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I .  A combination of balance and isotope techniques has been used to study the effects of 
dietary supplements of hTHICl, given for I and 10 weeks, on calcium metabolism in I-  and 
n-year-old wethers. 

2. The main effects of thc SH,C1 supplements were to decrease urinary pII, increase 
urinary Ca excretion and to increase Ca absorption and the percentage of dietary Ca absorbed. 

3. The results were different from those obtained by other workers in man and rat, and pos- 
sible explanations of this difference are discussed. 

4. A difference was also found betwecn I-  and 2-year-old animals in their long-term 
response to the N&Cl supplement. This difference may have been due to a lack of available Ca 
in the diet of the younger animals, and prolonged ingestion of NHICl may increase the amounts 
of Ca absorbed and retained. 

Metabolic acidosis induced by the ingestion of ammonium chloride has been shown 
to incrcase urinary excretion of calcium in man (Farquaharson, Salter, Tibbetts & 
Aub, 1931 ; Sartorius, Roemmelt & Pitts, 1949; Lemann, Litzow & Lennon, 1966). 
Although the mechanism by which this increase is brought about has not been fully 
elucidated, it has generally been assumed that the Ca originates from bone. Payne 
(1967) and Vagg & Payne (1970) found that NH4C1 increased the size of the exchange- 
able Ca pool of cows and goats, and they suggested that this also was a result of loss 
of Ca from bone induced by acidosis. Recently, Barzel (1969) and Barzel & Jowsey 
(1969) have obtained direct evidence that NH,Cl can cause ostcoporosis and increased 
bone resorption in the rat. On the other hand, Hart, Steenbock, Kline & Humphrey 
(1931) found that feeding acidic substances to cattle increased urinary Ca excretion 
but had no effect on the state of Ca balance, which suggests that the extra Ca came 
from increased absorption from the gut rather than from increased resorption from 
bone. Furthermore, Ender & Dishington (1970) found a reduced incidence of milk- 
fever at parturition in dairy cows given a diet of mineral acid silage, and their results 
indicated that this was also due to an increased absorption of Ca. Vagg & Payne (1970), 
however, found a marked increase in Ca absorption in some animals but not in others 
and concluded that the mean effect of NH4CI in the goat was not significant. The  
purpose of the present work was to determine the exact effect of N€14CI on Ca meta- 
bolism in sheep, with particular reference to the effects on Ca absorption and 
skeletal metabolism. 
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E X P E R I M E N T A L  

Animals, housing and diet. Six I-year-old and six 2-year-old Dorset Horn wethers 
(castrated males) were used. They were placed in metabolism cages designed for the 
separate collection of urine and faeces and were given a diet of hay and concentrates, 
the composition and Ca content of which are shown in Table I. The animals were 
allowed I month to become accustomed to the experimental conditions, and 
NH,CI (0.2 g/d per kg body-weight) was then added to the concentrate ration of three 
from each age group, the remaining animals acting as controls. The concentrate mix- 
ture was completely eaten by all animals. Occasionally, however, some of the hay was 
left, and then the daily hay consumption was determined by collecting and weighing 
the residues. Animals had free access to distilled water. 

Table I .  Composition and calcium content of the diet given daily 
Amount Total Ca 

Ingredient body-wt) h g i d  body-wt) 
(g/kg Ca content (mg/kg 

Hay 16 4-15 66.40 
Barley 4 077 3.08 
Flaked maize 2 0'01 0'02 
Bran I 0.72 0.72 
Linseed oil cake 0 . 5  3'31 1.65 
Mineral mixture" 0-17 187.39 31.85 
Vitamin mixture+ 0.028 3.78 0'1 I 

103.83 
8 Super Mindif (Boots Pure Drug Co., rottingham). + Drivite (Boots Pure Drug Co., Nottinghani), to supply 125 i.u. vitamin A and 31 i.u. cholecalci- 

ferol daily per kg body-weight. 

Experimental procedure. Two experiments lasting for a week were carried out on 
each of the twelve animals, starting I week and 10 weeks after the addition of the 
NH,C1 to the diet. A known amount (5 pCi/kg body-weight) of an aqueous solution 
of 45CaC12 (Radiochemical Centre, hmersham, Bucks) was injected into the jugular 
vein and samples of blood, urine and faeces were collected as previously described 
(Braithwaite, Glascock & Riazuddin, 1969). I n  addition, pH measurements were made 
each morning on samples of freshly passed urine. During these weekly periods, Ca 
balance measurements were made. 

