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ABSTRACT

Jongbloed, A.W. (1987). Phosphorus in the feeding of pigs; effect of “diet
on the ahsorption and retention of phosphorus by growing pigs.

Rapport I.V.V.0. nr. 179, Lelystad.

XVI, 343 p, 149 tbs, 24 figs, 599 refs, Eng. and Dutch summaries,

32 appendices,

An extensive review 1s given of the literature concerning phosphorus
feeding of pigs. Subjects dealt with are: 1. physiological background,
regulation and effect of diet composition and nutrient supply on phosphorus
absorption and retention; 2. estimation of the amount of P present in the
bodies of pigs using several models and 3. estimations of the P require-
ments of slaughter pigs from results of balance and slaughter experiments.
In the own experiments -using balance, slaughter, digestibility and feeding
trials- on growing pigs the following aspects were studied: a) accuracy of
measurements ; b) P absorption and retention as related to diet composition
and nutrient supply; 3) the effects of reduced P supply on performance and,
possibly, on locomotory disturbances. It was shown that in phosphorus
balance studies, because of carry-over effects, the adaptation period
should be at least 21 days when there is a substantial change in phosphorus
supply. Effects of dietary energy and protein on P absorption and retention
could best be explained by their effect on the daily amount of protein and
fat retention. The retention of P measured by the balance was only six per
cent (25 + 17 g P) higher than measured by the comparative slaughter
technique, Animals with a normal type of daily gain retained 5.0 to 5.1 g
P/kg live weight gain, those with a leaner gain 0.2 to 0.3 g P/kg 1live
weight gain more.
A technique was described to measure the digestibility of P in various
feedstuffs and feed phosphates; substantial differences In digestibility of
P between variocus feedstuffs and feed phosphates were observed. Maximal
utilization of P was found at a dietary Ca/digestible P ratio between 2.9
and 3.5.
In various feeding trials, leg weakness was not observed any more frequent-
ly when slaughter pigs from 30 kg live weight onwards received dlets with
very low concentrations of phosphorus (g/kg feed) and ecalcium. However,
calcification of the bones was poorer than that of the control animals.
Both optimal and just sufficient P requirements for slaughter pigs, were
derived. These were expressed as the concentration of digestible P per kg
diet.
Keywords: phosphorus, pigs, calcium, phytate, phosphates, feeding, diet
composition, bone mineralization, adaptation, balance technigue,
slaughter technique, leg weakness.
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STELLINGEN

. Bij de calcium- en fosforbalansproeven met varkens van Vipperman et al.

(1974) was de aanpassing aan de proefvoeding veel te kort om inzicht te

krijgen in effecten op de lange termijn.

Vipperman et al. (1974). Effect of dietary calcium and phosphorus level
upon calcium, phosphorus and nitrogen balance in swine. J. Anim. Sci. 38
758-765.
Dit proefschrifc.

Een overmaat aan calcium in het rantsoen van landbouwhuisdieren is nade-

lig voor de benutting van fosfor en diverse spoorelementen.

Het hanteren van een vaste fosfor/stikstofverhouding in varkenskarkassen
als uitgangspunt voor de schatting van vervluchtiging van stikstof, wvanaf
uitscheiding door het dier tot het moment van uitrijden van varkensdrijf-

mest, is onjuist.

Het verschil tussen totaal P en fytine-P wordt ten onrechte met beschik-

baar P aangeduid.

De E.G. dient bij de declaratie van de energiewaarde van mengvoeders re-

kening te houden met verschillen in verteerbaarheid tussen grondstoffen.

. De consequenties uit de goedgedocumenteerde rapporten van de N.R.L.O.-

werkgroep "Mineralen inm krachtvoer in relatie tot bemesting en milieu"
uit 1975, 1979 en 1985 kwamen erg laat en In onvoldoende mate in beleid

van het Ministerie van Landbouw en Visserij tot ulting.

Voor een goede analyse van tegenvallende produktieresultaten in de var-
kenshouderij dient de praktiserende dierenarts goed op de hoogte te zijn

van veranderingen en vorderingen op het terrein van de veevoeding.

De mnormen ten aanzien van P-giften per ha als maatstaf voor de milifeuba-
lasting leiden bij de huidige fosfor/stikstofverhoudingen in drijfmest
bi} varkemsmest tot een grotere vermindering van de N-belasting dan bij

rundermest. BiLoil
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11.

