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Studies on the absorption and retention of calcium and
phosphorus by young and mature Ca-deficient sheep

By G. D. BRAITHWAITE
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1. A combination of a mineral balance and a radioactive technique has been used to study
the effects of increased levels of dietary calcium and phosphorus on the Ca and P metabolism
of young and mature wether sheep previously made Ca-deficient.

2. Ca absorption was directly related to Ca intake until an absorption maximum was
reached. Young animals absorbed dietary Ca more efficiently than mature animals and had a
much higher maximum rate of absorption. Apparent P absorption was directly related to P
intake and maximum P absorption was also higher for the young animals.

3. Excretion of Ca in the urine and into the intestine was not altered by changes in Ca
intake. Excretion of P in the urine, however, varied considerably and it is suggested that this
process may be largely responsible for P homoeostasis.

4. Ca retention was directly related to Ca absorption. Maximum retention was considerably
higher for the young animals than for the mature animals and occurred for each group of animals
at exactly the same dietary intake as maximum Ca absorption.

5. Ca and P were retained in a constant ratio of 1-25:1 and the results suggested that P
retention was controlled by the rate of Ca retention.

6. Bone turnover was higher for the young than for the mature animals. Animals mobilized
skeletal Ca when receiving the Ca-deficient diet and replaced their Ca losses when the dietary
Ca was plentiful by changing the relative rates of bone resorption and bone accretion. Although
bone resorption was mainly responsible for Ca homoeostasis, bone accretion appeared to play
some part in the young animals.

7. Maximum retention of Ca occurred just as the rate of bone resorption became zero and
was equal to the rate of bone accretion. The lower maximum retention of Ca for mature animals
was due to a lower rate of bone accretion.

8. Results suggested that when bone resorption ceased, Ca absorption was regulated by
homoeostatic mechanisms at a level just sufficient to maintain maximum retention, and that
the maximum rates of absorption measured may not have been true maximum rates.

9. The consequences of a relationship between bone accretion and maximum Ca retention
are discussed with reference to older, pregnant and lactating animals.

In calculating the dietary calcium requirements of sheep, the authors of The
Nutrient Requirements of Farm Livestock (Agricultural Research Council, 1965) make
the assumption that the efficiency of absorption of Ca decreases with age. It has
recently been shown that when growth of nearly mature wethers is stimulated by
treatment with oestrogen or growth hormone, the efficiency of absorption of Ca is
also increased (Braithwaite, Glascock & Riazuddin, 1972; Braithwaite, 1975). This
suggests that the decrease in the efficiency of absorption with increasing age may only
reflect decreased Ca requirements.

Certainly young animals with high Ca requirements absorb Ca at a higher rate and
with a greater efficiency than mature animals with low requirements (Braithwaite &
Riazuddin, 1971). Furthermore, when requirements of mature animals are increased
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Table 1. Datly intake for dietary ingredients of the low-calcium basal diet for sheep, and
the Ca and phosphorus contents of these ingredients

Amount Total Ca Total P
(g/kg Ca content (mg/kg P content (mg/kg
Ingredient body-wt) (mg/g) body-wt) (mg/g) body-wt)
Straw 5 34 17°0 o8 40
Barley 5 o7 3'5 41 205
Flaked maize 2°5 003 o1 15 37
Bran 1-25 o4 o5 12777 159
Linseed-oil cake o5 31 2-8 84 42
Vitamin mixture* o007 157 1t 22 oz
Whole diet 250 483

* Beta Vitamin No. 3a (Cooper Nutrition Products Ltd, Witham, Essex), to supply 37°5 ug retinol
equivalent and o-775 ug cholecalciferol/kg body-wt.

as in pregnancy and lactation (Braithwaite, Glascock & Riazuddin, 1969, 1970) or
after periods of Ca deficiency (Braithwaite, 1974) both the amount of Ca absorbed
and the efficiency of absorption are increased.

The present studies were undertaken to compare young and mature animals,
previously made Ca-deficient, in their ability to absorb and retain Ca.

EXPERIMENTAL

Amnimals, housing and diet. Eight Dorset Horn wethers were used. Four were 5-
month-old growing animals weighing 25-35 kg and four were 5-year-old mature
animals weighing 8o-go kg. They were housed in metabolism cages designed for
the separate collection of urine and faeces, and had free access to distilled water.

It was calculated from results of Braithwaite & Riazuddin (1971) that sheep require
55 mg Ca/d per kg body-weight to supply their maintenance requirements. In the
present experiments animals were given a basal diet of straw and concentrates which
contained less than half this amount of Ca (Table 1). This diet was supplemented,
when necessary by the addition of calcium carbonate and disodium hydrogen
orthophosphate, the orthophosphate was added to ensure that Ca retention was not
limited by a lack of dietary phosphorus. The low-Ca diet contained an amount of
P adequate for maintenance (Agricultural Research Council, 1965) and at higher Ca
intakes the dietary Ca:P ratio was kept at about 1-5.