Determination of C a  and measurement of radioactivity. Samples of blood, faeces and 
urine were prepared and analysed by the methods previously described (Braithwaite 
et al. 1969). 

Calculation of values for the various processes of C a  metabolism. The method of Aubert 
& Milhaud (1960) modified for use with the sheep (Braithwaite et al. 1969; Braith- 
waite & Raizuddin, 1971) was used. 

RESULTS 

The effects of the NH4Cl supplement on the various measures of Ca metabolism in 

After only 1-2 weeks on the XH,Cl-supplemented diet, several differences in Ca 
I-year-old wether sheep are shown in Table 2 .  
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metabolism between the experimental and control animals were apparent. The  
urinary Ca excretion of the NH4C1-treated animals increased to between two and three 
times the value for the controls, and there was also a slight but significant increase in 

Table 2. E'ect of dietary NH4Cl on calcium metabolism in 
I -year-old wether sheep 

(Mean values for three animalslgroup with the standard errors of the differences 
and results of tests of significance, as determined by the t test) 

After I week on the NH&I diet After 10 weeks on the N a C l  diet 

Signifi- Signifi- 
h r -I I 

h 

SE cance 
of dif- of dif- of dif- of dif- 
ference ference ference ference 
between between between between 

SE cance 

Rapidly exchangeable pool 

Slowly exchangeable pool 
of Ca (P) (mg/kg body-wt) 

of Ca in bone (E) (mg/kg 

Rate of ingestion of Ca ( Vi) 
(mg/d kg body-wt) 

Rate of loss of Ca in faeces 
( F ) t  (mg/d kg body-wt) 

Rate of irreversible loss of 
Ca from P( Vr) (mg/d kg 

body-wt) 

body-W) 
Rate of excretion of Ca in 
urine (V,) (mg/d kg 
body-wt) 

Rate of excretion of Ca into 
intestine (faecal endo- 
genous Ca) (V,) (mg/d kg 

Rate of accretion of Ca into 
body-wt) 

bone (V,+) (mg/d kg 

Rate of resorption of Ca 
body-wt) 

from bone (V, - ) (mg/d 
body-wt) 

Rate of absorption of Ca 
from intestine (V,) 
(mg/d kg body-wt) 

ingested 
Ca absorption as yL of Ca 

Ca balance (mg/d kg body- 

pH of urine 
wt) 

B0dy-W (kg) 

Control + NH,Cl means 

52'5 

872 

101.6 

88.1 

79'1 

I 1 7  

14.0 

53'4 

51.6 

27'5 

27.1 

+ 1.7 

8.0 
5 1 . 1  

58.9 

105'5 

104.8 

7 4 7  

103 '4 

28.5 

15'4 

59'5 

57'9 

45'5 

43'5 

+ 1.6 

6.6 
52.6 

5'2 

I 2.7 

3'5 

3'7 

7'8 

3 '4 

0.4 

7'9 

8.2 

2.6 

2'2 

3'1 

0 '1  

0-8 

rncans Control +NH,Cl means 

NS 

NS 

NS 

* 
* 

*I 

# 

NS 

NS 

I f  

I# 

N S  

#I+ 

NS 

44'2 

72-1 

97'2 

73'8 

60.9 

7'5 

12.5 

40.9 

25.0 

35'9 

36.9 

t 15'9 

8.2 
55'3 

44.7 

76.6 

1 0 1 ' 0  

67.8 

73'2 

21-7 

I 2.6 

38.9 

27'5 

45-8 

45'3 

+11'4 

5'8 
56.5 

6.2 

17.6 

2 '4 

2.6 

5 '2 

1'7 

0.7 

6.2 

4'2 

2'1 

1 '7 

2'3 

0'2 

0.9 

NS, not significant; * o.oj > P > 0.01; *+ 0.01 > P > 0.001; *#I O*OOI > P. 
Sum of faecal endogenous Ca and unabsorbed Ca lost/d. 

