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ABSTRACT

&

The regulation of vitamin D hydroxylases in renal mitochondria
has been investigated. . o )

Rdats. raised .on a normal diet had mé’asurable 25-
hydroxycholecalciferol 24—hydfoxylase' (24—0Hése) and ndn—detectaéle.
25—hydroxych'olechalciferc‘al ‘1—hydroxylase (1-—0!-‘Iase) activities in their
renal mitochondria. Adu-lt 8 weeks old rats had a 2 fold higher "24-
OHase activity than 2-4, week's old pr;e—pu'bertal‘ rats. The enzyme ac-

k

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

and old rats. The mechanism of this induction was exam‘ined and did not
appear to involve parathyroid hormone (PT;i), pituitary hormones or
1,25-dihydroxyc_holeéalciferol. ‘ \
Female rats weaned on a vitamin D-deficient, low calcium diet ex— |
hibited only 1—6ﬁase activity and rto' 24—QHase activity in their renal
mitochondria. Female adult (3-:‘30 weeks old) rats had a similar 1-OHase
activity compar:ed to female 5-week old pubertal rats, aithough adult
rats were more hypocalcaemic, hypophosphataemic and hyperparathyroid
than pubertal rats. During lactation 1-OHase activity was stimulated 3
fold over non-lactating adult 1-OHase activity levels. The hormonal
invol?/ement In this stimulaltion is unknown. PTH does not appear to be
involved in this sfimulation, because lactating and non-lactating rats‘

. . .
- were both hyperpar:aﬁhyroid and PTH sensitive..

?

It can be concluded th\&t\rmal vitamin D hydroxylase activities

can be induced by dietary and hormonal manipulations. An increase in }




he enzyme content in renal mitochondrida was not demonstrated:and -
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awaits molecular quantitation of the enzymes. : ¥
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” ”
RESUME .

~

Lors de .ce travail, .nous nous sommes Interessés a I’stude de la
régulation des Vitamines D hydroxylases a %ir de préparations de
mitochondries rénale‘s‘ de rats. X ’ : |

Les mito?hondrie?rénales de rats soumis.a un régime no’rmal
’ ’ montrent une activité de' la 25—hydroxycholecalciférol;24—hydroxylase
(24—OHase) tandis que 'activité gde la 25-hydroxycholecalciférol—i-
hydroxylase (1-OHase) n'est pas de’te@fable. Des rgts adultes de 8

semaines présentent une activité de la 24—OHase deux fois supérieure

" 3

a celle de rats pre—pubertaires de 2 semaines. Cette ae-tiqvite/ peut
etre stimule’e de 2 a 4 fois, autant chez les jeunes rats quei chez les
'ra;ts agés, aprés un jeune de 24 h. Le mécanisme dg cette i:\/d;:ction a
ét€ Btudi€ et il ne semt;le pas faire intervenir I’hormone
parathyroic‘iiénne (PT!ZI), les hormones pitqhitaires ou la 1,25~
dihydroxycholecalci%e'rol.
Sur des mitochondries +énales de rates, soumises durant leur

v ., . _x N . ~ .
sevrage a un regime dé&ficient en vitamine D et a faible, teneur en

talcium, seule I’activité de la 1-OHase est décelable. Par |ailleurs,

| {"activité de cet enzyme est similaire chez des rates adultes (8 - 30
. semaines) et des rates puberes de 5 ‘semaines biem— que les rates

adultes’ soient plus hypqcalcémiques, hypophosphatémiques et hyper-
A
parathyroidiénnes que les rates pubéres. Chez les femelles lactantes,,

I'activité de la 1-OHase est augmentée de 3 fois par rapport a des

” . . .
femelles adultes non lactantes. Les mecanismes hormonaux impligues

N

ld i
dans ce phénomeéne ne sont pas connus, a I’heure actuelle, mais la PTH
»
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&? né semble pas lnteryenir c%cms cette stimulation car les femelles lac- - ,, :
tantes et non lactantes sont, a la fois, hyperparathyroidiennes et ) :

¢ s N ® l .

. sensibles a la PTH. H“\ 7 T - |
En conclusion,» nos &tudes semblent indiquer que des variations )
., ¥ N * \g ~
hormonales et de régime l‘augmen'cent les activités rénales des \7
\\

vitamines D hydroxylases. Aucune 8tude sur I'augmentation du contenu o

; 4 Do

b enzymatique dgs mitochondries rénales n’a été réalisé et une quan= vt
#

tification par des techniques de biologie moléculai,re; semble approprier

”’ A .
pour repondre 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 Peep.ing Toms at the

key—hole of eternity, but at .
least let us take the stuffing

out of the key—-hole which blocks

even our limited view........

Arthur Koestler



This thesls ‘g divided into two chapters that are based on the follow-

@ ‘ ing manuscripts and whlch will be referred to by their Roman numerals-

’

i
- ¢

éHAPTER I. Afar DEH, Tenenhouse A, Warner M. Regulation of renal 25~

hydroxy—cholecalciférol 24-hydroxylase in vitamin D-replete

'

rats. Manuscript submitted to J. Steroid Biochem. . ”

a

CHAPTER II. Afar DEH, Warner M. Induction of renal mitochong!rial 25~
hydroxycholecalciferol 1-hydroxylase during lactation.

Manuscript, not submitted for publication.
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* This thesis proyides novel informa;ion concerning the regulation

of vitamin-D metabolism. It was demonstrated that renal mitochondrial

s

24-OHase activity . i regulated as a function of age and food intake

©

in normal ;atg. :l'he significance of this: finding is unkhown, but it im-

S ¥

B AP

plies somé functional role for 24,25-dihydroxycholecaleiferol.

0

It has been previously shown that during lactation 1,25~

]

dihydrs;xycholecalciferol production is elevated. Here, it is reported

that 1-OHase 'activity is induced several fold in renal mitochondrial

-

preparations from lactating ratE, which confirms the previous in vivo

1 .

findings. c

=4

10

Ry g
g

3 IR
CEPORY SR I od S Do




()

LIST OF TABLES

CHAPTER I .

TABLE '1. v Effect of starvation on 24-OHase activity in renal

mitochondria of 8 weeks old rats. p.87

TABLE 2- Effect of age on renal mitochondrial 24-OHase activ.ty In

rats. p.8s8

TABLE 3 Effects of starvation on plasma levels of calcium, phos-

pho‘rus and PTH in 8 weeks old rats. p.89

TABLE 4: Effect of fasting on serum 1,25-DHCC concentrations in 8

weeks old rats. p.90

CHAPTER 1I

-

TABLE 1: Serum concentrattons of calcium, phosphorus and PTH in

vitamin D-deficient (D-) female rats. p.109

1




LIST OF FIGURES

CHAPTER 1

FIGURE 1: HPLC elution profiles of extracts of renal mitochondria
from a fed and a starved adult rat, incubat'ed with [3H]

25-HCC for 30 min at 37 C. p.86a - 86b

FIGURE 2: Renal mito€hondrial 24-OHase activity In parathyroidec-

tomized, hypophysectomized and intact adult rats. p.86c

CHAPTER II

FiGURE 1% Renal mitochondrial 1-OHase activity in female vitamin D-

deficient rats. p.108a

FIGURE 2: Urinary excretion of cAMP in control and vitamin D-

deficient rats. p.108b

i’ /-\\

oy
S




S n T T IR AT TR T TR TN T T N AT TR |

<N

W,

LIST OF ABBREVIATIONC

3MAR
CaBP
cAMP

DA

mRMA

PRL

PTX

P450
TPTX

Tx

Ta
1-CHacse
24-CHacse
25~CHase

le-OHase

"

linear rate of bone mineral appostion
vitamin D-dependent calcium blndlné protein
cyclic adenosine 3’5 moncphosphate
deoxyribonuclelc acid

actradiol

growth‘hcrmcne

first generaticon vitamin D-deficient
cecond gene~ation vitamin D—cdeficient
hum;n growth hormonre

nsulin like gﬁpwth factors

messernger ribonuclelc acld

prolactin .
parathyroidectomized

cytochrome P450
thyroparathyroidectomized

L-3,5,3 tri1cdothyronine

L-3,5,37,5 -tetrarodothyronine (thyroxine)
25-hydroxycholecalcifereol l-hydroxylase
25~hydroxycholecalciferol 24-—-hydroxylase
cholecalciferol 25-hydroxylase

testosterone 1&X -hydroxylacse

13



7L
1-HCC
25-HCC
1,25:-DHCC
24,25-DHCC

1,24 25-THCC

<>

soehndreoheledaloitsrol

e P T
: YT

« s - - TG e Yy FHRATIET
WYL T FoT ey ‘J",*‘“””"“’“"TZ{:.- .‘?.{"tf‘r v‘:lif‘l*
- - ~ o
5

LN
v o
‘ )

. . w o

i

2% PR

e

l—h?droxycholecalclferol

25~hycdroxycholecalgiferol
1,25-dihydroxycholecalosl fercl

24 ,25-dihydroxychdlecalcifarol

1,24 ,25-tr1hycroxychelecalca ferol

14

- b el




s

f

|

- PR ~ i 4.4'1 ‘rf“' ’ o ;\h ’
; . i, ] - b ]
INTRODUCTION  * . T A
» T , | “ —
Historical Background e -

s \
_Vitamin Da (cholecalgiferci) is one of the most important
\

)

regulators of calcium and phosphorus homeostas‘is in higher animals

[39,40,63,97,125]. Vitamin D3 was disc‘:. fvered in the early 1920s and was

identified as a fat soluble nutritional factor nhecessary for proper

growth and health [33]. A bone diéorder,hmckets, was attributed to a
deficiency in this fat soluble factor . chCoHum sh?wed that the anti(
rachitic substance found in butter fat and cod liver oil was not iden-
tical to vitamin A, the only known fat soluble vitamin at the time
[85). This work led to the isolation and purification of vitamin D3 by
Askew et al. [6]. - l g

A discovery, which turned out to be critical m‘understandmxg the
vitamin D3 system, was the findi[ng that ultraviolet (UV) rays cured
rickets in rachitic infants [65,71].° This suggested that UV light con-
verted an endo‘?enous substance intq vitamin D3. Subsequent studi;.s
d;termined that vitamin Ds (a seco-steroid that is produced from 7-
dehydrocholesterol (7-DHC) in the skin by UV irradiation [39,40,97].
Only much later did it become apparent that vitamin D3 has to undergo

several metabolic steps in order to be active [39].

