CXXI. SOME CONSIDERATIONS REGARDING
AND INVESTIGATIONS INTO CALCIUM
AND PHOSPHORUS METABOLISM.

By JOHN POOL McGOWAN.
(Aberdeen.)

(Received March 8th, 1933.)

DuriNg an investigation into the nature of vitamin D action, the results of
which are recorded. elsewhere [McGowan et al., 1931; McGowan, 1933], certain
phenomena were observed with regard to Ca and P metabolism which were
deemed worthy of further inquiry; a perusal of the literature supplied others, and
an attempt has been made in this investigation to answer some of the questions
arising in this way.

It is desirable, for clarity, first to discuss briefly certain factors which play
important parts in the matter under investigation.

Gastric acidity. If one assumes that calcium is absorbed either as organic
calcium salts occurring in the food or as calcium chloride formed by the inter-
action of calcium salts, such as the carbonate of the food, with the gastric
hydrochloric acid, whilst phosphoric acid is absorbed in the form of its salts
with alkali metals or of acid salts of the alkaline earths, it is evident that the
gastric acidity must exercise an important influence over the absorption of
Ca and P.

So long as the amount of the gastric hydrochloric acid normally excreted is
in excess of the total uncombined base and carbonates of the food, conditions
will be favourable for solubility, and therefore complete absorption, of Ca and P.
If on the other hand, the gastric juice is insufficient to neutralise all the calcium
(and alkali) carbonates of the food, whilst a moderate proportion of the calcium
may be converted into calcium chloride and absorbed, the phosphates will be
precipitated as tricalcium phosphate to an extent depending on the excess of
calcium carbonate and to this extent will escape absorption.

It appears, therefore, that, contrary to Stewart and Percival [1928] and
others, a deficient absorption of Ca can occur only in response to absolute
deficiency of Ca in the diet (so far at least as dietary composition alone is
concerned) whilst excess of Ca in the diet can prevent absorption of an other-
wise adequate amount of P. Optimum conditions for absorption and subsequent
utilisation of Ca and P will be obtained when these are supplied in the diet in
moderate and approximately equivalent amounts, with the proviso that the
total uncombined base of the food must be considerably less than sufficient
to neutralise the gastric hydrochloric acid®. As regards utilisation, if Ca or P
is rapidly absorbed in large quantity into the blood, utilisation will be affected
in that, the body being unable to ‘“fix” such large amounts, these will be
immediately excreted in order to keep the composition of the blood normal.

1 The bearing of the condition “achlorhydria™ on the present subject will be discussed in a
subsequent communication.
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Intestinal excretion of Ca and P. In spite of the lack of quantitative data on
normal animals, it has been firmly established [¢f. Mendel and Benedict, 1909-10;
Walsh and Ivy, 1927-28; Stewart and Percival, 1928] that Ca and P are actually
excreted by the intestine: in dogs the amount of Ca excreted in this way is said
to be independent of that taken in the diet [Taylor and Weld, 1932], whilst in
herbivora the intestinal excretion of tricalcium phosphate forms an important
mechanism for regulating acid-base equilibrium.

Ca and P in the blood. It is not clear that calcium phosphate really exists in
supersaturated solution in the blood as has been claimed [Holt, La Mer and
Chown, 1925; Peters and Van Slyke, 1931]: the failure of calcium phosphate to
precipitate from blood-serum in spite of the fact observed by Adler [1919], that
precipitation of calcium phosphate occurs from an artificial “inorganic” blood-
serum, is probably rather to be explained by the effect of the serum-proteins
in diminishing ionisation [Shear and Offner, 1931 ; ¢f. also Pauli and Schon, 1924).
The action seems to be one of preventing the formation of the insoluble calcium
phosphate rather than of keeping it in solution after it has been formed. What-
ever the nature of the mechanism may be, however, which normally prevents
precipitation of calcium phosphate from blood-serum, owing to the solubility
properties of this salt, it is evident that any influence, such as increase in Ca or P
concentration which would tend to bring about its precipitation, will be more
effective at an alkaline reaction.