Experimental procedure. Mature animals were given the low-Ca diet for a period
of 2 months before the start of the experiment to ensure that they were deficient in
Ca (Braithwaite, 1974). The young animals, because they had additional growth
requirements for Ca and became deficient more quickly, were given the diet for 1
month only. Ca metabolism was studied at Ca intakes fixed at approximately 20, 50,
100, 200, 300 and 500 mg/d per kg body-weight for the mature animals and at 2o,
100, 300, 400 and 500 mg/d per kg body-weight for the young animals. The corres-
ponding P intakes were 50, 50, 70, 150, 225 and 350 mg/d per kg body-weight for
the mature animals and 60, 60, 200, 300 and 365 mg/d per kg body-weight for the
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young animals. Studies were done in a random manner, except those involving the
low Ca intake which were done at the beginning and end of the experimental period.
Each level of Ca intake was maintained for a period of 12 d and kinetic measurements,
lasting 7 d, were started on the fifth day. Studies were done at monthly intervals;
the animals were returned to the low-Ca basal diet for the 18 d period between studies.

Experiments using young animals were confined to the period between 6 and 11
months of age, when changes in Ca metabolism are relatively small (Braithwaite &
Riazuddin, 1971). Increasing age has little effect on Ca metabolism in 5-year-old
animals and it was possible to do a larger number of studies using these animals.

Methods. Ca kinetic studies were done using the method of Aubert & Milhaud
(1960) modified for use with sheep (Braithwaite et al. 1969; Braithwaite & Riazuddin,
1971). The methods used for the determination of Ca contents and the measurement
of the amount of radioactivity in samples of blood, faeces and urine have been
described previously (Braithwaite et al. 1969). Total P content for ashed samples of
food, faeces and urine was determined by the procedure of Fiske & Subbarow (1925)
modified for use with an AutoAnalyzer (Technicon Instruments Corporation,
Basingstoke, Hants) (Technicon Instruments Corporation, 1967).

RESULTS

The effect of increased dietary intakes of Ca and P on the Ca and P metabolism
of young and mature Ca-deficient wethers are shown in Tables 2 and 3. Ca metabolism
was not significantly different at the beginning and end of the experimental period
for either group of animals given the Ca-deficient diet, indicating that period effects
were negligible.

Absorption of Ca and P. Ca absorption was low for both groups of animals, until
the dietary Ca intake exceeded 20 mg/d per kg body-weight. The rate of absorption
then increased directly with intake; the efficiency of absorption was greater for the
young animals than for the mature animals (Fig. 1). There was a highly significant
(P < o-oo1) linear relationship between the rate of absorption and Ca intake for young
animals between intakes of 100 and 400 mg Ca/d per kg body-weight, and for mature
animals between intakes of 50 and 200 mg/d per kg body-weight, and the following
regression equations were calculated: young animals, Ca, = 84+ 0'2 Ca,;; mature
animals, Ca, = 6-0+o0-1 Ca;; where Ca, and Ca, are Ca absorption and Ca intake
(mg/d per kg body-weight) respectively.

Above dietary intakes of 200 mg/d per kg body-weight for mature animals and
above 400 mg/d per kg body-weight for young animals, no significant increases in Ca
absorption occurred. As a result of the greater efficiency of absorption by young
animals and the higher intake reached before absorption became limited, their
average maximum rate of absorption (87 mg/d per kg body-weight) was considerably
greater than that for the mature animals (28 mg/d per kg body-weight).

As endogenous secretion of P into the intestine was not measured in these experi-
ments, true rates for P absorption could not be calculated. Apparent P absorption
(P intake—total P in faeces), however, was directly related (P < o-oor) to P intake

ssa.d Anssanun abprquie) Aq auljuo paysiiqnd 65£000545 L L£000S/ZL0L 0L/BIo 10p//:sdny


https://doi.org/10.1017/S0007114575000359

https://doi.org/10.1017/S0007114575000359 Published online by Cambridge University Press