means 

NS 

NS 

NS 

X S  

NS 

*+ 

NS 

NS 

N S  

*I 

8% 

NS 

*#* 
NS 

their faecal endogenous Ca loss. These increases in excretion were reflected in a sig- 
nificant increase in the rate of total loss (V,) of Ca from the rapidly exchangeable Ca 
pool [PI. The amount of Ca absorbed from the intestine was also significantly greater 
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204 G. D. BRAITHWAITE '972 
than in the controls and the increase was approximately equal to the totzl increase in 
excretion. This increase in absorption was accompanied by an increase in the percentage 
of dietary Ca absorbed and a decrease in the total Ca lost in the faeces. Urinary pH was 

Table 3.  Effect of dietary NH4Cl on calcium metabolism in 
2-yea~-old wether sheep 

(Mean values for three animals/group with the standard errors of the differences and 
rcsults of tests of significance, as determined by the t test) 

Aftcr I week on the NH&I diet After 10 weeks on the NH&l dict 

Signifi- Signiii- 
SE cance SE cance 

of dif- of dif- of dif- of dif- 
ference ference ference ference 
between between between between 

7- --7 2:- 

Control +NH,CI means 

Rapidly exchangeable pool 
of Ca(P) (mg/kg body-wt) 

Slowly exchangeable pool of 
Ca in bone (E) (mg/kg 
body-W) 

Rate of ingestion of Ca ( Vi) 1 

(mg/d kg body-wt) 
Rate of loss of Ca in faeces 
( F ) t  (mg/d kg body-wt) 

Rate of irreversible loss of 
Ca from P( VT) (mg/d kg 
body-wt) 

urine (V,) (mg/d kg 
body-wt) 

Kate of excretion of Ca in 

Rate of excretion of Ca into 
intestine (faecal endo- 
genous Ca) (Vj) (mg/d kg 

Rate of accretion of Ca into 
body-W) 

bone (Vo+)  (mgid kg 

Kate of resorption of Ca 
body-wt) 

from bone (Vo-)  (mg/d kg 
body-wt) 

Rate of absorption of Ca 
from intestine (V,) 
(mg/d kg body-wt) 

ingested 
Ca absorption as % of Ca 

Ca balance (mg/d kg body- 

pH of urine 

. 
Wt) 

Body-wt (kg) 

39'7 

57'9 

: 00 '0 

99'2 

51'3 

6.8 

15'1 

29.3 

35'4 

15.8 

15.8 

- 6-0 

8 '3 
64'3 

41'4 

62.7 

98.6 

S5.2 

66-0 

23'9 

13'9 

28.2 

38.7 

27'3 

27'7 

- 1 O . j  

6.6 
62.8 

2 '7 

8.2 

2'0 

2 '0 

3'9 

2'2 

1'7 

2.6 

3 '0 

2'2 

1 '9 

4'1 

0.2 

1.5 

means 

NS 

NS 

NS 

#* 

* 

** 

N S 

XS 

NS 

%* 

#* 

N S  

#% 

NS 

Control + NH,CI means 

35'3 

46.4 

97'5 

90.8 

43'5 

3 '9 

'3'4 

26.1 

23'4 

20'1 

2 0 6  

+ 2.7 

8.4 
66.6 

38'9 

66.3 

97.6 

77'9 

60.3 

17'9 

I 2.9 

29'4 

22.3 

38.6 

38.9 

+7'1 

5'9 
65.0 

2.6 

10.8 

1'9 

2 '4 

15'2  

2 -4 

1.7 

2'7 

2'1 

2.4 

2'2 

1.7 

0' I 
1-8 

NS, not significant; * 0.05 > P > 0.01 ; ** 0.01 > P > 0.001 ; *** o'oor > P. 
t Sum of faecal endogenous Ca and unabsorbed Ca lost/d. 

means 

NS 

NS 

NS 
** 

# 

#* 

N S  

NS 

NS 

*# 

#* 

NS 

1q.e 

NS 

also significantly lower in the treated animals. None of the other values measured, 
including the state of Ca balance and the rates of Ca accretion into and loss from 
bone, were significantly affected by administration of NH4CI. 