Al

Metabolic Activation of Vitamin D3

Vitamin D3 is synthesized in the skin by a noneizymatic

photolysis reaction [97]. 7-DHC Is converted to previtamin Ds when it

15




LT da AP R S L At ;-‘,;,,,,\...,.J.E’— PRt T e N
'\, PR H K M
.

“

-

absorbs light at wavelengths In the UV range. Previtamin DE-; exists in

a simple ‘thermoequlllbrium with vitamin Da. The equilibrium ratio of
vitamin Da -to previtamin D3 depends on temperature and at 37°C the
ratio is 89:11 [97]. Vitamin Da then enters the circulation where it is
bound by the vitamin D-binding protein (DBP) [16].

Vitan)in D3 accumulates in the liver, where it is hydroxylated in
the 25 posjtion to produce 25-hydroxycholecalciferol (25-HCC)
[59,40,63,971. This reaction is catalyvied by a microsomal [82] and a

. Mitochondrial enzyme system [13]. The microsomal 25-hydroxylase (25-
OHase) is composed of 'a cytochrome P450 and a flavoprotein which
require NADPN, molecular oxygen for activity [40,82]. Thegkinetics of
this enzyme have rbeen shown to be %ltered by phenobarbital ad-
ministration to the animal [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 diSC/ussed later,

some studies demonstrate convincing evidence, that the mitochondrial ‘

25-OHase is more important In the 25-hydroxylation of vitamin Da.
25-HCC enters the circulation bound to DBP [16]. - The-kidney is

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

portant metabolic saction in the vitamin Ds system is the 1-

hydroxylation 0525—HCC in renal mitochondria [39,40,63,97,125]. The

product of this reaction, 1,25-dihydroxycholecalciferol (1,25-—Dl-kCC), is {

the active hormone with respect to calcium absorption from the gut

-~ [18] and calcium mobilization from bone [68]. The i-hydroxylation of 25-

<

HCC s also the most tightly regulated step in vitamin D3 metabolism

G
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and' will be discussed below in greater detail. 7
\‘ The most abun‘c'iént renal metabolite of 25-HCC Is 24,25~ |
dihydroxycholecalciferol (2:4,,25—DHCC) [40]. The 24-hydroxylation reac-
tion of 25-HCC is also catalyzed by a renal mitochondrial enzyme.
Both, the 1-hydroxylase (1-OHase) and the 24-hydroxylase (24-OHase)
are cytochrome P450s [22,56,66,139] and belong to the osame P450
family as the mitochondrial 25-OHase in the liver and the adrenal
mitochondrial cytochrome P450-side chain cleavage [142]. Although the
serum concentration of 24,25-DHCC in \\Srjmal animals is 40-100 times
higher than 1,25-DHCC [16,50], it is contr}versial whether 24,25-DHCC
exhibits any specific hormonal actions [40,97].' Other renal metabolites
of 25-HCC ha{e been found, but they are quantitatively unimportant

-

and do not exhibit any biological activity [40,97].

Regulation of Vitami boli
eq n_of Vitamin D3 Metabolism

(a) 25-OHase- -

The 25-hydroxylation reaction is the first metabolic step in the o
activation of vitamin D3, Andersson and J&rnvall [3] reported that the
microsomal 25-OHase is identical to the 16«~hydroxylase (16«-OHase) of
testosterone, a well characterized male specific P450. :I’he 16¢-OHase
is regulated by the growth hormone (Gl:l) secretion pattern of the

animal [91,92]. Female rats exhibit a different GH secretion pattern

from males [46] and show very little 160¢-OHase activity [3,91,92] or

17 a




vitamin Ds 25-OHase activity in their hepatic microsomes [3]. Even
though female rats do not exhibit microsomal 25-OHase activity, their
serum 25-HCC levels are comparable to those in males. [38]. Dahlb&ck
and Wickwall [38] demonstrated that serum 25-HCC concentrations
correfated wi;ch mitochondrial 2B<0OHase activity, but not with

microsomal 25-CHase activity. :ikwfnot known what factors are

involved in the regulation of the mitochondrial 25-OHase.

~

{b) 1-OHase

The critical reaction in vitamin D3 metabolism is the 1-
hydroxylation of 25-HCC. This reaction occurs primarily in the kidnvey
[51], however bone cells [70] and placenta [133,146] have also been
shown to exhibit 1-OHase activity. The regulation of bone cell 1-OHase
is not known and the placental 1-OHase 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-OHase.

The renal 1~hydroxylation ljsaaction is tightly regulated by a num-
ber of endocrine factors. The main regulators of 1-OHase activity are
hypocalcaemia, hypophosphataemia, parathyroid hormone I(PTH), GH,
prolactin (PRL), estrogen and 1,25-DHCC itself. '

Hypocalcaemia stimulates 1-OHase activity. This stimulation is
thought t& be mediated primarily by PTH [52], although some studies
have shbv;n that hypocalcaemia can induce 1-OHase activity independent .

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

which then acts on the kidney to Iincrease 1-OHase activity

18




. [39,40,63,74,125]. 'The' result Is & rise In sprum 1,25-DHCC 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 then feeds back to the parathyroids én'd
shuts off PTH secretion [3é,_40,63,97,1'25], thereby ciosing the loop.

PTH is a polypeptide hormone. In the kidney it binds to plasma
membrane receptors, which are coupied to an adenylate cyclase [124].
PTH stimulates intracellular cAMP production which correlates with the
PTH mediated increase in urinary phosphorus exgretion [80,124]. Uri-
nary cAMP and phosphorus excretion are, therefo@e, indices of PTH ac-
tion on the kidney [80].

In contrast to the immediate increase (n cAMP production, _the
effect of PTH on 1-OHase activity takes several hours to occur
[4,5,64,67]. Infusion of bovine PTH into thyroparathyroidectomized
(TPTX) vitamin D-deficient rats stimulated 1—C£Hase activity within 6
hours [67]. This effect was mimicked k;y inf;Jsion of cAMP or dibutyryl
CAMP Instead of bovine PTH [67]. Forskolin, a direct activator of
adenylate cyclase, can stimulate 1-OHase activity within 4 hours in
chick kidney cell culture [64] as well as in rat renaj slices in 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 also bee;n

» ,
shown to stimulate 1-OHase activity in isolated mitochondria from

guinea pig kidney [75]. This effect was rapid and peaked after 15

minutes of incubation [75]. The mechanism of this in vitro stimulation

19
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of 1-OHase activity by PTH was, however, not determined.

The product of the 1-hydroxylation reaction, 1,25-DHCC, can act
on the kidney to decrease Its own synthegis [98,130,134]. This fee‘db'ac:k
regulation of 1,25-DHCC synthesis is not due to a 1,25-DHCC mediated
suppression of PTH secretion (see later section), since it directly an-
tagonizes ‘the effect of PTH on 1-OHase activity in TPTX rats [98].
Furthermore, in rat renal slices 1,25-DHC(; block; the forskolin !
mediatedd?nduction of 1-OHase activity without blocking the effect of
PTH andv for}sk-éri'ﬁ on cAMP production and protein kinase activity [4,5]. |
Therefore, 1,25-DHCC acts dirbctly on the kidney to suppress 1-OHase
activity at a site distal to cAMP generation and p,rotem kinase ac-
tivity. It is still unknown how cAMP activates the 1-OHase. However, it
has beer; shown that other mitochondrial P450s are also regulated
CAMP [142].

Hypophosp'hataemia, induced by dietary phosphorus deprivation,
stimulatés/71—OHase activity independent of PTH [129]. The mechanisrk of L
this stimulation has been shown to require a pituitary factor [57],
which was identified as GH [58,59]. Other studies have also shown that
hypophysectomy decreases the constitutive level of 1-OHase activity
in rats [120,147]. In doses that do not affect PTH secretion, human GH
(hGH) could increase serum levels of 1,26-DHCC back to normal in
hypophysectomized rats [120]. However, hGH has more lactogenic
properties than somatogenic properties in the rat [106]. Wongsurawat
et al. [147] demonstrated an effect of hypophysectomy in rats on in

[y

vitro rene' slice 1-OHase activity, which is reversed by administration

20




of rat GH," a specific somatogen in the rat [108], over a period of 10

days. Bickle et‘ al. [12] failed to see an effect of GH on 1-OHase ac-

tivity. However, ' they added GH directly to renal tubules Dand%es
and incubations we{e 20 minutes long [12]. Since GH often reguires the
production of insulin-like growth factors (IGFs) for action [103], 20
minutes may not be enough time for GH té exert any effects on 1-
OHase activity. l . . )

Insulin has been shown to affect 1-OHase activity in a SiW

manner as GH during phosphate deprivation of rats. Matsumoto et al.

-

[84] demonstrated that streptozotocin induced diabetic ‘rats had lower
constitutive 1-OHase activity and a dnimnished response ‘to dietary ’
phosphorus deprivation. Treatment with insulin reversegr"'the effects of

the didbetic state. The kidney is one of the sites of IGF production

[42]. Therefore, it Is possible that 1-OHase activity during phosphorus
deprivation Is\'regulated by an IGF mediated mechanism, that can also

be activated by insulin, To date, no such mechanism has been

demonstrated'.