' JUdUIIISdXD JO PUd 243 JB IPEW SIUSWRINSEI]A || ‘p/3so] 4 pagrosqeun pue J snousdopuod jo wng I
o~ quowirddxa jo SurumiBoq 93 18 PR SUSWAINSLIIA] § *p/1sO B)) paqiosqeun pue g)) snouadopus jo wng |
m; TOdHEN Pue SO0 Jo wiog oY)
ur pariddns a1om syuswe(ddns J pue B)) {1 3[QB], 998 ‘SIAIp JO S{1elop Io,] "3UOJe 131D [eseq B))-mO[ Y3 UIAIT a10m sfewurue U} Uaym ‘spowrad p €1 uaamg
-3q P R JO S[EAISIUI SI9M 313 ], ‘21 ABp 0} § Aep WOI} apeul 9IoM SJUSLUSINSESUW pue P ZI Jo poriad & JOJ Paurejuisu sem 9XeIul B) JO [949] Yory 4
09.0 LEo Sz.0 Lo.o LE.0 6¢.1 gt.1 6¢€.1 68.1 6f.0 onelr J:e) Arejai(g
£.z¥ £.9z ¥.L1 o.§ 6.9 6.S501 L.g6 1.9S £.91 8-v (am-4Apoq 8y 19d p/Bwa) (saosey Ul
350] J — paisadur J) uondiosqe J juareddy
I.01 £.9 z.¥ z.1 9.81 — z.19 809 1.6¢ g.£1 6.61 — (3m-£poq 3y 1od p/3wr) uonualex J Jo syey
6.6¢ 6.4z v.g1 Ly §.5z Lt 6.5¢ 0.41 Sz Lyz (3m-£poq 3y 15d p/3wr)
auuIn Ul J JO UOIRIOXa JO 9By
1.Ly £.62 ¥.61 9.5 6.68 z.65z g-v61 o.zb1 9.5% 0.68 (3m-4Apoq 8y 13d p/Bur)
Jsoose] ur g jo ssof jo ajey
6.1 £.6 1.9 81 8:99 1.59¢ S.162 1.861  6.19 8:-£9 (am~-Apoq 8y 1od p/8wi) J Jo uonsadur Jo ey
+.0€ 6.91 .21 9.€ 0.6 z.§ €0 Lz z.g¥ 0.19 (am-4&poq 8y xod p/Bw)
mm suoq wolj &) yo uondiosar jo sy
] V.0 6.1 S.z1 9.t z.2¥ z.8L 138 72 6.5L 1.19 z. ¥ (am-£poq 83 1ad p/3w)
an auoq 03Ul BY) JO UOIRIN0E JO 3By
ort 18844 bile 1.8T 2.5 z.501 S.gb1 S.8¥1  o0.951 €181 §.601 (3m-4Apoq 8y/3w)
H auoq uy &) jo jood a1qeadueyoxa L{mols
M 892 L.91 0.11 z.£ L.Sg z.€9 o.Lg 6.29 229 €64 (am-Apoq
) 8y/3w) ey jo [ood sjqesBueyoxs L|pidey
1.01 £.9 z.¥ 2.1 z.£ 9.91 z.2e 6.8z V.lz V.2 (pa31s3dur ey 9,) paqiosqe &)
D. 2.61 6.11 6.L £z 8.0 8-£g S.68 859 6.9z 9.0 (am-£poq 89 1od p/3wr)
. sunsajuT wroly B)) jo uondrosqe jo a3y
4] 9.9 884 Lz L.o 0.51 b1 o1 6.51 Lz 1.51 (am-£poq 8y 1ad p/8ws) () snousopua
[8098]) SULISIIUT OJUT B)) JO UOIDIOXI JO 9)BY
L.61 .21 1.8 £z 891 — 0.89 o.¥L z.g¥ 6.z1 8-9I— (am-Apoq 3y 12d p/3wr) uonuaRI B Jo 91ty
9-€ z.z S.1 V.0 9.2 L.x S.x L.x €.x £z (am-£poq 8y zod p/Jur)
auLIN Ul B)) JO UOHAIOXS JO 938y
(24 £.9z v.L1 o.§ 0.6¢ z.9f%  b.Lzf€  o.Szz  odg £.6¢ (wm-£poq
8y 10d p/Buwa) [saode] Ul D) JO $SO[ JO 3By
V.08 6.91 S.z1 9.€ gtz 6.§0§  6.20b 6.vLz  z.86 g-vz (am-£poq Y 1od p/3ur) ) jo uonsadur jJo ayey
100.0 > J 100> g S0.0 > g (azenbs 1l §
. v ~  ueow
:90ueoyudis jenprsar)
Jeonisiyess 10y parmbax i0113
sanfea UBSWU UIamIaq 93UaIdPl(q paepusig
<+ (s{ewriue INoj I0] sanjeA UedJA)
Lo
3 SR J pup 07 Pasvainr Jo swyram wanfop-vy Sunok fo wsioquiaw snioydsoyd pup wmopo ayy uo 193ffa Yy ‘z S|qeE],


https://doi.org/10.1017/S0007114575000359

https://doi.org/10.1017/S0007114575000359 Published online by Cambridge University Press

