induces a hlgh level of 1-0Hase activ,ity. It could not be 

determined whether the induced 1-0Hase activity in lactéJ,ting females 
" 

was due to PTH a!one, or the combined effect of PTH and some other 

factor present during lactation. 

INTRODUCTION 

99 

1) • . \ 

, 



" , 

o " 
:ne of th e major fu nctlan 5 of 1.25-d 1 ~ d roxyc hoft!cal ci fe;OI ( 1 .25-

DHCC) is the maintenance of calcium homeostasis through regulat:on of 
" 

intestinal calciul:rh ,absorption (3,8] an,d calcium mobilization from bone , . , 

[15]. The enzyme i nvolved io th-e formation of l,25~DHCC, the 25-. 
hydroxycholecalciferol 1-hydroxylase (1:-QHase) is a renal mltochondrial 

cytochrome P450 [5]. Th~ 1-0Hase actlvlty is stlmulated by hypocal-
" 

caemia [12], 
. 

• ' '" t 
hypophosphataemia [7,17J, 'para·thyrold hormone (PTH) (4), 

prolaetin (PRL) [13,15], growth hormone (GHJ- [14] and estrogé!1 [2J. 

~ " Hypocalcaemla can, induee 1-0Hase aetlvlty elther via PTH or ln the 

• 
absence of PTH [18]. The effects of PTH on 1-0Hase aetlvltJ' C3.n be 

mimieked by eAMP [9] and forskolin [1], a direct aetivator of ade:1ylate 

cyelase. The induction of the enzyme activity by hypophosphataemlê. 

has been shown to require GH [6]. Although the mechanlsms by which 

these factors increase 1-0Hase activity are unknown, there are likely 

to be several levels of regulation and several medla~ors of the ac, 

tion of the different hormones. 

It has been shown that PTH resistance develops ln older second 

generation vitamin D-deficient male rats, and that thlS Is largely 

responsi ble for the, disa,Ppearance of the 1-0Hase activlty after 

puberty [20]. In this study we report on the PTH sensitlvlty, as 

measured by urinary cAt-1P excretion, and induction of 1-0Hase actlvlty 

ln first generation vitamin D-deflcient female rats as a function of 

age and lactation. 
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" EXPERIMENTAL 

AnimaIs 

Female Sprague Dawley rats (Charles Rlv!3r, Carda) were weaned 

on a vitam1tl D-deficlent dlet ,containing 0.4% cai'clum and 0.6% phos-

phorus. The. rats were anaestheslzed wlth ether and killed by eXS2.n-

guination. 

Materials 

25-hydroxy (26,27-[3HJ) choleca~cjferol (20.6 Ci/mmol), 1,25-

dihydroxy (26,27-(3H]) cholecalciferol (130-180 CI/mmol), and 24,25-

dihyd roxy (26,27-(3H]) cholecalciferol (130-180 Ci/mmol) were purehased. 

from Amersham and were purifled by high performance liquid chromatog-

raphy (HPLC) prior to use. Non'radioactive 25--"hydroxycholecalciferol 

was a gift trom Hoffman-La Roche. 

Renal mitochondrial 1-oHase assay 

Kidneys were homogenlzed ln 10 volumes (w/v) of ice cold 0.25 M 

sucrose using a Brinkman Polytron PT10-35, fitted with a PT-20 probe, 

for 5 seconds at speed set~i ng No 5. Crude, mitochond ria were 

prepared by dlfferential centrifugation. The nuèlear fraction was 

removed by centrifugation at 1000 x 9 for 10 minutes. The 

-
mitochondrial fraction was obtained by centrifuging the postnuclear 
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fractioll at 10000 x 9 for 10 minutes. The mito,chondrial pel/et was 
~ 

resuspended ln 20 mM HEPES buffer, pH 7.4, containlng 125 mM 'KCL, 2 

'mM MgCI2, 10 mM succinate, 0.25 mM EDTA and 0.4 mM OTT. Mltochondrial 

1-0Hase activity was ~éasured by a modification of the method of 

Vieth and Fraser [21 J, \Five ml of buffer, containi~ 0.5-0.75 mg 

mitochondrial" protein, were ;'1cubeted in the presence of 20 nM [3H] 

25-HCC (400-800 cpm!pmol). We have found that this modification of the 
.. 

assay renders i.t more sensitive for the measurement of 1-0Hase ac-

tivity. After incuoatlon at 37' C for 30 minutes th~ reactlon was 

stopped by addition of 5 ml of chloroform-methanol (2:1). The mixture 

was vortexed and the phases separated by centrifugation. The organic 

phase was removed and the extraction repeated. 