The differences in Ca metabolism between experimental and control animals after 
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10 weeks on the diet were similar to those found after I week, Again the rates of 
urinary Ca excretion and Ca absorption, and the percentage of dietary Ca 
absorbed, were significantly higher in the experimental animals. The rates of 

Table 4. Changes in the values of the various processes of C a  metabolism that occurred 
between I week and 10 weeks from the start of supplementing the diet with ATI&Cl 

(Mean values for three animalsjgroup with the standard errors of the differences and 
results of tests of significance, as determined by the t test) 

I-year-old animals 2-year-old animals 
* 

/ -' r - 
Signifi- Signifi- 

SE cance 
of dif- of dif- of dif- of dif- 
ference ference ference ference 

between between between between 
Control -i-NH,CI means means Control +NH,Cl means means 

SE cance 

Rapidly exchangeable pool -8.3 -12.2 3.4 NS -4'4 -2.; 2.9 N S  

Slowly exchangeable pool of - I 5.2 - 28.9 19.0 NS - I I '5 + 3.6 8.; NS 
of Ca(P) (mg/kg body-wt) 

Ca in bone (E) (mg/kg 
body-wt) 

Rate of ingestion of Crt (V,) -4.4 -3.8 2.0 NS -2.5 -1.0 1.0 NS 

RateoflossofCainfaeces - 14.3 -6.9 j.0 X S  -8.5 -132 2.9 NS 

Rateof irreversiblelossof - 18.2 -30.2 6.3 NS -7.8 -5.7 2-6 NS 

(mg/d kg body-wt) 

(F)t (mdd kg body-wt) 

Ca from P( VT) (mg/d kg 
body-wt) 

Rateofexcretionof Cain -4'2 -6.8 2.8 NS -2.9 -6.0 2.5 NS 
urine (V,) (mg/d kg 
body-#) 

RateofexcretionofCainto -1.5 -2.8 1-0 NS -17 -1.0 2.3 N S  
intestine (faecal endo- 
genous Ca) (V,) (mg/d kg 
body-wt) 

Kate of accretionof Cainto -12.5 -20.6 5-1 NS -3.3 s 1 . 2  3.9 NS 
bone (V,+) (mg/d kg 
body-wt) 

Rate of resorption of Ca -26.6 -30.4 6.5 NS -12.0 -16.4 2.6 NS 
from hone (V,,-) (mg/d kg 
body-wt) 

RateofabsorptionofCa +8.4 +0.3 3.5 f4 .3  + I I . ~  2.7 f 

from intestine (V,) 
(mg/d kg body-wt) 

ingested 
Caabsorptionas O/:,ofCa +9.8 +14 3.1 * +4*8 f11.2 2.5 * 

Ca balance(mg/dkg body- f14.1 $9.8 4-6 NS +8.7 t17.6 4.4 * 
p H  of urine +O.Z -0.8 0.2 +* 0'1 -0.7 0.3 *+ 
Body-wt (kg) 1 -43  +4-0 0.2 NS S2.3 t z - 2  0.4 NS 

NS, not significant; * 0.05 > P > O O I  ; +* O O I  > P > 0.001. 
$ Sum of faecal endogenous Ca and unabsorbed Ca lostjd. 

wt) 

irreversible loss (V,) of Ca from pool P and of the loss of Ca in the faeces were also 
slightly higher, but not significantly so. Faecal endogenous loss of Ca, however, was 
now virtually the same in both groups of animals. 

14 N U T  27 
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206 G. D. BRAITHWAITE 1972 
The amount of dietary Ca absorbed from the intestine increased considerably in 

the control animals during the experimental period, but altered very little in the 
NH,CI-treated group. Since Ca excretion decreased slightly in the same period, the 
animals were all in fairly large positive Ca balance compared with the previous small 
positive balances. 

Table 3 shows Lne effect of administering NH,C1 on the Ca metabolism of the 2- 
year-old wethers. Many of the values measured were much lower than those for the 
younger animals, and for this reason it was not possible to combine the two sets of 
results. Thus, the sizes of pools P and E, and the rates of Ca accretion into bone, Ca 
resorption from bone and Ca absorption were all much higher in the I-year-old 
(Table 2) than in the 2-year-old (Table 3) animals. Braithwaite & Riazuddin (1971) 
have previously reported similar decreases in metabolic activity with age in the sheep. 