JuawirIadxa Jo pua Y3 B SPBW SIUSWAINSBIIAT || ‘p/3s0] d paqIosqeun pue J snouddopua yo wing
‘JuswIIddxa Jo Buruuidaq oY) I8 opEwl SIUIWRINSEIA § p/3so] BD paqiosqeun pue g) sNouddopud jo wng .|
. FOdH®EN pue (00D
3O urrol 9y3 ut parjddns o1om J PUE B)) (I 3[E], 995 ‘SIONP JO S[IBIOP IO, ‘UO[E JDIP [eSEq B)-MO[ 3} UIALS SIoM SJewWIIUE oY) UayMm ‘spolrad p z1 usomy
7 -9q p QT JO S[BAISIUT 9Jom 210Y ], "2 Azp 0} § ABP O] OPRUI DJOM SJUSLUININSEIW PUE P ZI JO POLIad B JOJ PAUIBIUIEWI SBM 9)BIUL B)) JO J9AJ] UOorH

1.0 St.o 6z.0 g0.0 $€.0 gt.1 b £b.x 19.1 €6.0 .0 onex J:e) Arepi(q
£.g¥ 0.0¢ g.61 LS .11 6.+ 6.+ z.E€ g.01 L.g .9  (am-Lpoq 3y 1ad p/Bu) (sadaey ur 350]
d —paisadur J) uondrosqe J yuareddy
L.61 z.21 1.8 Q-z 9.0+ o.fz 8-81 6.51 £.6 YN L.o— (3m-Apoq 8y z0d p/3ur)
uonualaI J Jo 9By
L.y 0.92 141 o.§ V.01 6.1z 1.92 €.Lx 1.1 o.1 1.4 (3m-£poq 8y 10d p/3u)
auLIn Ut J JO UON9I0Xa Jo ajey
1.69 o.£¥ V.82 z.8 g.z¥ $.91¢  g.081  Z.LII £.8S 9.5¢ 9.1+ (am-£poq 8y aad p/3w)
Isa0aeg ur J 3o ssof jo azey
.Apuv,. 0.29 9.8¢ §.Sz v.L g-£§ v.19€  §.85zz  +.oSt 1.69 1 47 o.gb (3m-£Apoq 8 Jod p/3ur)
.M d Jo uonsodut jo sjey
R 6.71 £.6 1.9 81 z.bve L.o— €1— £.1 6.5 .€1 0.52 (am-£poq 8y 10d p/Bw)
.M suoq woIj 8) JO uondiosal Jo ey
N 1.£1 z.8 +.S 9.1 o.t1 z.t1 L.xx LS 0.21 Lozt 1.+1 (am-£poq 8y 10d p/8ur)
8 auoq 03Ul BY) JO UOHRIOIE JO )8y
N 6.0z o.£x 9-8 S.z 0.8z z.82 z.be S.1€ 0.0£ 1.1€ £.Lz 5 G.&.w%voa mﬁmmﬁ&
8 auoq ur e Jo jood slqeadueyoxa A[Mo[g
zm L.€x S.8 9.8 9.1 8.6z S.of £.9z 1.0 L9z g.lz £.6z (am-Apoq 8y/3ur)
S &) jo jood s|qesdueyoxs Ljpidey
S 1.01 £.9 z.¥ 2.1 0.9 0.9 1.8 o.zx 9.51 S.0z 9.0 (paisadur e)) 9,) paqiosqe &)
m S.z1 8L 1.§ S.1 1.1 o.of 8.5¢ 8.5z b.L1 V.or 1.0 (am-£poq 8y 10d p/Bur)
aunsayul woy ) Jo uondiosqe jo vy
& 6.9 9.5 L.€ 0.1 2.11 z.11 z.01 +.6 z.6 1.6 o.0r (3m-£poq 8x 1ad pf8w)
-8 (eD snouadopua [edoey)
IM SUISIUT OJUI BD) JO UONSIOXA Jo ey
) L.€x §.8 9.5 9.1 Z11— 6.€1 0.£1 L O 43 1.9 L.o— 6.01 — (am-Apoq 8y 1ad p/8w)
uonuaI B Jo 93y
9.9 1.¥ L.z 8.0 €1 6.v 9.z o.z 1.2 0.z o.1 (3m-~Apoq 8y 1od p/Bur)
dULIN Ul B)) JO UOHIOIOXD JO 38y
b.le 1.41 €11 £.€ 2.82 £.6Ly ozof g.g61 o.for  b.6¥ 1.92 (am-4Apoq 8y 1ad p/3ur)
Jso00e] ur 8)) JO ssOf Jo ayeyg
9.1¢ L.61 o.f1 g-£ £.81 1.86¥ 9.L1f  z.S1z  z.arr  L.of z.91 (am-£poq 8y 10d p/3u)
&) jo uonsadur jo ayey
100.0 > J 10.0 > g $0.0 > g (21enbs I $§
< v ~/  Uedlx
N :aoueoyruSIs Tenpisar)
] [eonsniess oy pasmbaz J0110
VO SINJEA UBAW UdMJ9q UL  pIepuwig