In point of fact under ordinary conditions the normal alkaline state of the
blood is usually associated with access of considerable quantities of calcium to
the blood and hence with the usually found high Ca : low P relationship (the
reverse ratio is produced experimentally when blood-Ca is lowered by injection
of alkaline phosphates [Binger, 1917]). On the other hand, in conditions of
acidity of the blood such as is produced by the administration of calcium chloride,
there is an increase both in the Ca and P concentrations [Salvesen et al., 1924;
Collip, 1926, 1, 2], a state of affairs which also occurs in the terminal stages of
hyperparathyroidism and which may be brought about artificially by the
simultaneous injection of CaCl, and acid sodium phosphate [Collip, 1926, 1]. Thus
in acid states of the blood there is no fixed ratio between the Ca and P con-
centrations.

The claim of Howland and Kramer [1921] that the maintenance of the
Ca x P product of the blood above a certain level is to be regarded as diagnostic
of freedom from rickets may be considered in this connection. The ascription of
any significance to this product! is open to theoretical objection since no account
is taken of the state of combination and active concentrations of the elements
under consideration: moreover, the results of other workers [Greenwald, 1931;
Farquharson and Tibbets, 1931; Stearns and Knowlton, 1931; Dupré and
Semeonoff, 1931; Bourne and Campbell, 1932; Theiler and Green, 1932; present
investigation] show that the Ca x P product cannot in fact be regarded as in
any sense an index of normality, as has been suggested by Howland and
Kramer [1923]. No attempt has been made to explain the frequent abnormal
increases in the Ca x P product which may be observed, and the view that the
product defines the physiological state of the organism in any way becomes
manifestly absurd when we consider that identical values may be found for it in
normal and abnormal animals with the ordinary high Ca and low P ratio and in
the tetanic animal with low Ca and high P.

Such “‘reciprocal” relationship as may exist between the Ca and P of the

1 Considerable confusion has crept into this subject by forgetting, in reading blood-Ca and -P
concentration charts, that Ca x P involves a geometric not an arithmetic conception.
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blood appears rather to be an expression of a balanced action between calcium
and phosphorus compounds in the blood, the point of equilibrium of this action
being determined by the effect of the reaction of the blood on the solubility of
the least soluble of these compounds (calcium phosphate) which it contains.

In all work involving determinations of Ca and P in blood it is necessary
to remember that the concentrations of these elements actually observed are
the resultants of a large number of different processes such as absorption,
excretion, endogenous formation and fixation, and without consideration of these
factors, particularly that of diet [¢f. Bourne and Campbell, 1932; Dupré and
Semeonoff, 1931] the figures may have little or no significance.

EXPERIMENTAL OBSERVATIONS.

A series of Ca0O and P,0; balance experiments was carried out to test the
effect of the amounts of CaO and P,0; and their ratio in the food on their retention
and excretion.

Full-grown rabbits, weighing 2000 to 2300 g. were employed, the experiments
being carried out in the usual way with the usual precautions. The stock ration
consisted of equal parts of bran, sharps and ‘“Porage” oats, to 24 1bs. of which
was added 1 Ib. of fish meal. For roughage, 100 g. turnip were given each rabbit
daily and no account was taken of this in the balance. Water was freely avail-
able.

The composition of the various rations fed are given in Table I.

Table 1.
CaO P,0; Ratio
No. Description % % CaO/P,04

1 Stock ration w1th high CaCO; content 4-5589 1-6193 2-8
2 ” “balanced” with CaCO, 1-1512 1-8476 0-62
3 » + steamed bone flour (Ca.,(PQ,),) 4-5325 4-7772 0-95
4 s + dicalcium phosphate 3-0829 50303 C-60
5 Stock ration 0-4200 1-7883 0-23
6 . minus fish meal 0-0970 1-4848 0-065
7 ” + medium Na,HPO, 0-0432 3-2204 0-013
8 ” + high Na,HPO, 0-0130 4-4695 0-0029

It will be seen that the ratio CaO/P,0; diminishes considerably from ration 1
to ration 8 in the table. As the animals exercised some degree of selection from
the ration, the ratios given here for the food offered differ slightly from those of
the food actually eaten (Table IT).

Except where otherwise stated, the rabbits were fed on the experimental
ration for a week before collection of urine and faeces for analytical purposes
was commenced. The results of the various experiments will be discussed together
and are collected in synoptic form for this purpose, in Table II, in six groups:
the figures are average daily ones.