"

- In mammals pregnency and lactation a@ physi'ologic states in !
which the calcium eostatic system isssiressed. In pregnancy caicium
is needed for fetal bone development and Quring lactation calcium is

b\

Tequired for milk production. These states are also characterized by -
exhibiting a 2-fold increase in serum 1,25-DHCC concentrations and en-
hancedﬂ)vtestinal’ calcium transport [15,103]. A simple explanation for

these sefvations is that a decrease in serum calcium stimulates {

PTH secretion, which then induces 1-OHase activity. The rise in serum



o 1,25~-DHCC is then responsible for the increadsed caicium absorption in - 3
the gut. However, parathyroid’ectom); of lactating rats.does not com-
pletely abolish the increase in serum 1,25-DHCC [103]. This suggests

that PTH is not the only factor invoived in regulating 1-OHase ac- *

-4

tivity during lactation. Several reports have since then shown that

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

[12,110,121,122]). During pregnancy and lactation PRL level are increasad

30-60 fold [113]). In the rat administration of mocryptine, a ~
d‘opamine-rgic agonist that inhibits PRL secretion [£7], blocks the rise

in serum 1,25-DHCC and significa%tly reduces the enhanced intest(inal
calcium absorption observed during lactation [110]. Simultaneous PRL

administration of bromocryptine treated rats preven¥®s the changes

N

seen Ci'ith bromocryptine alone [110]. Although these results are very —

convincing, Matsumoto et al. [83] did not observe a changé in the in

vivo metabolism of 25-HCC by constant infusion of PRL. The doses of

-

" PRL used in both studieé were approximately the same. However, the

method of adminidtration of-the hormc;.me wfm\s different. Matsumoto et

al.  [83] used a éonstant infusion protocol, while Robinson et al. [110] .

treated the rats with 2-3 bolué injections of PRL per day. Since PRL

is_ normally secreted in a pulsatile fashior\xz the protocol used by

Robinson et al. [1'10] may be more physiological. It still remains

unknown by what mechanism PRL activates the 1-OHasé. ’ -5
In mammals the effefts.of steroids on vitamin D3 metabolism is

unresolvedl. Clini::al‘\@g on human subjects has shown that a marked

increase in serum testosterone levels during male puberty has no ef- ,

L ]
s
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\

‘fect on serum concentrations of vitamin D3z metabolites [74]. In women,

endogenous estrogen levels fluctuate during the menstrual cycle. While
some [nvestigators report a correlation between high serum estrogen
levels and an increased production of 1,25-DHCC [20,60], others have
shown that no correlation exists [10]. An effect of estrogen on the

metabolism of vitamin D3z in the mammal, particuléﬁrly the human, coutd

~

be of great clinical importance, since osteoporosis, a bone disorder
< -,
which primarily affects postmenopausal women is also characterized by

a loss In endogenous estrogen production [109]. .

»
<
(c) 24-OHase

The 24-hydroxylation reaction occurs predominantly in renal ’

/
mitochondrﬁ;. However, nephrectomy does not prevent the formation of

s
24,25-DHCC in the body, although the plasma concentration of 24,25-
N . -
DHCC In nephrectomized rats is lower than in sham operated rats [54].
It was detgrmined that rat intestine [78], .human placenta [144], rat

bone cells [70], rat cartilage and cultured chondrocytes [53] also ex-

hibit 24-OHase activity.

There e;dsts a reciprocal relationship between renal 24-OHase
activity and 1-OHase activity. In effect, when 1-OHase activity is
high, such as during hypocalcaemic condithgs -iinducec\i by a low calcium
diet or a vitamin D~deficient dlet), then \2\4:6H£se acti\vity is low

]
[17,99]. In normocalcaemic or hypercalcaemic animals 1,25-DHCC produc-

tion Is low: and 24,75-DHCC is the predominant metabolite of 25-HCC

Al
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[17,99]. Treatment of vitamin D-deficient rats with 1,25-DHCC over a 5.

day period, reduced the in vivo production of 1,256-DHCC to non- -
detectable levels, while stimulating 24,256-DHCC production [130]. The

1,25-DHCC 'mediated increase in 24-25-DHCC production proved to é%

|

sensitive to administration of actinomycin D or c:ycloheximide to the \
animal, if given within 24 hours of 1,25-DHCC treatment [134]. This \
suggests that transcriptional and translational events are involved in
the induction of 24-OHase activity by 1,25~-DHCC. #
PTH, an inducer of the 1-OHase, decreases‘constitutive levels ¢f g;,
24-OHase activity and also antagonizes the 1,25-DHCC mediated
stlmulatior; of 24,25-DHCC production [98]. Thyroparathyroidectomy of
vitamin D replete rats with measurable in vitro tja/naf‘ 24—-QHase ac-
tivity, Induced the enzyme activity about 2.5 fold over sham operated
rats [131]. The mechanism of action of PTH in regulating urinary phos-
phate excretion and 1-OHase gctivity involves the second messenger
cAMP. Infusion of PTH or cAMP, or a submaximal dose ‘of PTH plus
theophylline (a cyclic nucleotide phosphodiesterase inhibitor) into TPTX
rats, all inhibited 24-OHase activity [115].
It iIs not known at what level PTH and 1,25-DHCC interact to
regulate 24-OHase activity, but it is possible that the 24-OHase is
aredulated by a balance between PTH and 1,25-DHCC action. In other
words, during hypocalcaemia PTH secretion is increased, PTH then acts
on the kidney to induce 1-OHase activity and suppress 24-OHase ac-

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

which leads to enhanced calclum transport in the gut. As serum calcium
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levels increase PTH secretion is~ suppre:ssed. The removal of an in-
ohibitory influence (PTH) and the presence of a stimulator (1,25~-DHCC)
results in an- increased 24-OHase activity. N

It is not known whether other fact®rs are involved in regulating
24—-0Hase.‘ Hypophysectomy increases 24,25-DHCC production, while GH
administration to hypophysectomized rats rewerses the effects of
hypophysectomy [48,147]. However, hypophysectomy also decreases
parathyroid gland function, which returns upon GH treatment [79,120].
Therefore, the effects of hypophysectomy and GH on 24-OHase activity
are probably secondary to effects on the ;;arathyrovd glands.

Chronic treatment of vitamin D-replete rats with thyroxine (T4)
increased plasma levels of 24,25-DHCC and decreased plasma levels of
1,25-DHCC [143]. Consistent with this report Milier and Ghazarian [89]
demonstrated that darln injections of T4 or triodothyronine (T3) for
6 days induced renal 24-OHase activity and repressed renal 1-OHase
activity. The authors conclude from the study that thyroid hormones
affec; vitamin D3 metabolism either directlty or by their abitlity to
simulate bone rescrption. A stimulation of bone resorption would have
qthe effec:c of e[e'vatmg serum calcium concentration, which would

depress PTH secretion, resulting in decreased 1,25-DHCC and increased

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

. and the possibility still exists that thyroid hormones affect renal

vitamin D metabolism directly.
The 24-hydroxylation reaction has been regarded as a deactiva- .

tion pathway for 1,25-DHCC [78]. The product of the 24-hydroxylation
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of 1,25~-DHCC, 1,24,25-trihydroxycholecalciferol (1,24,2\5—THCC), -is
biologically less active than 1,25-DHCC [69]. . A high 24-OHase activity
would work in two ways to inactivate the vitamin D system: (a) by 24-
hydroxylating 1,25-DHCC. to produce the‘ l;ss active metabolite; (b) by
24-hydroxylating 25-HCC to produce a ccmpound that, according to
many investigators, i1s biologically inactive (reviewed by Brommage and
DelLuca, ref.19). This hypothesis is in agreément with the data showing
a major finvolvement of 1,25—DHCCV|'n regulating its own degradat{on by
Inducing 24-OHase activity. However, 1,25-DHCC is mainly excreted in
the' bile and as a side-chain oxidation product [77]. These gaxcretor;/
processes are non-saturable and are not regulated by serum caicium,
phosphorus, or 1,25-DHCC levels. Although 24-hydroxylase activity is
regulated by 1,25-DHCC, Lt is uhlikely that a change i1n 24-hydroxylase
activity will cause a change 1n the excretion of 1,25-DHCC.

The presence of the 24-OHase in renal mitochondria suggests
that 1t is an enzyme that produces a ;tologlcally important hormonre,

because other mitochondrial P450s are usually invclved tn hormone

biosynthesis, rather than their degradation ‘;142].

]

? . \
(d) The Effect of Estrogen on Vitamin D Hx&roxxlases in Birds

In birds the egg-laying cycle represents a physuologicél calcium
stress. The production of the egg svhell can-require as much as one
gram of calcium in one hour every 24 hours during 'the egg laying

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

and depostition of medullary bone occurs in preparation for the egg
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production process [28]. Kenny [73] showed that following ovulation in ;
the egg~laying Japanese Quail 1,256-DHCC production is enhancued, even |
at a time before any calcification of the egg shell begins. ’ If ovula~-
tion does not happen after oviposition takes place, then 1,25—[3HCC
production rapidly 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
reprodLLc_'tmp‘_Lzs]. A number of studies have reported that estradiol
(Ez2) treatment can stimulate 1-OHase activity in female birds
[7,8,9,28,128] and in male blr%js when given togetHer with testosterone
[128]. The effect of E2 is larger in magnitude than that of PTH, and
the effects of PTH and E: gi\‘/en‘ together are additive, suggesting
that they act via different mechanisms [9,28]. Pretreatment with
tamoxifén citrate, an anti-estrogen, prevented the Ez mediated in—
crease in 1,25-DHCC production, but did not affect the inductbility of
1-OHase activity by PTH [9]. This is further evidence supporting the
notion that Ez and PTH act via different mechanisms. The induction of
1—-OHase activity by E2 happens only in the intact bird, because E:z
treatment of cultured chick kidney cells had no effect on 1-OHase ac-
tivity [1'19]. This data implies that E2 does not induce the 1-OHase
directly, but acts via an indirect mechanism. E2 is known to stimulate
ths synthesis and secretion of PRL and GH [2,30,117). It is, therefore,
possible that Ez Increases 1,25-DHCC production via a pathway that
involves PRL and/or GH. This has not been determined yet.

E2 treatment of immature females had no effect on 24-OHase ac-
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tivity, but in Iimmature males 24-OHase activity was marked!y

decreased [7]. On the other hand, . tamoxifen citraté Stimulated 24~

(%4

OHase activity in female birds, which was partially inhibited by E2 and )
completely inhibited by PTH [9]. It is difficult to assess what these h
data mean In the context of the normal hormonal reguiation of 24~ K
OHase activity. It has qot been determined yet whether Ez has an ef-

fect on synth.esié or activation of the 24-OHase , or whether the ef-

fects are mediated via PTH or some other intermediary factor.

Physiolo‘glcal Actions of Vitamin D3
By definition a hormone Is a substance that Is secreted by a
specific tissue Into the blood stream and I|s transported to other
specific tissues, upon which a physiological effect 1s exerted. Hor-
mones are effective in minute quantities and exert their effects by
binding to specific hlgh affinity receptors. All these criteria con- ‘
sidered, 1,25-DHCC is an endocrine hormone, with the kidney as Its en-
docrine gland for synthesis and secretion. The intestine, bone and
parathyroid glands are then the major target organs with spec.fic

receptors for 1,25-DHCC.”