(sjpwirue Inoj xoj sanjea ueay)

#5YDIUL J pUD D7) pasvaiaur Jo siaylam Juaonfap-vy) aingpw fo wsyjoquiau snioydsoyd puv wmaws ayz uo 1affs ayJ € Sqe],


https://doi.org/10.1017/S0007114575000359

316 G. D. BRAITHWAITE 1975
100
O o
[,
e
80 {~ °
(¢]
o (¢)
S o
>~
e
§ 60 4
o
-
=
Bo
£ 40
.N“ ~
© & ® e °
o °
20 - .

] | i ]
0 100 200 300 400 500 600
Ca; (mg/d. kg body-wt)

Fig. 1. Relationship between calcium intake (Ca,) and Ca absorption (Ca,) for wethers.
(O), Young animals; Ca, = 8-4+02 Ca; (@), Mature animals; Ca, = 6-0+o'1 Ca,.
Animals were given a low-Ca basal diet supplemented with increasing amounts of Ca and P
(Ca:P about 15 for higher Ca intakes). Each level of Ca intake was maintained for 12 d and
measurements were made from day 5 to day 12, followed by 18 d on the low-Ca basal diet
alone. For experimental details, see Table 1 and pp. 312-3.

until absorption reached a maximum (Fig. 2) and the following regression equation,
in which values were expressed as mg/d per kg body-weight, was calculated:

P, = —109+033 P,

where P, and P, are the apparent P absorption and P intake respectively.

Average maximum absorption of P for young animals (101 mg/d per kg body-
weight) was much higher than that for mature animals (45 mg/d per kg body-weight)
and occurred at a much higher P intake. The variation in the rate of P absorption,
which was considerable, particularly at the higher P intakes, appeared to be associated
with variations in urinary P excretion.

Endogenous excretion of Ca and P. Excretion of Ca in the urine and into the intestine
(faecal endogenous Ca) was not significantly altered in these experiments but values
for faecal endogenous Ca were lower than those reported for Ca-replete animals
(Braithwaite & Riazuddin, 1971). It has recently been shown, however, that a gradual
decrease in faecal endogenous excretion occurs as animals become adapted to Ca-
deficient diets (Braithwaite, 1974). As a result of the decreased rates of endogenous
excretion, maintenance requirements for Ca (i.e. the Ca required to replace endo-
genous losses into urine and intestine) were lower for Ca-deficient animals than for
Ca-replete animals (see Braithwaite & Riazuddin, 1971).

Excretion of P in the urine varied considerably with changes in intake. It was high
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Fig. 2. Relationship between phosphorus intake (P;) and apparent P absorption (P,) for young
(O) and for mature (@) wethers; P, = —10'9+0-33 P;. Animals were given a low-Ca basal
diet supplemented with increasing amounts of Ca and P (Ca:P about 15 for higher Ca intakes).
Each level of Ca intake was maintained for 12 d and measurements were made from day 5 to
day 12, followed by 18 d on the low-Ca basal diet alone. For experimental details, see Table 1
and pp. 312-3.

for both groups of animals given the Ca-deficient diet, then decreased markedly as the
Ca intake was initially increased (the P intake remaining constant) and finally in-
creased again as the dietary levels of both Ca and P increased. The initial decrease in
urinary excretion rate was not related to P intake, nor to apparent P absorption, but
did appear to be inversely related to the rate of Ca retention (Fig. 3). The subsequent
increase in excretion was then directly related (P < o-001) to increased P absorption
(Fig. 4). The following regression equations, in which values were expressed as mg/d
per kg body-weight, were calculated:

young animals, P, = —20-9+0-63 P,;

mature animals, P, = —8-8+40-76 P,;

where P, and P, are the urinary P and apparent P absorption respectively.