" Identification of 1,25-DHCC 

The pooled ~organic extracts from th'e incubations were dried un-

der nitrogen and vitatnin 0 metabolltes were separated by HPLC on a 

Zorbax Sil column '(Dupont Co.), by elution wit~ Hexane-isopropanol (9:1). 

. '" 
1 ,25-0HCC and 25-HCC were Identified by their co-elution with 

radiolabelled standards. Vitamin 0 metabolites were quantltated by liq-

uid scintillation counting. f. 

Determination of serum concentrations of calcium, phosphorus and PTH 

and ur/nary excretlon of cAt:fP r 
Urinary excrétion of CAMP "was measured in urine collected from 

. . 
rats anaesthesize9 wlth ether. The flanged end of a polyethylene 
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9;atheter was tied into the urinary bl~dder such that residual volume 

. - , , 

was minimal. Urine was collected in the qatheter over a perlod of 30 

minùtes 'for the an~lysls of cAMP' and cr:eatinine. At the end of the , ~ 

~èriment blood was eohected Tor thEir. determfnation of serum calei utn, 

phosphorus and PTH. CyClic AMP excretion iS' expressed as nmoles/mg 
o 

creatinine. Calcium, .phosphorus and éreatinine concentrations were 

determined using specific dia$1nostlc kits from the Lancer division of .. -. (' ..... 
~ . .....-

$h.erwood Medical, St. Louis, Mt>. Urinary cAMR was measured using a 

radioimmunoassay (RIA) kit (Amer~ham). Seru~ PTH was de:l!ermined using 

the midmoiecuJe' RIA kit from Immuno NLIclear Corporation, StiJJwater, 

MN. 

Statistical analyses 
J 

Statistlcal comparisons were performed using Dunnett's test. The , 
results are expressed~ as means-± standard errors. 

RESULTS , 

Effect of age and lactation on 1-oHéIt6e activity 

Renal mitochondrial 1-QHase activity was determined in female 

rats that were weaned on a vitamin D-deficient, low calcium diet. 
, 

Within 2 weeks on the .diet 1-0Hase actlvity became measurablÊ! and ... , v 
was hlgh cOrrlp-ared to normé\1 rats (fig.1). Adult females, that' have been 

" 
~ 

on the diet for 8-30 weeks, had a hlghly variable 1-0Hase actlvity, 

103 

• 0 



n , 0'\ 

o 

.. ; .... -;- ',"> , 
...•. ~ .... ,~- ~i··· .. _. _. i -;: ". 

with a range from 25.0-465 pmol 1 ,25-DHCC '. p[oduced/g ,kidney /30 
;. 

minutes. After 8 weeks -on the diet there was no correlation between 
J ~:'.' 

the age of the animal and 1-0Hase activity. In the same age group, 

la~ating rats showed consistently high 1-0Hase activity, with a range 

from 190-830 pmol 1 ,25-DHCC produc~~~g Kidney /30 min. In lactatiog 

rats, ~ere was no correlation between 1-0Hase activity and age of 

the animal or the length of the period of lactation., Twenty-four hours 
.. ..:"'*' ,':"~ 

after the removal of the litters of rats that have bE1~Q I.actating fer 

one week, 1-0Hase activity was still elevated (fi 9.1) . .,. 

o 

~ 

Sel1um levels of calcium, phosphorus and PTH o 
""" . 