(a) Action_on Intestine

The most thoroughiy investigated effect of 1,25-DHCC is its role
in increasing calcium absorption from the intestine [18]. 1,25-DHCC has

also been shown to increase intestinal phosphorus absorption {31], but
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most - studies have concentrated on the molecular mechanisms of -the

1,25-DHCC mediated ‘incréase in calcium transport. Autoradiographic
studie;s on target tissues for 1,25~-DHCC demonstrated evidence for a
nuclelar concentration and retention of Cf,25—DHCC in the Intestine
[126,150] as well as other tissues [126]. Using chick embryonic 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 protein
s;nthesis inhibitors [49]. These studies provided strong evidence for
a nuclear mechanism of 1,25-DHCC action, similar to classical steroid
hormone action on gene expression. In other words, 1,26-DHCC acts on
specific genes that code for proteins involved in calcium transport in
the Intestine. A cytosolic 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 en well
characterized and cioned [86].

An important discovery in the vitamin D field was the identifica-
tion ‘of a vitamin D-dependent calcium binding protein in the gut (CaBP)
[141]. Since then a number of vitamin D-dependent CaBPs have been
found In the intestine and various other tissues [97]. Initially it was
thought that the intestinal CaBP is involved in the caicium transport
process. Corradino et al. [34] showed that adding CaBP to intestinal
mucosa, deficient in CaBP, ihcreased calcium transport in these cells.
Taylor [135] demonstrated CaBP specific immunofiuorescence over ab-
sorptive cell cytoplasm. However, other investigators demonstrated

that 1,25-DHCC med‘iated 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 polyribnosomes [123]. Also,
‘rachitic 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 protéin whose synthesis is in—

creased as a consequence of raised intraceliular calcium content. ,
Therefore, Spencer et al. [123] proposed that CaBP acts as a buffer

for intracellular calcium, permitting a continued 1,25—DHﬁCC mediated

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

mMRNA by 1,25-DMCC administration has been observed [46]. Further

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

is.

(b) Action on Bone

Vitamin D3 has two major actions on bone: (a) mineralization of

bone, which is characterized morphciogically as a decrease in the
amount of osteoid, when vitamin D3 is administered t? rachitic animals;
(b) bone resorption, which is manifested as a decrease in bone mineral
and matrix content [125]. Vitamin D deficiency leads to bone disorders
such as rickets during-growth and osteomalacia in the adult [39,125].
This is due to thedhypocalcaemna and decreased' bone mineralization
that accompanies vitamin D deficiency [125]. Ingestion of high doses of

vitamin D can result in vitamin D toxicity, one of its characteristics

being excessive bone resorption, without a corresponding increase in

bone mineralization [125].
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Bone is a highly complex tissue that consists of a number Of

diff%,rent cell types. The osteoblasts are the ‘bone forming cells and
have been shown to exhibit receptors for 1,25-DHCC [32] and PTH [116l.
Although ,25-DHCC is known tfo have a variety of effects on os~
teoblasts, the mechanisms.of 1,25-DHCC mediated bone mir}eralization is
still poorly* understood [95].

Bone ) resorption is mediated by another cell type, the os-
teoclast. PTH and 1,25-DHCC are the major bone resorbing horménes
[95,125]). In fact they require the presence of one another in order to
be active [26,55], Osteoclasts, however, exhibit neither 1,25-DHCC [33]
nor PTH receptors [116]. Isolated mature osteoclasts also do not
respond to 1,25-DHCC [29]. One hypothesis that has been put forward
is that PTH and 1,25-DHCC rr;ediate osteoclastic bone resorption via
another cell type, possibly the ostecblast [111]. Recently, it has been
shown that PTH mediated osteoclastic bone resorption in vitro
requires the presence of osteoblastic cells [87]. Alone, neither os-
teoclasts nor osteoblasts are able to respond to PfH with bone
resorption [87].

Ancther 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 cell
maturation and phagocytic activity [11). ‘Therefore, the exact mechanism

of 1,256-DHCC mediated bone resorptiop is not completely understcod.
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(c) Action on Other Tissues

‘Th‘e_‘ 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 seems plausible that 1,25-DHCC regulates PTH
secretion by a feedback meclmanismi. In fact, 1,25-DHCC can suppress
the secretion of PTH in intact animals [23,25] as well as in bovine
parathyroid ceils in culture [24]. This étudy also showed that PTH
secretion closely parallels levels of pre-pro PTH mRNA. It was then
determined that 1,25-DHCC acts on the parathyroids by suppressing
transcription of the pre-pro PTH gene [112]. ;

The hepatic metabolism of vitamin Ds has been determined to be
affected by 1,25-DHCC [61]. Dietary supplementation of vitaml‘n D-
deficient rats with 1,25-DHCC resulted in a decrease in circulating
levels of vitamin Ds ang\25-HCC and an increase in more polar metabo-
lites [61]. This suggestfz 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. Besides inducing renal 24-OHase activity, 1,25-DHCC has also
been Implicated in increasing renal calcium [62] ar{q phosphate reab-
sorption [107]. There is no doubht that other target organs for 1,25-
DHCC will be found, especially in light of finding vitamin D-dependent
CaBPs in a variety of tissues [97] and having specific binding and

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

autoradiography [126].
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.1,25-DHCC. Tanaka et al. [132] used 24,24-difluoroc 25-HCC, a compound

N

(d) Evidence for a Biological Role of 24,25—-DHCC

The 24~-OHase catalizes the formation of 24,25-DHCC. Aithough
this metabolite of 25-HCC is gquantitatively more important in noérmal

{
animals than 1,25-DHCC, its role as a hormone is not as clear as for
' »

that can be hydroxylated in the 1-position but not in 'the 24-position,
to test whether the 24-hydroxylation 1s important for vitamin D3 ac-
tion. The results showed that there was no significant difference be- ,
tween the action of the difluoro compound and 25-HCC in vitamin D-
deficient rats with. respect to intestinal calcium transport, calcium
mobilization from bone, healing and mineralization of rachitic bone,
elevating serum phosphorixs and preventing rachitogenesis [132]. They
corguded that the 24-hydroxylation of 25-HCC is not important for
any of the effects attributed to vitamin D. ~
On the other hand, studies have shown that 24,25-DHCC, in
physiological doses, can effectively suppress PTH secretion in the dog
(23], in the goat [25], and in bovine parathyroid glands in vitro [33]. /
Aithough 1,25-DHCC is more effective in suppressing PTH secretion in
bovine parathyroid glands in vitro [33], it was concluded by all these )
studies that 24,25-DHCC, by virtue of being the predominant metabo-
lite in the norm’o— and hypercalcaemic 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 in porcine
parathyroid -glands and in human parathyroid adenomas in 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-DHC'C
‘increased the inicorporation of radiocactive sulfate into proteoglycans
[35]. Subsequent studies, using the same model, demon‘strated Increased
DNA polymerase activi.ty in response to 24,25-DHCC [26] and a specific
nuclear uptake of T[3H] 24,25-DHCC in- chondrocyte;% [37]. In both
studies 1,25—DHC)C had similar effects in the same dose rang@ The
authors concluded that 24,25-DHCC can act In the same mann1er as
1,25-DHCC and other steroid hormones.

Effects of 24,25-DHCC on bone were also reported. 24,25-DHCC
was observed to prevent bone resorption in nephrectomized and neph-
rectomized parathyroidectomized hypocaicaemic rats [101]. A direct ac-
tion on osteoclasts was excluded as the mechanism of action [101].
Rather, 24,25-DHCC was postulated to act via osteocytes, or by in-
hibiting cell activity [101]. Ornoy et al.[100] and Endo et al.[47] have
demonstrated that 24,25-DHCC is required for proper bone formation In
chicks. Both studies showed that although 1,25-DHCC is the impertant
hormone for increasing serum calcium and phosphorus levels, a com-

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

fective In curing rachitic lesions and causing bone mineralization

\[47,100]. Recent evidence for a role of 24,25-DHCC in the regulaticon

of bone formation and mineralization stems from the finding that ad-
ministration to vitamin D-deficient rats of 25-HCC or 24,25-DHCC, but
not 1,25-DH=C, restored the linear rate of bone mineral apposition

.
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. Q‘AR) to ngrfnal [127]1. Thyroparat'hyroidectomy abolished the effect of

24,2§-D‘HCC, but simultaneous administration of PTH and 24,25-DHCC to
vitamin D-deficient TPTX rats restored the BMAR to normal [127].  These
results demonstra;ted that PTH and‘24,25-DHC(5 can act in concert to
regulate bone formation and mineralization.
To c;ate, conclusivg evidence for a 24,25-DHCC receptor is lagck-
ing. 24,25-DHCC has been observed to atcumulate in fetahyrat bones
~f96] and in chick callus tissue, after experimental fracture, at a time
poinciding with cartilage synthests [81]. Furthermore, long bor’Tes of
new born rats exhibited specific high affinity binding sites for 24,25~
DHCC [118]. Long bones from new born rats consist predorr]mantly of
cartilage. It was, therefore, suggested that these binding sites are °
located in the chondrocytes 'and that 24,25-DHCC is involved in the
rggulation of cartilage synthesis [118], as has been suggested by
other studies [35,37,81]. )
In summary, evidence for a specific biological action for 24,25-
DHCC is controversial. Although the results obtained with 24,24-
"difluoro 25-HCC are con:/incmg data against a b;ologlcal‘ro!e for
24,25-DHCC, other studies have equally convincing data supporting a
role for 24,25-DHCC in suppressing PTH secretion and in the synthesis
of cartilage and bane. Conclusive demonstration of a 24,25-DHCC

receptor that interacts with DNA, or some 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 harmone is that its syn-

thesis'is tightly regulated. So far, the regulation of the 24-OHase is
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shown to be secondary to that of the 1-OHase. In effect, the produc-

tion df 1,25~DHCC is responsible for inducing 24-OHase activity.

v

Objective of Study’

The molecular mechanisms involved in the induction of 1-OHase
and 24-OHase activity are unknown. 4t is not clear whether the in-
creased enzyme activities are due to de novo enzyme synthesis or due
to the activation of pre-existing enzyme. The induction of:everal

hepatic microsomal P450s by phencbarbital, pregnenolone 16
L

-carbonitrile and 3-methylcholanthrene involves an increase in total

—

hepatic microsomal P450 and an accumulation of the respective mRNAs

[102,114,138]. The renal mitochondrial P450 content does not change
when rats are made vitamin D-deficient, despite largexchanges in renal
vitamin D hydroxylase activities [139]). However, it is not known what

[,

proportion of renal mitochondrial P450 is made up of 1-OHase or of
24-OHase enzym”e.