Retention of Ca and P. Both groups of animals lost considerable amounts of body
Ca when receiving the Ca-deficient diet (Tables 2, 3). Losses of P also occurred,
particularly in young animals, although the P intake was adequate. Increased intakes
of Ca and P then resulted in increased retention for both elements until maximum
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Fig. 3. Relationship between calcium retention and urinary excretion of phosphorus for young
(O) and mature (@) wethers given a low-Ca basal diet supplemented with increasing amounts
of Ca and P (Ca:P about 1-5 for higher Ca intakes). Each level of Ca intake was maintained
for 12 d and measurements were made from day 5 to day 12, followed by 18 d on the low-Ca
basal diet alone. For experimental details, see Table 1 and pp. 312—3.
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Fig. 4. Relationship between apparent absorption of phosphorus (P,) and urinary P (P,).
(O), Young wethers; P, = —20:9+0'63 P,. (@), Mature wethers; P, = —88+4076P,.
Animals were given a low-Ca basal diet supplemented with increasing amounts of Ca and P
(Ca:P about 1-§ for higher Ca intakes). Each level of Ca intake was maintained for 12 d and
measurements were made from day 5 to day 12, followed by 18 d on the low-Ca basal diet
alone. For experimental details, see Table 1 and pp. 312~3.
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Fig. 5. Relationship between calcium retention (Ca,) and Ca absorption (Ca,). (O), Young
wethers; Ca, = 162+ 1°0 Ca,. (@), Mature wethers; Ca, = 11-6+1'1 Ca,. Animals were
given a low-Ca basal diet supplemented with increasing amounts of Ca and P (Ca:P about
1°5 for higher Ca intakes). Each level of Ca intake was maintained for 12 d and measurements
were made from day 5 to day 12, followed by 18 d on the low-Ca basal diet alone. For experi-
mental details, see Table 1 and pp. 312-3.
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Fig. 6. Relationship between calcium retention (Ca,) and phosphorus retention (P,) for young
(O) and mature (@) wethers; P, = 4-8+0-8 Ca,. Animals were given a low-Ca basal diet
supplemented with increasing amounts of Ca and P (Ca:P about 1-5 for higher Ca intakes).
Each level of Ca intake was maintained for 12 d and measurements were made from day 5 to
day 12, followed by 18 d on the low-Ca basal diet alone. For experimental details, see Table 1
and pp. 312-3.
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Fig. 7. Relationship between accretion of calcium into bone (@), resorption of Ca from bone
(O) and Ca absorption for young wethers given a low-Ca basal diet supplemented with
increasing amounts of Ca and P {(Ca:P about 1-5 for higher Ca intakes). Each level of Ca intake
was maintained for 12 d and measurements were made from day 5 to day 12, followed by 18 d
on the low-Ca basal diet. For experimental details, see Table 1 and pp. 312-3.

Fig. 8. Relationship between accretion of calcium into bone (@), resorption of Ca from bone
(Q) and Ca absorption for mature wethers given a low-Ca basal diet supplemented with
increasing amounts of Ca and P (Ca: P about 15 for higher Ca intakes). Each level of Ca intake
was maintained for 12 d and measurements were made from day 5 to day 12, followed by
18 d on the low-Ca basal diet. For experimental details, see Table 1 and pp. 312-3.

retention was reached. The maximum rate of retention of Ca for mature animals
(14 mg/d per kg body-weight) was considerably lower than that for young animals
(71 mg/d per kg body-weight) and occurred at a much lower Ca intake (200 mg/d
per kg body-weight compared with 400 mg/d per kg body-weight for young animals).
It was at exactly these same Ca intakes that maximum Ca absorption occurred.

Fig. 5 shows that there was a highly significant (P < o-oo1) linear relationship
between Ca absorption and Ca retention for young and for mature animals, and the
following regression equations were calculated:

young animals, Ca, = 16-2+1-0 Ca,;

mature animals, Ca, = 11-6+1°1 Ca,;

where Ca, and Ca, are Ca absorption and Ca retention (mg/d per kg body-weight)
respectively. These regression equations differed slightly from each other and from
that (Ca, = 21-8+1-1 Ca,) obtained previously for sheep (Braithwaite & Riazuddin,
1971) but these differences were due to the lower maintenance requirements of the
Ca-deficient animals.

Maximum P retention was also greater for the young (61 mg/d per kg body-weight)
than for the mature animals (19-2 mg/d per kg body -weight), and for both groups
occurred at about the same time as maximum Ca retention. Fig. 6 shows there was
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Fig. 9. Relationship between accretion of calcium into bone (@), resorption of Ca from bone
(O) and Ca retention for young wethers given a low-Ca basal diet supplemented with
increasing amounts of Ca and P (Ca:P about 1'5 for higher Ca intakes), Each level of Ca intake
was maintained for 12 d and measurements were made from day 5 to day 12, followed by 18 d
on the low-Ca basal diet. For experimental details, see Table 1 and pp. 312-3.

Fig. 10. Relationship between accretion of calcium into bone (@), resorption of Ca from bone
(O) and Ca retention for mature wethers given a low-Ca basal diet supplemented with
increasing amounts of Ca and P (Ca:P about 15 for higher Ca intakes). Each level of Ca intake
was maintained for 12 d and measurements were made from day 5 to day 12, followed by 18 d
on the low-Ca basal diet. For experimental details, see Table 1 and pp. 312-3.

a highly significant (P < o-oo1) linear relationship between Ca retention and P
retention. From the regression equation:

P, = 48+08Ca,

where P, and Ca, are P and Ca retention (mg/d per kg body-weight) respectively, it
was calculated that the Ca: P retention ratio for these Ca-deficient animals was 1-25: 1.
This compares with a Ca:P ratio of 1-8 taken by the authors of The Nutrient Require-
ments of Farm Livestock (Agricultural Research Council, 1965) as corresponding to
the proportion of Ca and P needed by sheep for whole body growth.