Het verlagen van het kopergehalte in mengvoeders voor mestvarkens heeft
helaas niet geleid tot verlaging van het zinkgehalte, die daardoor moge-

lijk is geworden.

M.I.K. (1985). De gehalten aan enkele spoorelementen in mengvoedergrond-
stoffen en voordroogkuilen en de gehalten aan enkele mineralen en spoor-
elementen in mengvoeders. Rapport werkgroep "Mineralen in krachtvoer in

relatie tot bemesting en milieu"” N.R.L.O.

Bij fokzeugen 1is een hoge index bij de bedrijfsprestatietoets wel een
aanwijzing voor de kwaliteit van de nakomglingschap, maar niet wvoor een
lange levensduur van de zeug en een hoge produktie aan biggen.

Gezien het feit dat vrouwen gemiddeld per uur op de schaats een kleinere
afstand afleggen dan mannen, verdient het aanbeveling dat vrouwen voor-
taan bij de elfstedentocht in de vroege startgroepen kunnen vertrekken.

A.W. Jongbloed

Phosphorus in the feeding of pigs. The effect of diet on the absorption
and retention by growing pigs.

Wageningen, 29 april 1987
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GENERAL INTRODUCTION

In 1974 a research project was started at the I.V.V.0. institute in order
to study various aspects of phosphorus feeding in pigs. There were several
reasons for doing this:

1. the price of feed phosphates usually added to mixed feeds had increased
enormously;

2. the considerable uncertainty concerning the recommendations of the phos-
phorus requirement for pigs due, for example, to the improved perfor-
mance levels of modern pigs;

3. the use of more by-products instead of cereals in the feeds for pigs.
There was at that time hardly any information available on the nutritive
value of phosphorus in these by-products;

4. a possible relationship between the phosphorus supply and the frequency
of leg weakness;

5. the increase in the number of animals per hectare of land, resulting in
so much pig slurry and poultry manure being applied in certain areas,
that a high accumulation of phosphorus in the soil, together with
leaching-out and run-off tskes place. The effect is eutrophication of
the water 1In ditches and other waterways (Gerritse and Zugec, 1977;
Lexmond et al., 1982).

The eutrophication 1s reason why, in the Netherlands, legislation will be
enforced in 1987 in order to limit the amount of phosphorus in the manure
which can be applied per hectare of land. Up to 1983, phosphorus
accunulation in cultivated fields was still increasing mainly due to the
fact that nearly all feedstuffs and thus their phosphorus, and feed
phosphates in the Netherlands are imported (Olsthoorn, 1986). Pig farming
is concentrated in the south and east of the Netherlands, mostly - on sandy
soils, and in these regions the problem of phosphorus accumulation is
greatest. When the farmer produces more phosphorus in the pig slurry per
hectare of land than 1is permitted in the legislation, he will be fined.
Many efforts are therefore being made to reduce the surplus of phosphorus
as mwuch as possible. A reduction of phosphorus in the feed results in less
phosphorus in the excreta, but it is not well known how this affects the
animals’ production and metabolism. Phosphorus has many functions in the
animal and 1s an essential nutrient. Therefore, a lower dietary phoesphorus
level may lead to reduced performance, which is not desirable.

In this thesis, several aspects of phosphorus nutrition, mainly in growing
pigs, will be described. First, in the literature review, a survey will bhe
given of the physiological processes, diet composition, nutrient supply and
aspects other than dietary composition, that affect the absorption and
retention of phosphorus and the phosphorus requirement of growing pigs. Cur
experiments will then be presented in which the effect of wvarious
nutritional factors on the absorption and retention of phosphorus was
studied using digestion, balance and feeding trials. In a final discussion
it is argued, that without any negative side-effects, growing pigs can be
fed lower amounts of phospheorus than is so far being used in practice.
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1. SOME PHYSIOLOGICAL CONSIDERATIONS WITH REGARD TO ABSORPTION AND RETEN-
TION OF PHOSPHORUS

1.1. INTRODUCTION

A survey of the literature shows that up to ten years ago little attention
was paid to the absorption and retention of phosphorus in animals, this in
contrast to calcium,

Phosphorus has more known functions than any other mineral element in the
animal body. In addition to its vital participation in the development and
maintenance of skeletal tissue, it functions as a component of nucleic
acids which are essential in cell multiplication, growth and differentia-
tion. In combination with other elements, it helps maintain osmotic and
acid-base balance. It plays a vital rele in a host of metabolic functions,
including energy wutilization and transfer (ADP, ATP), phospholipid forma-
tion and, therefore, fatty acid transport and aminc-acid and protein forma-
tion (N.R.C., 1980). Phosphorus 1is further involved in the control of
appetite, in a manmer not yet fully understood, and in the efficiency of
feed utilization.