Column A represents the CaO/P,0; ratio in the food eaten in the various
experiments. This differs slightly, owing to selection, from that in Table I
but diminishes in the same way from group I through group VI to group V.

Column O shows that the amount of P,0; consumed in the various experi-
ments is high and, with the exception of the steamed bone flour and dicalcium
phosphate experiments, roughly equal. The diminishing CaO/P,0; ratio series
is due therefore to diminishing calcium intake as is shown in column G.

The CaO balance follows the same diminishing order except in the case
of rabbit C, on steamed bone flour, where a high negative balance is in all
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probability due to the animal having been on a high CaCO, diet immediately
previously (Ca fixed lightly as CaCOy).

The percentage excretion of CaQ in the urine—column E—has the same trend ;
the percentage excretion of CaQ in the faeces—column C—is the inverse of
this. The slight irregularity in the lower figures of these series is probably due to
difficulty of accurate estimation of the very small quantities of CaO involved.

Particular attention is directed to the very high positive CaO balance in the
high CaCO, experiments, which is coupled with a low P,0; balance and a high
percentage excretion of P,0; in the faeces. This indicates two things, first, that
CaO can be fixed in large quantities in the body without the aid of P,0;, and
second, that a large quantity of P,O; is rendered insoluble in the intestine by
CaCO; and hence is not absorbed. The alternative to this latter conclusion, namely
that the insoluble Cay(PO,), is absorbed and then re-excreted into the intestine,
hardly merits discussion.

In dealing with the P,0; metabolism, the experiments may be divided into
six groups according to the CaO/P,0; ratio and the P,0; balance, as follows:
group I, high CaCO, ration, P,0, balance definitely positive, but low; group II,
“balanced” CaCOj; ration, P,0; balance definitely positive; group III, stock
ration, P,O, balance definitely positive; group IV, stock ration minus fish meal,
and plus medium Na,HPO,, P,0; balance definitely positive; group V, stock
ration plus high Na,HPO,, P,0; balance definitely positive; and group VI,
steamed bone flour and dicalcium phosphate ration, P,0; balance very negative.

There are thus five groups, I to V, showing a positive P,0, balance; and an
outside group, group VI (placed where it is in Table II because of the CaQ/P,05
content of the ration), in which calcium phosphate is being fed, with a very
definite negative P,0; balance.

The results obtained in groups I and II show that, in spite of a fairly high
CaCO, content of the ration, rendering P,O; insoluble and unabsorbable, enough
P,0; has been taken up, as alkaline phosphates, to give rise to a positive balance:
group V, on the other hand, demonstrates that a large positive balance of
P,0; may occur even when the food contains little CaO and indicates that P,0;
may be fixed in the body, as is easily understandable, largely in other forms than
in association with CaQ. The results of groups III and IV point, though in less
degree, in the same direction.

The findings in group VI are of great interest. In considering them, the
figures for rabbit C are not taken into account, for, although the results are of
the same order, this rabbit, immediately preceding the experiment was on a high
CaCOj ration, a circumstance reflected in the high negative CaO balance. The
results in the two rabbits left in this group may be compared with those obtained
in the rabbit in group II. The rations in the two groups have approximately
the same CaO/P,0; ratio, but the rabbits in group VI are consuming consider-
ably more P,0; than that of group II. Nevertheless, the P,0; balances in group
VI are markedly negative, while that in group II is positive. This is associated
with the fact that the Ca and P in the ration of group VI are in the form of calcium
phosphate while, in group II, they exist as CaCO,; and food phosphorus, in-
dependent of one another. Results, somewhat similar in nature, were obtained
by Tereg and Arnold in dogs [1883].

The same state of affairs is reflected in column X of Table II, where the
amount of P,0, passed in the urine is expressed as a fraction of the intake in
the food. In group VI the negative balance has occurred in spite of the large
intake of P,0; and although a very considerable fraction of this intake has
actually passed through the body of the animal and been excreted in the urine.
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It seems therefore that, if a positive balance is to be regarded as evidence of
utilisation, regard being had to the P,0; and CaO balances in these groups,
calcium attached to phosphorus in the form of calcium phosphate is of much
less value to the animal economy than it is in circumstances where the Ca and P
are supplied uncombined with one another, in the form of salts such as CaCO,,
CaCl, etc., and Na,HPO, etc. Because of the volatility of the H,CO, of CaCO, on
neutralisation and the consequent loss of acidity of the intestinal contents, salts
of calcium with non-volatile acids would also appear to be preferable.