The production of molecular probes, such as specific polyclonal
or monoclonal antibodies, against the renal vitamin D hy}ro'xylases
would allow us to quantify the individual enzymes. These molecular
tools would also allow us to determine whether transcriptiona!, trans-
lational or post-translatiénal events are Involved in the induction o!f\
enzyme activities by various treatments.

The objective of this study is to identify conditions under which
1-OHase activity and 24-OHase activity are cons'istently high in an in

3
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vitro assay system.” The purpose of this Is to obtain mitochondria 4
with either high 1-OHase or high 24-OHase activity, from which the en- ‘}
8 ;
zymes can be isolated and purified. Specific antibodies to the 1-OHase
and 24-OHase can then be produced, in order to study the regulation
of vitamin.D metabolism at the molecular level. . 0
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it is still debatable whether 24,25—DHCC:/h% a biolagical function.

- g , . ,
v -l
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RESULTS and DISCUSSION . - .

Age Related Changes in Renal Vitamin D Metabolism

Renal vitamin D hydroxylase activities can be changed by dietary

manipulations: Rats raised on a diet with adequate caicium, phosphorus
aw

and vitamin D content have measurable,24;OHase aétivity and non-

detectable 1-OHase activity in their rena}l mitochondria. Rats that are

<

weaned onf(a vitamin D-deficient, low calcium diet have measurable 1-

OHase activity and non-defectable 24-OHase activity in their rena

~
1

mitochondria.

MNormal_,Lmale rats exhibited an age related increase in 24-OHase
activity [Ch.I]. The enzyme activity was lower in 2-4 weez ollﬂ rats
than- 1"n 8 week old adult rats?. It was not determined at what time
point adult levels of 24—0Hase’;c?ivlty were reacﬁed, 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 qf hepatic and

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

in enzyme activity with age can at ‘this point not be evaluated, since

*

First generation vitamin D-deficient (G1) female rats did not ex—

e

hibit an age related change in renal mitochondrial 1-OHase activity
[Ch.I1I]. Young (5 weeks old) rats had measurable 1-OHase activity and

no 24-OHase activity. Adult rats c(8—30 weeks ofd) had a highly vari-

able 1—0Ha§e activity, which on average was not signif\iﬂin‘:ly different

_from young rats. 3Thq mechanism of induction of 1-OHase activity is

- &
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likely tg invelve PTH. While the adult rats were hypocéﬂcaemic, . ﬁ
hypopHosphataemic and hyperparathyroid, the young rats had normal
serum co’n'centrations of calcium and phosphorus, but serum PTH levels N
‘were slightly elevated [Ch.II]. Serum PTH levels were determined using
the mid-molecule radioimmunoassay (RIA) for PTH. _This assay has its
I'mitations, since 1t does not measure biologically active hormone. The
fact that the young rats exhibited measurable 1-OHase activity and
increasedyrmary excretion of cAMP, ndicated that they were effec-
tively hyperparathyrond.

Second generation vitamin D-deficient rats (Gaz) ex-hlbnt an induc-
tion of 1-OHase activity at the time of puberty [140]. The enzyme ac-
tivity becomes non—detectable' after 65 days of age, which correlates
with the loss of PTH sensttivity [90,140]. At no time did any of the Gi
rats. 'dtsplay PTH\ resistance, as measured by their urlnar; CAMP ercre—
tlon>[Ch.II]. Therefore, the inkial development of hyperparathyroidism
was probably responsible for the appearance of 1-OHase activity 1n Gi
rats. .

/ ' :

Effects of Fasting on Vitamin D Metaboljsm

In an attemptyto determine whether vitamun D metabolism is al-

tered on a day to day basis, according to the bodies’ need for cal-

\
cnum\and_/phosphorus, normal rats were deprived of food for 24 hours

k]

and renal mitochondrial vitamin D hydroxylase activities were measured

[ch.Il. At no time was any 1-OHase activity detectable in normal rats.

o

Fasting for 24 hours induced 24-OHase activity 2-3 foid in adult as
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well as young r‘até. This finding was unexpected in light of what is

known about vitamin D metabolism. Food deprivation in effect is equiv-

alent to the removal of dietary calcium and phosphorus. In order to
satlisfy the animals requirement for calciim and phosphorus, bone X
resorption must take place. Therefore, fasting should increase PTH "
secretton and possibly 1,26-DHCC production, since both are potent
bone resorbing hormones. However, neither serum PTH nor serum 1,25-
DHCC concentrations significantly change with fasting [Ch.I].
There are 3 possibilities that could explain the observed
phenomena: (1) The effective levels of PTH were higher than determined
by the mid-molecule RIA (in effect, bone resorption takes place w!th
small changes 1in serum PTH levels, that cannot be detected by the
used methodology); (2) The induced 24-CHase activity increases serum
levels of 24,25-DHCC, which then acts as a caic:lum requlating hormone;

(3) There f{s some unknown mechanism at work. In man 24,25-DHCC has

been shown to increase intestinal calctum absorption [72]. However, |
fasted rats had no dietary calcium intake. Bone rc-:;orptlon has been I
shown to be inhibited by 24,25-DHCC [101]. Therefore, scenaric (2) is ‘
unlikely to occur. It remains a distinct possnb{lity that the effective ;
PTH levels are increased (1). In order to test this hypothesis further,
a PTH assay that detects biologically active hormone would have to

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

measured in fasting rats.




Mechanism of 24-OHase Induction

oy

Hormones that have been shown to influence 24-OHase activity

include thyroid hormones [89,143], PTH [98,134], pituitary hormones
[48,147] and 1,25-DHCC [98,130,134]. Thyroid hormones are unlikely to be -
involved in the stlm—ulation of 24-OHase activity by fasting, since
their serum concentrations are reduced In starvation [105]. A removal
of an inhibitory) influence on 24-QHase activity by PTH can also be
ruled out, since parathyroidectomy did not prevent the respcnse t©
fasting and fed PTX rats exhibited an enzyme activity not significantly
different from intact fed rats [Ch.I].

Similarly, pttuitary hormones can alsc be eliminated as pcssible
mediators of the induction of 24~-QHase activity by fasting, since an

Increase tn enzyme activity was observed in hypophysectomized rats
>

[Ch.I)

o

A high dose (2.5 nmol) of 1,25-DHCC stimulated 24-OHase activity
within 10 hours in normal rats [Ch.I]. If 1,25-DHCC 1s involved In  the
effect of fasting on”24-OHase activity, then serum levels of 1,25-
DHCC should rise within 10 hours of food removal. However, serum 1,25~
DHCC did not significantly change within that time period [Ch.I], sug-
gesting that the induction of 24-OHase activity by fasting is indepen- V

-

dent of 1,25-DHCC.

Serum 1,25-DHCC [88] and 24,25-DHCC [148] concentrations ®follow
a diurnal rhythm. Both the light/dark cycle and the time of feeding
can act as synchronizers of a diurnal rhythm [148]. It is nct known

whether a connection exists between the diuhal rhythm of 24,25-DHCC
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productién and the induction of 24-OHase activity by food deprivation.

The biocloglcal significance of this enzyme regulation by food in-

take is not ‘uhderstood, mainly because the exact biclogical rcle of

-
L

24,25-DHCC 1s not known. The finding that anorectic girig alsc exh:ibi

elevated serum levels of 24,25-DHCC [1] confirms that. starvation can

induce a change in vitamin D metabclism.

-

Induction of 1-OHase Activity During Lactation

In thfe present Investigation It was shown that renal
mrtochondrlél '-OHase activity 1n Gy adult female rats i1s induced by
lactation [(Ch.II]. The enzyme activity in lactating rats 1s consistently
high, regardless of the age of the rat or the length of the lacta-
tional period. The J-OCHase activity in non-lactating Gi females was
highly var‘“lable. Although some non-lactating females exhibited ac-
tivities equivalent to values obtained for lactating rats, on average
lactatirmg rats had a 3-4 fold higher 1-OHase activity.

¥
Lactating rats have been shown to exhibit elevated serum leveis

',of 1,25-DHCC [15,104]. Therefore, the present fmdmgs‘were not unex-—

pected. The mechanism of 1-OHase induction, however, is not clear.
Lactatithg and non-lactating rats were hypocalcaemic, hypophos-
phataemic, hyperparathyroid and PTH sensitive, as determined by thgir
increased -urinary excretion of cAMP [Ch.II]. It is, therefore, unlikely
that PTH, hypocalcaemia and hypophosphataemia alone mediate {\he

stimulation of 1-OHase activity during lactation. Some other factor

present during l'actation may be responsible for the observed enzyme
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induction. PRL is known to stimulate 1,25-DHCC production in vivo

[110,121] as well as in vitro [12,121]. 1In this investigation, 24 hours
after litter remodal, a procedure known to decrease serum PRL levels,
1-OHase activity was still elevated [Ch.II]. It was not determined
whether a lcnger per;lod after litter removal is necessary for the 1-
OHase activity to decrease, since the enzyme half-life 1s not known.
Therefore, 1t could not be demcnstrated whether a lactaticnal factor

plays a role in the induction of renal mitochondrial 1-OHase act vity

during lactation.

General Summary

Normal adult (8 weeks ofd) rats exhibited 24-OHase activity In
their renal mitoechondria which was higher than the activity displayed
by pre-pubertal (2-4 weeks old) rats. The 24-OHase activity was !n-
duced by food deprivation for 24 hours, regardless of the age of the
animal. The mechanism of this induction 1s not clear, but it is inde-
pendent of PTH, pituitary hormones and 1,25-DHCC.

Adult (8-30 weeks old) Gi females had variable 1-OHase activity
in their renal mitochondria, which on average was not significanity
different from the activity seenm in young 5 week old rats. The 1-
OHase activity was stimulated during lactation. The mediators of this
induction could not be identified, but it is suspected that some fac-
tor other than PTH, hypocaicaemia and hypophosphataemia is respon-

sible,

This investigation has demonstrated conditions under which renal
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"mi’_cochondrial vitamin D hydroxylases are easily and rapidly stimulated.

It is not known whether the described phenomena are due to a post:- ‘
translational activation of the "enzymes or ‘ whether translaticnal
and/or transcriptional events are involved. The informat.on presented
here can be used to prepar,e‘[;enal mitochondria with induced 1-CHase
or 24-OHase activities, from which the enzymes can be purified and

studied at the molecular level.