IQe, young vitamiri D-deficient females where normocalcaemlc, nor-

mophosphataemic and had serum levers of P,TH comparable to vitamin. D-

CI replete rats (table 1). The aau~t' rats, whether lactating or non-

, 

lactating were ail hypocal.-;aemic, hypophosphataemic and hyper-

parathy roi ct: Twenty-four hours after litter removal the serum PTH 

\ 
levels of the mothers increased 3-5 fuld over values obtained f_ 

nursing\ mothers (table' 1). The c~use of 'this increase in serum PTH is 

unknown. 

Urinary"excretion of cAMP 

Urinary GAMP excretion Is an index of PTH action on the kidney 

[10]. !)rlnary cAMP excretlon, was elevated ln ail the rats, regar~less 

of the age and whether or net they were lactating (fig.?). This ~ndi­
\. 

cates that ail the vitamin D-deficient rats studied were PTH respon-
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DISCUSSION 

, 
We have demonstrated that in flrst) gen~"'atlon '/ltamir. '0-

deflclent (G,) 'female!5 1-oHase actlvlty IS IS I~duced Wlt~ - weeks 

after weanJng. Second generatlon vitamln D-def~clent (G.::) rats or the 

same age exhlblt 3-4 fald higher 1-0Hase act'Ivlty [20J. In centrast te 

the hypocalcaemlc, hyperparathyrold G2 rats, the pubertal G1 rats 

were normocalcaemlc and had only sllghtly elevated levels of PTH ln 
• 

the blood. Slnc!,! the mldmolecufe RIA used ln thls studf does not 

measure blologlcally active PTH, It IS I!kely that the effective levels 

of PTH were slgnlflcantly elevated after 2 weeks on the dlet, esr:e-

clally ln Iight of the increased unnary cAMP excretlon in these 

animais . 

Dunng lactation the level of 1-0Hase actlvlty 15 increased in 

renal mltochondria from G1 female rats. Although 1-0Hase actlvltj C3r. 

also be hlgh' ln adult non-Iactatlng femates, the enzyme actlvltj IS 

hlgt'1ly variable and' in sorne cases Tt can be close to non-detectable. . 
Lactatlng rats had a conslstently hlgher level of 1-0Hase activlty and 

nelther serum PTH nor unnary excretlon of cAMP was significantly dlf-

ferent betweer} lactating and non-Iactating rats. If these PTH levels 

are indicative of actiye hormone, then thlS is suggestive e'lidence of 

some other factor ~n lactation being responsible for the inductlor. of 
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the enzyme activit:;. Removal of suckllng pups, ~vhich \'icu!d dscrease , 

mil k production, 
~,/ 

might ellminate su ch a lactatlona! factor. 

hours after litter removal from .!«ctating females 1-0Hase actl/ity 
'I 

24 

was still elevat,ed. However, it is possible that the ...,-èHase act~vltj , ~ 

declines only slowly after a stimulant IS remo'/ec!"and trat 24 h::urs 

IS not enough tlme for the enzyme actlvity ta decrease. Therefore, 

the cause of 1-0Hase induction dunng lactation remalns unresolved. 

It has been shown prevlously that G2 rats, at an age cf 9 weeks 

and older, develop PTH resistance as measured by the Urlnarj ex::re-

tlon of cAMP [20] arld by changes ln the regulatory subunl: of re "'. a! 
~ 

adenylate cyclase [11 J. In Gl rats PTH reslstance dld not de'. =!cp Ir 

any of the rats stu d 1 ed. These G;: rats are, therefore, the 1 deal toc 1 

to determlne other factors can stlmulate 1-0Hase aç:lvl:y Indepen-

dently of PTH, or whether other factors can Influence 1-CHase ac-

tlVlty by' altering PTH reslstance. 

It IS still unknown by what molecular mechanlsms 1-0Hase act,vlty 

is. induced dunng vitamin D.-deflclency and lac:atlon. The renal , 

mltochondnal cytochrome P450 content does not change ~hen nts are 

made vitamln D-deficient [19]. It is, however, unknown what proportion 

"'. 
of renal mitochondrial P450 IS 1-0Hase enzyme. To date, an increase in 

the amount of 1-0Hase has not been demonstrated yet an d a''-Ialts Im-

munological quantitatlon of the enzyme . 