Much is known about the hormonal feedback system responsible for calcium
homeostasis; comparable information with regard to phosphorus is still
limited and Incomplete. In this chapter, attention will first be paid to
the site of absorption of phosphorus in the digestive tract, to the manner
in which the absorption takes place and to the role of hormones in it. The
roles of the kidneys, the skeleton and metabolites of vitamin D will alseo
be discussed. Most of the information has been gained from experiments on
rats and chickens; so far, work on pigs in this field is not abundant.

1.2. INTESTINAL ABSORPTION OF PHOSPHORUS

Most phosphorus is absorbed from the gut as inorganic phosphate either
present in the diet as such or liberated from organic components before
absorption. In addition to phosphesugars, phosphorylated amino acids and
phosphonucleotides are hydrolyzed at the brush border of the enterocyte by
alkaline phosphatase to 1liberate inorganic phosphate. The phosphorus
present in certain phospholipids, however, may be absorbed in the organic
form (Wilkinson, 1976).

1.2.1. Site of intestinal absorption
1.2.1.1. In laboratory animals

To locate the site of phosphorus absorption in rats, Cramer (1972), wusing
radiophosphorus, showed that of the total absorption of phosphorus, 29 per
cent took place in the duodenum, 25 per cent in the jejunum, 38 per cent in
the 1ileum and 8 per cent in the colon. The ahbsorption rate in the ducdenum
was much greater than in the other segments of the gut, but due to the
shorter retention time, the amount absorbed in the duodenum was about equal
to that in the jejunum. Alsc working on rats, McHardy et al. (1956) found
higher absorption rates for phosphorus in the duodenum and jejunum than in
the {leum. Kowarski and Schachter (1969), however, using the everted sac
technique, found a more rapid uptake of phosphorus in the jejunum than in
the duodenum, and Walling (1977) found that active absorption of phosphorus
in rats was highest in the jejunum, lower in the duodenum and lowest in the
ileum. This was also found by Harrison and Harrison (1961) and by Chen et



al. (1974). 1In three week old chickens, Hurwitz and Bar (1972), using
yttrium-91 as a non-absorbable reference substance, showed that most of the
absorption of phosphorus occurred in the upper jejunum. Wasserman and
Taylor (1973), demonstrated that phosphorus in chicks was more rapidly
transferred than calcium across the duodenum. In the duodenum,
radiophosphorus was absorbed twice as quickly than in the jejunum and
ileum.

1.2,1.2. In pigs

In experminents with growing pigs, Moore and Tyler (1955) incorporated
labelled calcium and phosphorus in the diet. The animals were slaughtered
four hours after feeding and the digesta in the gut sampled and analysed.
They concluded that the absorption of phosphorus took place in the proximal
half of the small intestine and the absorption of calcium in the proximal
quarter of the small Intestine. On the other hand, both phosphorus and
calcium were secreted into the lumen of the upper small intestine, but were
reabsorbed from the lower segments of the small intestine. They did not
find any secretion of phosphorus and caleium into the lumen of the large
intestine. Gueguen et al. (1968) infused labelled phosphorus into the large
intestine, but could not prove the existence of any absorption of phospho-
rus from the large intestine. This finding is in agreement with the results
of Partridge (1978a), who worked with a reentrant fistula in the 1ileum of
pigs and used a cgrﬁal mixture as diet. With a semi-synthetic diet, however
, Partridge (19787 °") found that some phosphorus was absorbed beyond the
ileum fistula.