4



FOOTNOTES

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

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

prasents evidence implicating somatomedin C in the stimulation of 1-
OHase activity during hypophosphataemia. Footnote (2) refers to an
article demonstrating an effect of age on 24-OHase and 1-OHase ac-
tivity. Their results show an increase in 24—0Has;a activity and a

decrease in 1-OHase activity with an increase in age. The hydroxyle}se
activity measurements were taken starting with 2 month old rats and

ending with 24 month old rats.

(1) Gray Rw (1987) Evidence that somatomedins mediate the effect of
#e

hypcphosphataemia to-increase serum 1,25-dihydroxyvitamin D3 levels in

4
rats. Endocrinol. 121: 504-512. 4

o

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

25-hydroxyvitamin Da by renal mtochondria from rats of different

ages. Endocrinol. 121: 443-448.
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SUMMARY

.
Changes in renal mitochondrial 25~hydroxycholecalciferol 24-
hydroxylase (24-OHase) activity as a function of age and during fast-

3
ing and refeeding was examined.

In adult male rats (8 weeks old) the level of 24-OHase activity
in renal mitochondria expressed as pmol 24,25-dthydroxycholecalciferol
(24,25-DHCC) produced/g kidney/30 minutes was 103 + 9.5. Betwesn twc
and four IWeeks of age the activity was 40-50% of the adult control
activity( .

Fasting of 8 week old rats for 24 hours increased the
24-OHase activity 3 fold to 268 + 29 pmol 24,25-DHCC/g kidney/30
min, These elevated levels of enzyme activity were maintaned
throughout a fasting period of up to 32 hours. Within 10 hours of
refeeding of rats, which had been starved for 24 hours, the 24-OHase
activity returned to normal. Fasting of 3 week-old rats also
resulted in a 3 fold increase in 24-OHase activity.

Neither parathyroid hormone (PTH) nor pituitary hormones appear
to mediate the incr;ase in enzyme activity in response to fasting,
since the increase in enzyme activity during fasting was not abolished
by parathyroidectomy or hypophysectomy. Furthermors, no changes in
serum concentrations of calcium, phosphorus and PTH were detected
during starvation.

Within 10 hours of administering 1,25 dihydr@xycho_lecalciferol
(1,25 DHCC) 24-OHase activity is induced 10 fold. Food deprivation fer

¢
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o 3 and 10 hours, however, did nct change serum 1,25 DHCC 'concentra-

| . tions. ‘ -

: We conclude that the 24-OHase is regulated in v:itamin D replete -
rats as a function of age and In response to food intake. The
mechanism of this regulation is unknown, but these changes in 24~

hydroxylase activity suggests some physiological role for 24,25-DHCC.
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. INTRODUCTION
Two major mgtabolites of 25-hydroxycholécalciferol (25-HCC) are
produced in renal mitochondria. These are 1,25-dihydroxycholecalciferocl
(1,25-DHCC) and 24,25-dihydroxychoiecalciferol (24,25-DHCC) [10,2 \_En
normal rats with adequate calcium, phosphorus and vitamin D intake\
24,25-DHCC is the predominant. renal metabolite. Duri/ng persoés of cal-
cium, phosphorus or vitamin D deprivation 1,25-DHCC predcminates
[2,28]. The hormonal actions of 1,25-DHCC in facilitating calcium_ = and
phosphorus absorption from the gut [3,7] and osteoclastic bone
resorption [13] are well documented. The biclogical role of 24,25-DHCC
is‘ less clear. Its effects on bone formation [12,19,21,22,27] and PTH a
secretion [5,6,8,11,31] are still controversial. Putative receptors for
24,25—DHC(‘3 havé been found in chondrocytes [9], fetal bone and limb
,b‘ud mesenchymal cells [26], and in parathyroid glands [17]. o
“ If 24,25-DHCC has endocrine functions, its synthesis should be
regulated in response to the body’s need for its acticn. So far the
only hormones known to stimulate the 24—Ol:{ase are 1,25-DHCC [29] and
thyroid hormone [16]. We now report evidence that regulation cf the
24-0OHase activity changes with age in rats and that activity also

/

changes as a function of food intake.

EXPERIMENTAL

¢




Animals

Intact and parathyroidectomized male Sprague D(awley rats {(14-30
-
days old and 8 weeks old ) were purchased from Charles River

(Canada) and maintained on a normal diet of Purina Rat Chow. For
starvation experiments the‘food ‘was removed from the rats at 10 am,
while water was still availabie ad libitum. The rats were anaes-
thesized with ether and killed .by exsanguination at 10 am or at 6
pm the following day. For treatmer\wt with 1,25-DHCC rats were in,scted

with 2.5 nmoles of the the hormone at midnight and were sacrificed at

10 am the following morning.

]
Materials \“
25-hydroxy (26,27-[3H]) cholecalciferol (20.6 Ci/mmei), 1,25- /‘@

‘dlhydroxy (26,27-[3H]) cholecalciferol (130-180 Ci/mmol), and 24,25-
dihydroxy(26,27-[3H])cholecalciferol (130-180 Ci/mmol) were purchased
from Amersham and were purified by high perform'ance liquid
chromatography (HPLC) prior to use. Nonradioactive 25-HCC Was a gift

from Hoffman- La Roche and nonradicactive 1,25-DHCC was a gift from

Duphar B.V., Amsterdam, Holland.

Renal Mitochongdrial 24—Ol;lése Assay

Kidneys Jwere h‘omogenized in 10 volumes (w/v) of ice cold 0.28 M
sucrose using a Brinkman Polytron PT10-35, fitted with & PT20 probe,
for 5' seconds at speed setting No 5. Cru;:le mitochondria were

prepared by differeptial ‘centrifugation. The nuclear fraction - was

A

- r
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removed by centrifugation at: 1000 x g for 10 miﬁutt’e‘s.,,\ The
mitochondrial fraction was 6btainegi by centrifuging the postnuciear
fraction at 10000 x g for 10 minutes. The mitochondrial peliet M;as
resuspended -in 20 mM Hepes buffer, pH 7.4, containing 125 mM KCI, 2
mM M™MgClz, 10 mM succinate, 0.25 mM EDTA and 1.0 mM DTT,at a con-
centration of 0.5 g of original kidney weight/ml ~of buffer.
Mltochondri:al 24-—0Ha§é activity was measured according to Vieth and
Fraser [5;2]. One ml of homogenate was incubated in the presence of
560 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

LY

+ chloroform-methanol (2:1). In the original methdd by Vieth and Fraser

[32] the incubation was perfo‘rmed at a$<wer tembera:tu;e and for a
shorter time period. We have determined‘that similar \;alues were ob-
tained using either ir_wcubation method: The mixture was then voirtex|ed
and the phases separated by centrifugation. The organic phase was

removed and the extraction repeated.

Identification of 24,25-DHCC “ ,
The pooled organi;: extracts from the incubations were dried un-
der nitrogen and vitamin D metabolites were separated by HPLC o,n a
Zorbax Sil column (Dupont Co.), by elution with hexane-isopropanagl (9':1)
or on an Ultrasphere- ODS column (Beckman Instruments, Inc.), eluted
with methanol- water (4:1). 24,25-DHCC and 25-HCC were identified by
their co—-elution with radiolabelied standards. Since the resolution be-
tween 25-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 was further
confirmed usi:{ng ‘the Ultrasphere~ ODS system and by sodium
metaperiodate cleavage performed according to Tanaka, Lorenc a‘;d
DelLuca [30]. Vitamin D metabolites were quantitated by liquic scmtil-:
lation counting.
Measuremen\b of serum calcium and phosphorus

Blood was collected from rats anaesthesized with ether. The
biood samples were feft to clot for 2 hours at room temperature and .
then centrifuged at 5000 x g for 20 minutes, Cajcium and phosphorus

concentrations were determined using specific diaghostlc kits from the

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

Serum PTH Levels

Serum PTH was determined using the midmolecule RIA kit from Im-

muno Nuclear Corporation, Stillwater, MN. \

Serum 1,25-DHCC Concentrations
Food“was removed from 8 week old rats at 6 pm and at midnight.
Blood was coliected 3 hours and 10 bours later respectively. Serum

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

4

from Immuno Nuclear Corporation- Star, Stfllwater, MN.

i)
«

Statistical Analyses — v

Statistical comparisons were performéd using Dunnett’s test. The
LN oy
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I results are expressed as means + standard errors.
£

RESULTS o
Effect of foo 1 rivation on 24—OHase activity

\E&D(il mitochoridrial 24-OHase activity was measured In
adult ratsgmamtamed on normal rat chow. The enzyme.activity n fea

animals was 103 + 9.5 pmol 24,25-DHCC/g kidney/30 min. Starvauon of
these rats for 24 hours increased the 24-OHase activity to 268 + 29
pmol 24,25-DHCC/g kidney/30 min. Figure 1 I1s an example of an HPLC
elution profile of the chloroform-methanol extract after incubating
{3H] 25-HCC with renal mitochondria from a fed and g starved rat. The

" main metabolite, 24,25-DHCC, was Identified by its co- elution with
radiocactive standard 24,25-DHCC on two HPLC systems (Fig.1a, Fig.ib).
Sodium periodate cleavage resulted in the disappearance of 100% of
the 24,25~DHCC peak chromatographed on an Ultrasphere-0DS column,
eluted with methanoi-water (4:1). PY

The 24-CHase activity remained high for at least 32 h;urs of :

starvation. Ten hours after refeeding fasted rats the 24-OHase ac-

tivity returned to near normal leveis (Table 1).

Effect of parathyroidectomy on the induction of the 24—OHase

Parathyroidectomized starved adult rats exhibited a 2-2 fold
higher 24-OHase acflvity compared to fed parathyroidectomized rats
(Figure 2). The enzyme activities were comparable to the activities

! seen In intact animals. Similarly, hypophysectomized rats also showed




an increase in 24-OHase activity, when fasted, which was equivalent

to the induced activity seen in starved intact rats (Figure 23.

o)
A

Age dependency of 24-0OHase Activitly

Prepubertal rats ranging in age from 2-4 weeks and receiving a
normal diet had constitutive}y lower 24-0OHase activity than adult
rats (Table 2). Food deprivation for 24 hours of 22 day day old rats
increased the enzyme activity to 181 + 23 pmoi 24,25-DHCC/g kidney/30
min. Although this represented a 3 fold increase in 24-OHase activity

over fed prepubertal rats, 1t was nevertheless lower than the ac-

ivity seen in fasted adult rats. <

Other effects of Starvation

Starvation for 24 hours had no significant effect on serum cal-
cium, phosphorus and PTH concentrations (Table 3).