We conclude that 1-0Hase activity in Gl females is induced by 

vitamln D-deficiency and Increases as a functlon of lactation. The in-

ductio'l of I-OHase activity in vJtamln D-deficient rats is due to the 
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development 'of hyperparathyroidlsm. The cause of the e!evated levels 

... ~ 
'. 

of 1-0Hase actrvity dunng lactation, however, was not determi ned. 
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FIGURE LEGENDS 

Figure 1: 

Renal mloochondnal 1-0Hase actlvlt.ï ln fema!e vltar11n D-deflclent 
Jj. 

rats. There were 4-20 rats per group. The young rats were 5 weeks 

01 d. The adult rats (non-Iac'tatl ng, lactatl n 9 an d post-!Itter removal) 

were 8~30 weeks old. Vltamm D-replete rats had no detectable 1-0Hase 

\. 
actlvlty. 

Figure 2: 
/ 

and vltamln D-defiéient Unnary excretlon of cAMP in control 

rats. The control rat~~ 8 week old males that were weaned on 

normal rat chow. Th.ere were 3-6' ra)s per group. * p < 0.05 com~ared 

! 
r ta cQn trol rats. 
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TABLE 1 

/ . , 

Serum concentrations of calcium, phosphorus and PTH ln vltamin 0-

deficient (o-) female rats 

Ca(mg/dl) , PI(mg/dl) PTH (pmel Il) 

young 0- 9.50 ± 0.23 

9.09 + 0.22 48 ± 6.5 - \ 
\ 

9.57 -:t 0.43 \.( 61 ± 6.6 

179 ± 25 * 4.68 ± 0.34 * 

control 9.07 ± 0.19 

adult 0- 7.02 ± 0.41 * 
lactating 0- 5.84 ± 0.42 * 6.71 ± 0.48 * 216 ± 19 * 
lactating 0- ND ND 677 ± 119 ** 

-24h r pp r*** 

~ 

There were 4-18 rats per group. ND= not determined. * P < 0.05 com-

pared to control rats. ** P < 0.05 compared to lactatl ng 0- rats. *** 
ppr= post-pup removal. 

109 



· ;" .,","- """" "" ~ ~ ;" , "';" " 

o REFERENCES 
\ 

1. Armbrecht HJ, Forte LR, Wongsurawat N, Zenser TV, DavIs 83 (1984) 

Forskolin increases 1,25-dlhydroxyvltarTdn C3 production by rat 

renal slices in vitro. Endocrlno/. 114: 644-649. 

2. Baksl SN, Kenny AD (1977) Vltamlr. 03 metabol,sm Ir. Immature 

Japanese Quail: effects of ovarlan hormones. Er.d:xrlncl." 101 

1216-1220. 

3. DeLuca HF, Schnoes HJ (1983). Vltamln D Recent Advances. Ann. 

Rev. Biochem. 52, 411-439. 

4. Fraser DR, Kodlcek E (1973) Regulation of 25-

hyd roxycholecalciferol-1-hydroxylase actl vit y ln kldney by 

parathyrold hormone. Nature New BIol. 241: 163-166. 

5. Ghazarian JG, Jefcoate CR, Knutson JC, Orme-Johnson WH, DeLuca 

HF (1974) Mitochondrial cytoçl1rome P450. J. 8101. Chem.249 3026-
\. 

3033. 

) 
6. Gray RW, Garthwaite TL (1985) Activation of renal 1,25-

dihydroxyvitamin 03 synthesis by phosphate deprivation: evidence 

1 

for a role for growth hormone. Endocrinol.116: 189-193. 

\./ 

o 110 



'1' 1 \ ~l \ \~ '" 

1 
,\ 

" '. 

" 7. Gray RW, Nappli JL (1983) Oietary phosphate depriv3tion in-
.. 

creases 1,25-dihydroxyvitamin 03 synth.ésis ln rat kidney in 

vitro. J. Biol. Chem.258: 1152-1155. 