The moderate and approximately equal positive balances of both CaO and
P,0;, obtained in group II, support the view, expressed in the introduction
(vide supra), regarding the optimum conditions for ensuring the not too rapid
simultaneous absorption of CaO and P,O;, namely as to their being present in
moderate and approximately equivalent amounts.

Attention may be directed to the very large positive CaO balances in group I
in connection with the subject of normal Ca and P metabolic activities of
herbivora. The conditions present here, with the excretion of large quantities of
calcium as CaCO, and small amount of phosphorus in the urine etc., duplicate
these to a considerable extent and need not be further described.

A few remarks may be made on the bearing of the results obtained in the
present investigation on the subject of rickets. The characteristic finding in the
blood in this disease is a considerable decrease in P in the serum [Iversen and
Lenstrup, 1919; Howland and Kramer, 1921; Hess, 1930]. Shohl, Brown, Rose,
Smith and Cozard [1931] have shown that an alkalotic condition of the blood
occurs in rickets. This, together with an absolute deficiency of P in the diet
or one produced by excess of calcium in the diet!, would have a tendency to keep
at a low level the P in the blood available for metabolism ; while such curative
and preventive measures as fasting and the administration of vitamin D
[Kramer, Shear and Siegel, 1931 ; McGowan et al., 1931], by supplying phosphate
as well as acid endogenously, would, by keeping P in solution in quantity in the
blood, have an opposite effect.

In the mtroductory discussion, allusion was made to the theory that
Ca,,,(PO‘,)2 circulates in a state of supersaturation in the blood, and the difficulties
in accepting such a hypothesis were remarked on. It remains to state briefly
how some of the difficulties especially in regard to calcification and decalcifi-
cation may be overcome by the theory advanced in this communication. The
vital activity of the osteoblasts would be capable of producing, locally where
required, H,CO, and H,PO, for the precipitation of Ca from the CaCl,, circulating
in the blood under the protection of its proteins: while the osteoclasts, by
reversing the process and breaking up CaCO; and Cag(PO,), of the bones, would
supply CaCl, and NaH,PO, to the blood, to be protected as before from inter-
action and kept in solution by the blood-colloids.

During the course of the investigation the Ca and P concentrations in the
blood were estimated in certain cases. The taking of the samples could not be
regulated with regard to the time of feeding as the animals consumed their
ration at all times. As, however, the animals were bled at the same time each
day—between 11 and 12 a.m.—and, as the routine of the experiments otherwise
was identical, the results are roughly comparable. Table III supplies them,
arranged in relation to the CaO/P,0; ratio of the food eaten.

Table IIT shows that, while there may be a tendency for some of the animals
on a diet with high CaO/P,0; ratio to show a high Ca concentration in the blood
and for the average to be higher than that of those on a low CaO/P,0; ratio diet,

1 This point will be discussed in a subsequent communication.
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Table III.
Ca P
mg./ mg.,/ CaO/
No. Rabbit Date 100 ce. 100 cc. P,0; CaxP Group Diet
1 C 16. x. 31 16-7 2:81 2:2 46-92 High CaCO,
2 D 25. ix. 31 131 3-96 — 51-87 1 »
3 H 4. xii. 31 19:0 3-55 — 67-45 »
4 H 10. xii. 31 16-3 3-39 —_ 55-25 »
5 E 5.xi. 31 13-7 40 049 54-8 1I ¢Balanced” CaCO,
6 G 4. xii. 31 14-5 375 0-50 54-37 Tricalcium phosphate
7 G 10. xii. 31 18-2 3-55 — 6461 - VI ’
8 Q 17. xii. 31 14-1 3-97 — 55-97 Dicalcium phosphate
9 C 7.x%.31 156 3-38 0-17 5272 Stock
10 D 21.ix. 81 124 3-97 — 49-22 I
11 D 23.ix. 31 12:5 393 — 49-12 TII s
12 D 7.x.31 13-4 4-07 — 54-53 »»
13 G 24.xi.31 127 414 — 52-57 .
14 N 2.xi. 81 15-1 3-07 — 46-35 »
15 D 16.x. 31 131 4-22 0-04 55-28 Stock less fish meal
16 Q 18.1. 32 12-2 373 —_ 45-5 v i »
17 H 18.1i. 32 14-6 354 — 51-68 5
18 G 26.i. 32 14-2 3-54 0-037 50-26 Medium Na,HPO,
19 G 8.1ii. 32 12-3 4-16 0-0018 5116 v High Na,HPO,