Skeletal metabolism. As previously reported (Braithwaite & Riazuddin, 1971),
bone turnover was considerably lower for the mature than for the young animals.

The relationship between Ca absorption and bone turnover for young and mature
animals is shown in Figs. 7 and 8. With the Ca-deficient diet Ca absorption was low
and the rate of resorption of Ca from bone was higher than the rate of accretion of
Ca into bone. As the Ca intake was increased, more Ca was absorbed, and the rate of
bone resorption decreased until at maximum absorption it ceased altogether. Mean-
while the rate of bone accretion increased initially for the young animals but remained
constant for the mature animals.

Figs. 9 and 10 show the relationship between Ca retention and bone turnover for
young and for mature animals. Whereas, with the Ca-deficient diet, a higher rate of
bone resorption than of bone accretion resulted in the mobilization of skeletal stores

I11-2

ssa.d Anssanun abprquie) Aq auljuo paysiiqnd 65£000545 L L£000S/ZL0L 0L/BIo 10p//:sdny


https://doi.org/10.1017/S0007114575000359

322 G. D. BRAITHWAITE 1975

of Ca, at high rates of Ca absorption a lower rate of bone resorption than of bone
accretion enabled skeletal stores of Ca to be replenished. Maximum retention of
Ca for both the young and mature animals was reached when the rate of bone resorp-
tion became zero and was approximately equal to the rate of bone accretion (see also
Tables 2 and 3).

Exchangeable Ca pools. For the mature Ca-deficient animals neither the rapidly
exchangeable Ca pool, nor the slowly exchangeable Ca pool for bone were signifi-
cantly altered by changes in Ca intake (Table 3). For young animals the rapidly
exchangeable Ca pool was also unaltered but the size of the slowly exchangeable
pool for bone increased significantly as the Ca intake was initially increased (Table 2).
The size of the slowly exchangeable Ca pool for bone has been found to be directly
related to the rate of accretion of Ca into bone for sheep of different ages and breeds
(Braithwaite & Riazuddin, 1971). Its increase in size with increased Ca intake,
therefore, was probably only a consequence of the increased rate of accretion of Ca
into bone,

DISCUSSION

Relationship between Ca absorption, Ca retention and bone metabolism. Although
skeletal requirements for Ca must have been high for both young and mature animals,
the results indicated that the young Ca-deficient animals absorbed Ca in much greater
amounts and with a higher efficiency than did the Ca-deficient mature animals.

It is interesting that no absorption of Ca occurred in either group of animals at
the lowest level of dietary intake. At this level of intake the Ca was present mainly
as a constituent of the straw (see Table 1) in which it may be lightly bound, and the
P intake was relatively high (Ca:P ratio, 1:2-5) which may also have resulted in a
reduced availability of Ca. Furthermore, since Ca-binding substances have been
found in the contents of the small intestine (Smith & McAllan, 1966; Smith, 1969)
it seems likely that at the low Ca intake, all intestinal Ca was present in an
unavailable form.

The finding that both Ca absorption and Ca retention became maximal at the same
dietary Ca intake suggests that only one of these processes may have reached a true
maximal rate and that the other was limited as a consequence.

Since 999, of the body Ca is present in the skeleton, total body retention of Ca
can be regarded as being the same as skeletal retention, which is equal to the dif-
ference between the rate of accretion of Ca into bone and the rate of resorption of Ca
from bone. In the present experiments, the rate of bone accretion, apart from an
initial increase for young animals, remained remarkably constant, and at higher
intakes increased retention was achieved entirely by decreased bone resorption.
Maximum body retention of Ca occurred, for all animals, just as bone resorption
became zero and, as would then be expected, was approximately equal to the rate
of bone accretion. These findings contrast with those of Bronner (1967), who calculated
Ca retention rates greatly in excess of bone accretion rates for growing rats
receiving high Ca intakes. His results led him to conclude that an alternative to com-
partmental analysis might have to be sought. The possibility, however, that the simple
two-compartment model, on which his calculations were based, was inadequate
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cannot be ruled out and the present results, calculated from a more complex model,
suggest that compartmental analysis does give valid results for the sheep.