8. Haussier MR, McCain TA (1977). Basic and clinlcal concepts re-

lated to vitamin 0 metabo/ism and action. New Engl. J. Med.297: 

974-983. 

9. HOrluchl N, Suda T, Takahashl H, Shlmazawa E, Ogata E (1977) In 

VIVO eVldence for the Intermediary role of 3'5-cycllc AMP ln 

parathyrold hormone-Induced stimulation of 1,25-dlhydroxyvitaml,j 

03 synthesis ln rats. Endocrinol.l01: 969-974. 

10. LeWin IG, Papapoulos SE, Hendy GN, Tomlinscn S, O'Rlordan JLH 

(1982) Reversible resistance to the renal action of parathy,rold 

hormone in human vitamin 0 deflclency. Clin. Sel. 62, 381- 387. 

11. Mitchell J, Warner M, Tenen house A, Goltzman D (1985) Widespread 

reduction in guanyl nucleotides-stlmulated renal adenylate 

cyelase actlvity in hypocalcaemic vitamln D-deficlent rats. Am. 

Soc. Bone and Mineral Res. 397. 

12. . Omdahl JL, Gray RW, Boyle IT, Knutson J, DeLuca HF (1972). 

Regulation of metabolism of 25-hydroxycholecalciferol by kidney 

111 



, " '. 
, 1 

. 

·0 
tissue in vlt'ro by dietary calcium. Nature Ne~" Biclogy 237: 63-

64. 

13. Robinson CJ, Spanos E, James MF, P!ke JW, Haussier r-1R, tv.akeen 

AM, Hillyard CJ, Mclntyre l (1982). Role of prolactln ln vltamln 

D metabolism and calcium absorption dUr/ng lactation ln the rat. 

J. Endocrinol.94: 443-453. 

14. Spanos E, Barrett D, Maclntyre l, Plke JW, Safillan EF, Haussier 

MR (1978) Effect of growth hormone on vltamln D metabollsm. 

Nature 273: 246-247. 

15. Spanos E, Colston KW, Evans lM S, Galante l'S, Macauly SJ, 1'AacIn-

tyre l (1976) Effect of prolactln on vltamln D metabollsm. Mol. 

Cell. En docri no!. 5: 163-167. 

16. Stern P (1980) The D vltamms and bone. Pharmacol. Re'I, 32:47-30. 

17. Tanaka Y, Oeluca HF (1973). The control of 25-hydroxyvltamln D 

metabollsm by inorganlc phosphorus. Arch. Biochem. Biophys. 154, 

566-574. 

18. Trechsel U, Eisman JA, Bonjour JP, Flelsch H (1979) Evidence for a 

calcium dependant, PTH-independant regulation of plasma 1,25-

dihydr:ixyvltamin ,0 in rats. In Vltamin 0: Basic Research and Its 

o 112 



, , 

. 
CllnicaJ Application. Edlted by A.W. Norman, K. Schae!3r, D. von 

Herrath, H.G. Grigoleit, J.W. Coburn, H.F. DeLuca, E.6. Mawer and T. 

Suda. Walter de Gruyter, Berlin. pp.511-513. 

19. Warner M lJt982) Cata.lytic activity of partia/ly purified rena! 25-

hydroxyvitamrn 0 hydroxylases from vitamin D-deflcient anj 

vitamln D-replete rats. J. Biol. Chem. 257: 12995-t3000. 

20. Warner M, Tenenhouse T (1985). Regulation of renal '1ltamln D 

hydroxylase activity in vltamm D deficient rats. Cano J. Physioi. 

Pharmacol. 63, 978-982. 

21. Vleth R, Fraser 0 (1979) Krnetlc behavlcur of 25-,ydroxyvitamln 

D-1-hydroxylase and 24-hydroxylase in rat kidney mltochondna. J. 

1\ 

Biol. Chem. 254, 12455-12460. 

" . 

113 

, 

'" 

l , • ~ 

, . " 

\ 

.. 