Ten hours after treating fed adult rats with 1,25-DHCC, 24—
OHase activity is induced 10 fold (Table 1). This would suggest that if

an increase 1n serum 1,25-DHCC occurs within 10 hours of fasting, It

<

could be responsibie Aor the change in 24-OHase activity seen with

wever, no change in serum 1,25-DHCC Is observed
~e

food deprivation. -

after 3 and 10 houys of fasting (Table 4).
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DISCUSSION
Vitamin D 24-hydroxylase is a renal mxtochondhlﬁl cytochrome

P4E0 [4,15,23] whose activity is stimulated by 1,25-DHCC [29,30] and by

thyroid hormone [16]. Although the physu‘Sloglcal roles of 24,é5—CHCC

afe still debated f18], the presence of the 24-hydroxylase in |
mitochondria suggests a hormona\l function of this metabolite, sirce
mitochondrial P450s are usually involved (n hormone biosynthesis

rather than their degradation.

The present study provides evidence for changes in the level of

24-hydroxylase activity with age and for its induction wupon fasting.
Elevated levels of 24,25-DHCC have been found in anorectic girls [1]
and in children with type—-1 diabetes [25]. These observations suggest

3 13

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

pattern of vitamin D metabolites.
We have ruled out t:é involvement of PTH and pituitary hormones
as mediators of the response to starvation in rats, since an increase

n 24-—hydroxyla!e activity was observed in "both parath_yrondectomrzed

and hypophysectomized rats upon food withdrawal.
Of the two hormones known jto stimulate 24-hydroxylase activity,

thyroid hormone is unlikely to t/e involved, since its levels are

decreased during starvation of rats [24]. In the case of 1,25-DHCC, no
change In the serum levels of this hormone was detected during the

starvation period. Serum 1,25-DHCC measurements were only taken at

\




two time points. Therefore, it is posgible that a temporary increase

in the serum concentration of 1,25~-DH¢C was missed. However, if fast- n
ing is a stimulus for 1,256-DHCC production, then 1-hydroxylase agtivity
should be measurable throughout the period of f’cod withdrawal.  A* no>
time was any 1-hydroxylase activity meas,urab!e« n the renal
mitochondria of these rats.

The increase in 24-hydroxylase activity upon fasting couldg rot
be predicied on the basis of what is understood about the role of
vitamin D metabolites in calcium homeostasis [10]. Withdrawal cf food
for 1C-32 hours should have caused an elevation of PTH, osteoclastic
bone rescrption and an Increase In 1—hydroxy|lase activity, in order to
satisfy the calcium needs of the body. In the starved rats there was
no elevation in serum levels™f PTH. The midmolecule rmmunoassay used
in these studies does not measure biologically active PTH. Therefore,
it remains possible that the effective levels of PTH were glevatad
during starvation, but not enough to cause a detectable increase In
serum 1,25-DHCC concentrations.

The biological significance of the elevated 24-OHase activity
during food deprivation and the lower enzyme activity during the pre-
pubertal period is not clear. One important function attributed to the
24-OHase is to hydroxylate 1,25—-DHCC to produce 1,24,25~-
trihydroxycholecalciferol (1,24,25-THCC), a less active metabolite of
1,25-DHCC [14]. In effect, 1,25-DHCC is able to induce its own inactiva-
tion by stimulating 24-hydroxylase activity. The evidence presented in

“this study demonstrates that 24-OHase activity can’/t;? induced

Jlﬂ
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without a change in sertm 1,25-DHCC concentrations. The regulation of
24-OHase activity by dietar;/ manipulations suggests that 24,25-DHCC
has a biological role and is not merely a by—-product of an excretory

pathway for 1,25-DHCC.
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FIGURE LEGENDS

Figure 1:

HPLC elution profiles of extracts of renal mitochcndria frcm a
fed and a starved adult rat, incubated with [3H] 25-HCC for 30 min at
37 C. The extract was chromatographed using: (A) a Zorktax S:l c2lumn,
equilibrated with hqxane—lsopropanol (9:1) at a floew rate of tml/min; (B)
an Ultrasphere-ODS column equilibrated in water-methano! (4:1) at a
flow rate of tml/min. The fractions were analyzed for radicactivity by

hquid scintillation counting. The retention time of standard vitamin D

metabolites I1s Iindicated at the top of the figures.

Figure 2,

Renal mitochondrial 24-OHase activity in parathyroidectomized,
hypophysectomized and intact adult rats. There were 3-17 rats per
group. The results were expressed as % activity of fasted intact
adult rats. *x P < 0.08 compared to fasted intact adult rats.

HYPOX= hypophysectomlzéd. .

PTX= parathyroidectomized.
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Figure 2: Effect of hypophysectomy and parathyroidectomy
on the induction of 24—hydroxylase activity by fasting.
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TABLE 1

L4

Effect of starvation on 24-OHase activity in renal mitochondria of 8

week old rats

control fed

starved 24 hr.

starved 32 hr.

10 hr. post refeeding of
24 hr. starved

10 hr. post injection of

1,25 DHCC (2.5 nmoles)

pmol 24,25 DHCC produced/g kidney/30 min

103 + 9.5 (17)

268 + 29 (12} *

287 + 36 (5) *
92 + 18 (5)
978 + 46 (4) *

~ % P < 0.05 compared to control fed rats.
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TABLE 2

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

rats .

pmol 24,25-DHCC produced/g kidney/20 min

, fed 24 hr. fasted
14 day old 42 + 5.0 (4) ND
22 day old 46 + 9.3 (11) 181 + 23 (E)x
30 day old 50 + 15 (5) ND
56 day old 103 + 9.5 (17) 268 + 29 (12)%
L

*x P < 0.05 compared to 22 day old fed rats.

ND= not determined.

_ (% . 88
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TABLE 3:

Effects of starVatiqn on plasma levels of calcium, phosphorus and PTH

»

in 8 week old rats”

control fed starved 24 hr

¢
\
Ca(mg/d!) 9.07 + 0.19 (18) 9.09 + 0.22  (9) NS
Pi(mg/dl) 8.10 + 0.22 (18) 8.27 + 0.22 (10} NS
PTH(pmol/1) 48 + 6.5 (4) 63 + 5.0 (4) NS 1

NS = not significantly different from control fed.
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TABLE 4

Effect of fasting on serum-1,25 DHCC concentration in 8 week old rats

; :

pg 1,25-DHCC/ml|

control fed ) 122 + 6.9 (5)
3 hr. fasted 111 + 7.2 (5) NS
10 hr. fasted 131 + 15 (5) NS

NS= not significantly different from control fed.
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Female rats maintained from weaning on a vitamin D-deficient
diet have measur'able levels c3f 25-hydroxycholecalciferol 1-hydroxylase
(1-OHase) in their ,renal mitochondria (71 + 9 Q'pmcl 1,25-

. ! -
dihydroxycholecalciferol p%duce'd [1,25-DHCC]/g kidney/30 min.) and no
detectabie 24—-hydroxytase activity at 5 weeks of age. In the adult
females (8-30 weeks old) the 1-OHase activity is variable with a mean
of 121 + 29 pmol 1,25—DHCC/g kidney/30 min. Lactating females exhibited
consistently high t-OHase activity (3}5&1 37 pmol/g kidney/30 min).
Twenty-four hours after the removal of the litters 1-OHase \activity
was &till elevated (340 + 539 pmol/g kidney/30 min).

Serum PTH levels were 3-15 fold elevated in all the adult
vitamin D-deficient rats, regardless of lactational status. Five-week
old fem'ales only exhibited a slight elevation in serum PTH levels. Uri-‘

'

hary CAMP excretion was increased in all the vitamin D-deficient rats.

This indicates that all the vitamin D-deficient rats were PTH sensi-
¥

tive.

We conclude that 1-OHase activity becomes measurable in vitamin
D-deficiency due to hyperparathyroidism and renal PTH responsiveness.
Lactation induces a high level of 1-OHase activity. It could not be
determined whether the induced 1-OHase activity in lactating females

=3

was due to PTH a!one, or the combined effect of PTH and some other

—-—

factor present during lactation.

INTRODUCTION
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One of the major functions of 1,25-dihydroxychc®calciferol (1,25- <

DHCC) is the maintenance of calcium homeostasis through regulation of

9

intestinal calcium- absorption [3,8]\ ar‘1.d calctum mobiliéa‘c‘ion from bone
[18]. The enzyme involved in the formation of 1,25-DHCC, the 25-
\hyaroxycholecalciferol 1~-hydroxylase (3rQHase) is a rer;al mitochondrial
cytochrome P450 [5]. The 1-OHase activity is. sélmula‘ced by“ hy pocal-

caemia [12], hypophosphataemia (fJ7,17.], "parathyroid hormone (PTH) [4§,

.

prolactin (PRL) [13,15], growth hormone (GHY  [14] and estrogén [21.
)

Hypocalcaemia can induce 1-OHase activity either via PTH or in the
absence of PTH [18]. The effects of PT): on 1-OHase activity can be
mimicked_by cAMP [3] and forskolin [1], a direct activator of adenylate
cyclase. The induction of the enzyme activity by hypophosphatasmia
has been shown to reqguire 'EEH [6]. Although the mechanisms by which
these factors increase 1-OHase activity are unknown, therz are likely

to be several levels of regulation and several mediators of the acs
tion of the different hormones.

It has been shown that PTH resistance develops in older second

generation vitamin D-deficient male rats, and that this is largely

responsible for the disappearance of the 1-OHase activity after
puberty [20]. In this study we report on the PTH sensitivity, as
measured by urinary cAMP excretion, and induction of 1-OHase efctxvrty

in first generation vitamin D-deficient female rats as a function of

age and lactation. *
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.« EXPERIMENTAL ‘ L

Animals )
Female Sprague Dawley rats (Charles River, CaPada) were weaned

on a vitamip D-deficient diet , containing 0.4% caicium and 0.6% phos-

phorus. The rats were anaesthesized with ether and killed by exsan-

guination.