The finding that maximum retention of Ca was equal to the rate of accretion of Ca
into bone and coincided with the cessation of bone resorption provides strong evi-
dence that maximum rates of Ca retention measured in these experiments were in
fact true maximum rates. This leads to the suggestion that maximum rates of absorp-
tion measured may not be true maximum rates but rather that Ca absorption became
regulated by homoeostatic mechanisms at a level just sufficient to allow maximum
retention.

The finding that maximum retention of Ca is equal to the rate of accretion of Ca
into bone also explains the differences obtained for Ca metabolism of young and mature
Ca-deficient animals. Many of the processes of Ca metabolism, including bone accre-
tion, have been shown to decrease markedly in intensity with increasing age (Braith-
waite & Riazuddin, 1971). Older animals, therefore, have a low maximum rate of Ca
retention and, irrespective of their Ca requirements, high Ca intakes are of no benefit
to them. Recently it has been shown that the administration of oestrogen or growth
hormone to nearly mature wether sheep enhanced growth and reversed the normal
effects of age on Ca metabolism (Braithwaite et al. 1972; Braithwaite, 1975). For these
older animals, a stimulation of the rate of accretion of Ca into bone was accompanied
by an increased ability to absorb and retain Ca.

A relationship between the rate of accretion of Ca into bone and maximum Ca
retention also suggests a possible reason for the increased rates of bone accretion
obtained for mature ewes during pregnancy and lactation (Braithwaite et al. 1969,
1970). These animals lost up to 2 g Ca/kg body-weight during late pregnancy and
early lactation, when demands for Ca were high, but then replaced this lost Ca in late
lactation and in the following dry period, when demands were reduced. Bone accre-
tion rates, which in early pregnancy were about normal (8 mg/d per kg body-weight)
for older animals (Braithwaite & Riazuddin, 1971) increased approximately threefold
(30 mg/d per kg body-weight) during lactation. If bone accretion rates had remained

.at the initial low level and they do determine maximum retention, animals would have
been unable to replace the Ca losses of one reproductive cycle before the onset of
the next. The increase in accretion rate during lactation, however, ensured that lost
reserves were replaced relatively quickly.

The initial increase in rate of bone accretion with increased Ca intake for young
Ca-deficient animals but not for mature animals suggested that young animals are
able to adapt to low-Ca diets by decreasing bone accretion and that this ability is lost
at maturity. Certainly decreased rates of bone accretion have been reported for young
Ca-deficient rats (Stauffer, Baylink, Wergedal & Rich, 1973), but similar decreases
were not found for mature Ca-deficient sheep (Braithwaite, 1974).

Relationship between Ca and P metabolism. Retention of Ca was directly related
to Ca absorption but P retention was more closely related to Ca retention than
to apparent P absorption; the Ca:P retention ratio remained constant although there
were variations in the Ca:P absorption ratio. Results indicated, therefore, that for
these Ca-deficient animals P retention was controlled by the rate of Ca retention,

11-3
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The initial decrease in urinary P excretion with increased Ca intake appeared to
be related to changes in Ca retention, rather than to changes in P intake, which
remained constant, or to apparent P absorption, which tended to increase slightly.
Decreased urinary excretion of P with increased Ca intake has also been reported
for rats (Clark & Rivera-Cordero, 1973), but for these animals the decrease was accom-
panied by a decrease in P absorption and an increase in faecal endogenous excretion
of P. In the present experiments, the initial decrease in P excretion probably resulted
from the decreased rate of bone resorption. With the Ca-deficient diet, the high rate
of bone resorption needed to supply maintenance requirements of Ca must also have
resulted in the release of large amounts of bone P. Since animals were already absorb-
ing more than sufficient P for maintenance, the excess was presumably excreted in
the urine. When the Ca intake was increased, more Ca was absorbed and bone
resorption decreased. The supply of P from bone was reduced and urinary excretion
of P decreased.

Ca and P homoeostasis. Animals made good their maintenance requirements for
Ca when receiving the Ca-deficient diet and replaced their skeletal losses when the
dietary Ca was again plentiful, by altering the relative rates of bone accretion and bone
resorption. Although in these experiments, as in those of Braithwaite (1974), bone
resorption was the process Jargely responsible for Ca homocostasis, bone accretion
appeared to play an important part in the young Ca-deficient animals. Furthermore,
at very high Ca intakes, when the rate of bone resorption was zero and Ca retention
was maximal, Ca homoeostasis was probably achieved by regulation of Ca absorption.

P metabolism was closely linked to Ca metabolism in these Ca-deficient animals,
and results indicated that P homoeostasis was largely brought about by a control of
urinary P excretion.

The author thanks Dr R. F. Glascock for his advice and encouragement, Miss S. G.
Neville and Mr B. Woods for technical assistance, and Mr R. Ellis and Mr A. R.
Jones for their care of the experimental animals.
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