The differences in Ca metabolism between the experimental and control animals 
were nearly identical to those found in the younger animals. After only I week on the 
diet containing NH4C1, urinary Ca excretion was three times the value for the controls 
and Ca absorption was also significantly higher. All the animals, however, were in a 
state of negative Ca balance. 

Ten weeks after the start of the experiment, the effects on Ca metabolism of adding 
T\'H4C1 to the diet were again similar to those observed earlier. The amount of Ca 
absorbed increased between the two experiments in both groups of animals, but the 
increase was greatest in the treated group, in which it resulted in fairly high Ca 
retentions. 

The  effect of prolonged treatment with NH4C1 on Ca metabolism was determined 
by subtracting the value for each of the various processes for each animal, measured 
after I week on the diet, from the corresponding value at 10 weeks, and then comparing 
the mean differences for the experimental animals with those for the controls (Table 4). 

Only the amount of Ca absorbed, the percentage of dietary Ca absorbed and the 
retention of Ca were significantly altered. The results for animals of the two age 
groups were, however, quite different. In the younger animals, absorption increased 
considerably in the controls but remained fairly constant in the experimental group. 
The  apparent effect of prolonged treatment with NH4Cl in the diet therefore was a 
significant decrease, relative to the control group, in the amount and percentage of 
dietary Ca absorbed and a slight but non-significant decrease in Ca retention. In  the 
older animals, the reverse occurred. Absorption increased more in the experimental 
animals than in the controls, and the effect of duration of treatment with NH4Cl was to 
significantly increase absorption, percentage absorption and Ca retention in this 
group relative to the controls. 

D I S C U S S I O N  

The results show that when sheep were given NH4CI there was an increase in 
urinary Ca excretion and a similar increase in intestinal absorption of Ca, whereas 
bone resorption was unchanged. These changes in metabolism were independent of 
age (i.e. in animals I or z years old) and length of time on the NH,Cl-supplemented 
diet (I or 10 weeks). Barzel(1969) and Barzel & Jowsey (1969), however, found that 
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VOl. 27 Calcium metabolism in sheep 207 
the increased urinary excretion of Ca in rats given diets supplemented with NH,C1 
was derived not from increased Ca absorption, but rather from increased bone 
resorption. 

I n  the non-ruminant, ingestion of NH,C1 is equivalent to the ingestion of hydro- 
chloric acid (Robinson, 1967) bccause the ammonium ion is converted into urea in the 
liver, leaving hydrogen and chloride ions. However, the mechanism by which the 
ensuing metabolic acidosis increases urinary Ca excretion is not understood. One 
possibility is that the acidosis stimulates the slow dissolution of alkaline bone salts in 
order to increase the buffering capacity of the extracellular fluid and that the Ca re- 
sorbed from bone is excreted in the urine (Lemann, Lennon, Goodman, Litzow & 
Relman, 1965; Lemann et al. 1966; Barzel, 1969; Barzel & Jowsey, 1969). Another 
more likely explanation, however, is that urinary Ca excretion is under the control of 
some renal mechanism which is affected by pH. In  the acidotic dog, it is the filtered 
load of Ca that appears to determine its rate of renal excretion (Williamson & Freeman, 
1957), but in man, and probably also in the rat and sheep, metabolic acidosis acts 
directly on the renal tubular cells causing a decreased renal tubular reabsorption of 
Ca (Lemann, Litzow & Lennon, 1967; Reidenberg & Sexy, 1967; Stacy, 1969; 
Stacy & Wilson, 1970). This would then result in hypocalcaemia. 

Braithwaite, Glascock & Riazuddin (1970) and Braithwaite & Riazuddin (1971) have 
shown that changes in the rate of resorption of Ca from bone is the main process of Ca 
homoeostasis in the sheep and that increased Ca absorption takes place in older 
animals only aftcr a fairly prolonged period of negative Ca balance. I t  is difficult to 
explain therefore why, in the sheep, the increased urinary Ca excretion associated with 
NH,CI treatment should result in increased intestinal absorption rather than increased 
bone resorption, unless Ca absorption is also directly influenced by the treatment. 
Certainly, NH,C1 might be assimilated by rumen bacteria leaving HCL, and increased 
Ca absorption has been reported with increased intestinal pH (Thomas 8t Howard, 
1964; Ali & Evans, 1967; Ender & Dishington, 1979). However, the contents of the 
upper intestine are well buffered, so it would seem unlikely that there would be any 
direct measurable effect on intestinal pH. 