the difference is not striking. There is no significant or consistent difference in
the P concentration of the blood in the different groups. There is no evidence of
the existence of a reciprocal relationship between the Ca and P concentrations,
and the Ca x P product, varying as it does between 45-5 and 67-45, shows little
sign of constancy, that is in absolutely healthy animals under identical con-
ditions and with but slight differences in diet and indeed even when on the same
diet.
SUMMARY AND CONCLUSIONS.

The results obtained, in so far as they concern calcium in the ration, have
special reference to conditions where calcium is supplied as CaCO,. There seems
to be no reason, however, why they should not be applicable, if in less degree, to
situations where calcium is supplied in other forms.

The most important single factor controlling the absorption of Ca and P
appears to be the acidity of the gastric juice: subject to this condition, the most
important factor influencing the absorption of P seems to be an excess of Ca
in the diet, which, having neutralised the HCI, precipitates P as Cas(PO,),.

The optimum conditions for the simultaneous absorption of Ca and P seem
to be those where, in the presence of adequate HCl, CaO and P,0; exist in the
diet in moderate and approximately equivalent amounts and in such quantity
that the amount of Ca is considerably short of that required for the neutralisation
of the HCL

For the optimum utilisation of Ca and P after absorption, it seems to be
requisite that they should be supplied in the food uncombined with one another
and that they should be absorbed as far as possible in this condition.

The Ca and P salts of the blood seem to be prevented from interacting with
one another and to be held in solution by the proteins; an “acid” condition of
the blood, by increasing the solubility, will assist in this. High concentration of
P in the blood is usually, in natural conditions, associated with an “acid”
state; and here analysis will show Ca and P concentrations in various proportions.
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Where, however, the reaction of the blood has an ‘“‘alkaline” tendency, as
occurs in normal and alkalotic conditions, chemical activity, more or less
restrained previously, asserts itself and a balanced reaction occurs, with a point
of equilibrium towards the side of the element—Ca or P—the salts of which are
present in the greater concentration; and, as under such conditions Cay(PO,),
is precipitated and calcium salts usually predominate, analysis will show a high
concentration of Ca relatively to that of P.

Under such circumstances, there seems to be no warrant for the assumption
that, in general, there exists a reciprocal or inverse relationship between the Ca
and P concentrations of the blood.

Howland and Kramer’s index of normality appears also not to be valid
because, apart from the considerations just mentioned, the Ca x P product is
not in fact a constant in normal individuals or even in healthy animals kept
under fairly normal and identical conditions and fed on the same diet or on
slight variations from this.

It is pointed out that the concentrations of P and Ca in the blood are the
resultants of the factors of absorption, excretion and endogenous formation
and fixation. If this is taken into consideration, along with the effect of the
balanced reaction in “alkaline” conditions as just described, it will be seen how
difficult. it is to correlate Ca and P concentrations of the blood with other
co-existent phenomena. The fact that the concentrations of Ca and P bear no
relationship to the chemical activities of the elements as they are combined in
the blood also requires emphasis in this connection.

Although the rapid absorption of quantities of Ca or P is followed by their
rapid excretion in order that the composition of the blood may be kept within
normal limits, considerable amounts of Ca may be fixed in the body in conditions
where there is little P absorbed and wice versa.

The possible relation of the results obtained to a theory of the causation of
rickets, namely deficiency of P, is discussed.

- T wish to express my indebtedness for considerable help rendered by Mr
William Godden. Along with his assistants Mr W. H. Williams and Miss B. W.
Simpson, he carried out the various analyses on which this investigation is
based. DrD. W. Auchinachie and Mr A. R. G. Emslie supplied the blood analysis

figures.
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