Materials

25-hydroxy (26,27-[3H]) cholecalciferol (20.6 Ci/mmol), 1,25-
dihydroxy (26,27-[34]) cholecalciferol (130-180 Ci/mmol), and 24,25~
dihydroxy (26,27-[3H]) cholecalciferol (130-180 Ci/mmol) were purchased
from Amersham and were purified by high performance liquid chromatog-

raphy (HPLC) prior to use. Nonradioactive 25~hydroxycholecalciferol

was a gift from Hoffman-La Roche. .

Renal mitochondrial 1-OHase assay

Kidneys were homogenized in 10 volumes (w/v) of ice cold 0.25 M
sucrose usi.ng a Brinkman Polytron PT10-35, fitted with a PT20 probe,
for 5 seconds at speed setting No 5. Crude. mitochondria were
prepared by differential centrifugation. The nuclear fraction was
removed by centrifugation at 1000 x g for 10 minutes. The

mitochondrial fraciion was obtained by centrifuging the postﬁuclear

101
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'fraction“, at 10000 x g for 10 minutes. The mitochondrial pellet was . e

4 ]
o resuspended In 20 mM HEPES buffer, pH 7.4, containing 125 mM KCL, 2 "

©

=

‘mM MgClz, 10 mM succinate, 0.25 mM EDTA and 0.4 mM DTT. Mitochondrial
. 1-OHase activity was Fnéasured by a modification of the method of
Vieth and Fraser [21]. F:ve ml  of buffer, conta:m} 0.5-0.75 mg
mitochondrial protein, were incubated in the presence of 20 nM [3Hj
25~-HCC (400-800 cpm/pmol). We have found that this modification of the
e \

assay renders it more sensitive for the measurement of 1-CHase ac-
tivity. After incubation at 37 C for 30 minutes the reaction was °~
stopped by\addition of 5 ml of chloroform-methanol (2:1). The mixture
was vortexed and the phases separ:ated by centrifugation. The organic

phase was removed and the extraction repeated.

Identification of 1,25—bHCC

The pc?oledQ ‘organic extracts from the incubations were dried un-
dgr nitrogen and vitamin D metabolites weré separated by HPLC on a
Zorbax Sil column (Dupont Co.), by elution with Hexane-isopropanol (8:1).

1,25-DHCC and 25-HCC were Identified by their co-elution with

radiolabelled standards. Vitamin D metabolites were guantitated by lig-
“

uid scintillation counting. - .

Determination of serum concentrations of calcium, phosphorus and PTH

&
and urinary excretion of cAMP /\

Urinary excretion of CAMP *‘was measured in urine collected from

rats anaesthesized with ether. The flanged end of a poiyethylene
. L ) @

'
¢ &
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gatheter was tied into the urinar)-/ bladder such that residual volume
8

was r_ninimé!. Urine was collec‘ted in the catheter over a'period of 30
mihutes 'for the analysis of cAMP;and creatinine. At the end of the
experiment blood was collected for thas determination of serum calcium,
phosphorus and PTH. Cyclic AMP gxcretion is" expressed as nmoles/mg

creatinine. Calcium, sphosphorus and ¢reatinine concentrations were

determined using speci@fic diagnostic kits from the Lancer division of e

ra

‘ -
$herwood Medical, St. Louis, Mo. Urinary cAMR was measured using a

radioimmunoassay (RIA) kit (Am”ers(ham). Serum PTH was determined using

the midmolecule”® RIA kit from Immuno Nuclear Corporation, Stillwater,

2

MN.

Statistical analyses |

Statistical ‘compa'.risons were performed using Dunnett’'s test. The
]

results are expressed-as means-+ standard errors.

RESULTS . ' ‘ "

b »
Effect of age and lactation on 1-OHase activity .

Renal mitochondrial 1-OHase activity was det:ermined in female
rats that were weaned on a vitamin D-deficient, low calcium diet.
Within 2 weeks on thg d‘iet 1-OHase actlyity became measurable and
was high compared to normal rats (fig,1). Adult \éemales, that have been

on the diet for 8-30 weeks, had a highly variable 1-OHase activity,
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v\:ithAa range from 25, 0—465 pmol 1,25~ DHCC . produced/g kidney/30

minutes. After 8 weeks -on the diet there was no correlatlon between =,

the age of the animal and 1-OHase activity. In the same age group,

lactating rats showed consistently high 1-OHase activity, with a range

-

from 190-830 pmol 1,25-DHCC produc%&/é kidney/30 min. In lactating

o

rats, there was no correlatlon between 1-0Hase aCthIty and age of .

the animal or the Iength of the period of Iactatxon Twent/-—four houra

4 L4 o
>

after the removal of the litters of rats that have bee*‘t Iactaﬂng for _

one week, 1-OHase activity was still elevated (flg.‘.). -

-~ O
Sernum levels of calcium, phosphorus and PTH 0
“ -
The young vitamin D-deficient females where normocalcaemic, nor-

mophosphataemic and had serum levels of PTH comparable to vitamin D-
o replete rats (table 1). The afult rats, whether lactating or non-

lactating were all hypocal:zaemic, hypophosphataemic and hyper-

'
™

parathyroid: Twenty-four hours after litter removal the serum PTH
‘ -
, levels of the mothers incre@sed 3-5 fold over values obtained f%

v nursingymothers (table 1). The ca:u'se of ‘this increase in serum PTH is

unknown, AN o

Urinary excration of cAMP

¢ _ Urinary cAMP excretion is an index of PTH action on the kKidney

“

[10]. Urinary cAMP excretion was elevated in all the rats, regargless

<

of the age and whether or not they were lactating (flg.;). This I\ndi—

' . AW
cates that all the vitamin D-deficient rats studied were PTH respon-

AY
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sive.

DISCUSSION

We have demonstrated that in‘flrst/ generation vitamin 'D-
deficient (Gi) ‘females 1-OHase activity Is is 1\nduced mﬂ:r}\weeks
after weaning. Secord generation vitamin D-deficient (G:) rats of the
same age exhib;t 3-4 fold higher 1—6Hase activity [20]. In ccntrast to
the hypocalcaemic, hyperparathyroid Gz rats, the pubertal Gi rats
were normocalcaemic and pad only slightly elevated levels of PTH In
the blood.l Since the mldmole‘cute R.IA used in  this study does not
measure biologically active PTH, 1t I1s llkely that the effective levels
of PTH were SIinflcan‘tly elevated aft'er 2 weeks on the diet, esge-
ctally in light of the increased urinary cAMP excretion in these
animals. {/

During lactation the level cf 1-OHase activity 1is increased in
renal mitochondria from Gi: female rats. Although 1-CHasa activity can
also be high-in adult non-lactating females, the enzyme activity s
highly \;ariable a;nd' in some cases It can be close to non-detectable.
Lactating rats had a consistently higher level of 1-OHase activity and
neltheAr serum PTH nor urinary excretion of cAMP was significantly dif-
ferent between lactating and non-lactating rats. If these PTH levels
are indicative of active hormeone, then this is suggestive evidence of
some other factor in lactation being responsible for the inductior of

~
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the enzyme activity. Removal of suckling pups, which wcu!d decreass >

-

milk production, might eliminate such a lactational factor. Within 24

hours after Ilitter removal from lactating females 1-OHase acti /ity
4

was still elevated. However, it is possible that the ﬂ—(gHase activity
?

declines only slowly after a stimulant 1s removecd ®and trat 24 hours
Is not enough time for the enzyme activity to decrease. Therefore,
the cause of 1-CHase Induction during lactation remains unreso!ved.

It has been shown previously that Gz rats, at an age cf ¢ weeks
and older, develop PTH resistance as measured by the’urmar, excre- '\/
tion of cAMP [20] amd by changes In the regulatory subunit of renal
adenylate cyclase [11]. In Gi rats PTH resistance did nct devzlce Ir
any of the rats studied. These Gz rats are, therefore, the 1deal toc! Y

to determine other factors can stimulate 1-OHase actvity indegcen-

dently of PTH, or whether other factors can influence 1-CHace ac-

tivity by'altering PTH resistance. ¥

It 1s still unknown by what molecular mechanisms 1-2Hase act vity
is. induced during vitamin D-deficiency and Iactatlorlw. The renal
mitochondrial cytochrome P450 content does not change Wwhen rats are
made vitamin D-deficient [19]. It is, however, unkncwn wﬁhat groportion
of renal mitochondrial P450 1s 1-OHase enzyme. To dats, ar; increase in

the amount of t-OHase has not been demonstrated yet and awaits im-

munological quantitation of the enzyme.

We conclude that 1-OHase activity in Gi females is induced by
¥
vitamin D-deficiency and increases as a function of lactation. The in-

duction of 1-OHase activity in vitamin D-deficient rats is due to the

PR
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develcpment 'of hyperparathyroidism. The cause of the elevated levels .

C . .
of 1-OHase activity during lactation, however, was not determined. ,
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FIGURE LEGENDS

Figure 1:

Renal mitochondrial 1-OHase activity in female vitamin D-deficient
&

rats. There were 4-20 rats per group. The young rats were § weeks
old. The adult rats (non-lactating, lactating and post-litter removal)

\
were 8-30 weeks old. Vitamin D-replete rats had no detectable 1-OHase

N\

activity. °

3

Figure 2:

/

Urinary excretion of cAMP in control and vitamin D-deficient

rats. The control rat§/@ 8 week ofd males that were weaned cn

4

normal rat chow. There were 3-6 ra}s per group. * P < 0.05 comgared
|
to cantrol rats. ¢ ¢

v
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, .
TABLE 1

Serum concentrations of calcium,

deficient (D-) female rats

phosphorus and PTH in vitamin D-

Ca(mg/dl) Pi(mg/dl) PTH(pmol/1)

control 9.07 + 0.19 9.09 + 0.22\ 48 + 6.5

Y
young D- 9.50 + 0.23 9,57 4+ 0.43\ 61 + 6.8
adult D- 7.02 + 0.41 * 4.68 + 0.34 x 179 + 25 x
lactating D~ 5.84 + Q.42 % €.71 + 0.48 x 216 + 19 %
Jactating D- ND ND 677 + 11Q *x
-24hr pprxxx

”

There were 4-18 rats per group. ND= not determined. * P < 0.05 com-

pared to control rats. *x P < 0.05 compared to lactating D~ rats. *%x

ppr= post-pup removal.
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