Recently, Payne, Dew, Manston & Vagg (1970) and Vagg & Payne (1970) have 
shown that giving NH,Cl-supplemented diets to goats and corns, increased the size of 
the exchangeable Ca pool. The mean values for both the rapidly exchangeable Ca 
pool [PI and the slowly exchangeable pool of Ca in bone [E] mere also liighcr in the 
treated animals than in the controls in the present work, but owing to animal varia- 
tion, these differences were not significant. Payne et al. (1970) also suggested that the 
increased pool size was due to alterations in bone metabolism. The present results, 
however, suggest that the increased pool size might result from an incrcase in the 
rate of pool turnover caused not by a change in the rate of bone metabolism but rather 
by increased absorption and excretion. 

These results do not oppose the theory that the reduced incidence of milk-fever in 
cows following the addition of mineral acid to the diet (Ender & Dishington, 1970) 
may be due to a higher rate of Ca absorption resulting in more Ca being available for 
secretion into the milk. However, unless in the parturient cow, mineral acid treatment 

14-2 
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208 G. D. BRAITHWAITE I972 
results in a greater increase in Ca absorption than in urinary Ca excretion or in Ca 
bcing diverted from urinary excretion to milk secretion, it is difficult to explain this 
beneficial effect of mineral acid. 

The different effects of the duration of treatment with NH4C1 on the absorption and 
retention of Ca by the two age groups are difficult to explain. The increase in Ca 
retention that occurred between I and 10 weeks from the start of the experiment 
suggests, however, that the animals (both experimental and control) moved into a 
more active state of growth during this period, and there were in fact small increases 
in body-weight. 

I t  is possible to account for the differences in Ca absorption on the basis of recently 
published work. Braithwaite & Riazuddin (1971) have shown that young growing 
sheep absorb 42 % of the Ca from a diet of hay and concentrates, and results indicated 
that this was the total amount of Ca present in the diet that was available for absorp- 
tion. Furthermore, there is some evidence that absorption is regulated by an endo- 
genous factor which is secreted during periods of bone growth or after periods of 
negative Ca balance (Wasserman & Taylor, 1969). A diet of composition similar to that 
used by Braithwaite & Riazuddin (1971) was given in the present work and it seems 
probable that the I-year-old animals receiving the acid diet were already absorbing 
all the Ca from the diet (45 %) that was available for absorption after only I week of 
treatment. In these animals therefore any extra demands for Ca brought about by the 
more active state of growth could not be met by increased absorption and, in fact, 
absorption in these animals remaincd fairly constant during the experimental period. 
-4bsorption in the control animals, however, which was only 27 % of the total dietary 
Ca at I week, increased markedly during the experimental period, presumably in 
response to increased growth, but was still lower at 10 weeks than that of the animals 
given NH,CI. Thus the apparent decrease in absorption and retention of Ca with 
length of time on the NH,C1-supplemented diet by these younger animals, relative to 
the controls, was probably really a result of a combination of increased growth and 
a lack of available Ca in the diet, rather than a true effect of the diet. 

Braithwaite & Riazuddin (1971) have further shown that, unlike young growing 
animals, older mature animals given adequate dietary Ca absorbed only enough to 
meet their maintenance requirements, and absorption of Ca was independent of diet- 
ary intake. In the present work, dietary Ca was present in amounts well in excess of 
the maintenance requirements. The greater increases with time on the NH4C1-sup- 
plemented diet in the amount of Ca absorbed, the percentage absorption and the 
amount of Ca retained by the older animals given the acid diet were therefore most 
probably a true effect of the diet. 

I thank Dr R. F. Glascock for his advice and encouragement while this work was 
being performed. I also thank Miss D. Pearson and Mr  B. Woods for technical assistance 
and Mr R. Ellis and M r  4 .  Wilim for their care of the experimental animals. 
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