Sauer et al. (1982) found in pigs with ileoc-caecal reentrant cannulas that
not less than 22 per cent of the total amount of phosphorus absorbed was
absorbed beyond the small intestine. These wvalues of Sauer et al, (1982),
however, are not reliable due to experimental problems (Jgrgensen, 1986).
Recent research with pigs, fitted with simple T-cannulas about 5 cm
proximal to the ileo-caecal junction, by the same group (Jgrgensen and
Fernandez, 1984, Jgrgensen et al.,, 1985), showed that no more phosphorus
was asbsorbed distal to the cannula. This was also found by Partridge et al.
(1986) and at our laboratory (Metz, 1986) using pigs fitted with simple
T-cannulas proximal to the ileo-caecal junction. However, a few experiments
indicate that in the large intestine, a considerable amount of phosphorus
can be absorbed. Drochner (1984) showed this in mini-pigs fitted with ileal
reentrant cannulas or with simple T-cannulas in the caecum, and Guéguen et
al. (1981) also concluded from their experiment with 1labelled phosphorus
administered into the caecal cannula, that the absorption of phosphorus in
the large intestine should not be neglected. Also, experiments done by Den
Hartog et al. (1985) with an ileo-caecal reentrant fistula, showed that a
substantial amount of phosphorus (40 per cent) was absorbed in the large
intestine.

1.2.1.3. Discussion

From the studies on rats, chicks and pigs it is clear that the proximal
half of the small intestine is the principal site Ffor the absorption of
phosphorus, Unfortunately, for rats little information is available as to
whether much phosphorus is absorbed in the large intestine, due to the fact
that the studies were focussed more on the mechanism of absorption.

Although in experiments with pigs having reentrant camnnulas at the end of
the ileum some absorption of phosphorus from the large intestine has been




found, there are still a few doubts concerning these results, because of
the fine grinding of the diets in such studies and the possibility. that
digesta flow back from the large to the small intestine. In this respect,
high dietary inorganic phosphorus levels may also influence the results; in
most studies, twe to four times the phosphorus requirement was offered,
inducing higher errors.

1.2.2. Mechanism of the absorption of phosphorus
1.2.2.1. In laboratory animals

From the first experiments in the ‘fifties it was concluded that transport
of phosphorus through the intestinal wall was passive and that the absorp-
tion rate decreased when the sodium concentration in the lumen was low (Mc
Hardy and Parsons, 1956). However, it is now accepted that the absorption
of phosphorus In the gut is an active process (Wasserman, 1981). This was
clearly demonstrated in vitro by Harrison and Harrison (1961) and by Borle
et al. (1963). The latter authors were of the opinion that the transport of
phosphorus across the Intestinal wall consisted of several steps: uptake
from the mucosal side, transport from mucosa to serosa and transport from
serosa to the body fluid, The absorption of phosphorus in the intestinal
tract seems to be independent of the presence of calecium In the luminal
fluid (Carlsson, 1954; Kowarski and Schachter, 196%9; Clark and Rivera-
Corderc, 1973; Peterlik and Wasserman, 1978), although some relationship
between calcium and phosphorus absorption is suggested by Walling (1977).
In chicks, Wasserman and Taylor (1973) found that the absorptive process
could reach a maximum only in the ileum but not in the ducdenum or jejunum.
Radiophosphorus accumulated in the mucosa, so probably absorption proceeded
at a more rapid rate than the release of the radionuclide to the blood, and
the latter was the rate-limiting step. Vitamin D was found to stimulate the
absorption of phosphorus. The greatest response was found to occur in the
jejunum of the chick, where the phosphorus uptake in the mucosal cell layer
proved to be saturable, an indication of an active transport mechanism
{(Peterlik and Wasserman, 1978). The transfer of phosphorus from tissue to
the serosal compartment appeared to be by diffusion and was not dependent
on vitamin D,

Kinne et al. (1977) and Quamme (1985) demonstrated (see also Figure 1) that
transport of phosphorus occurred as an electroneutral cotransport with
sodium through the luminal cell membrane and as a sodium independent efflux
across the contra luminal cell membrane. The downhill movement for sodium
into the cytoplasm provides the energy for the transport of phesphorus
against a gradient in the same direction. Kowarski and Schachter (196%)
showed that in the rat, absorbed phosphate does not enter the general
phosphorus pool of the intestinal cell. This was verified in chick
intestine (Peterlik and Wasserman, 1978). Absorbed phosphorus could
hypothetically maintain its “exclusive" status by incorporation into a
vesicle, traversing the cell through channels or as a phosphorylated
derivative, Inhibition of the transport of phosphate by arsenate and sodium
depletion takes place at the luminal cell membrane and the inhibition of
phosphate transport by ouabain can be explained by the inhibition of the
Na-K-ATP ase.
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Figure 1. Schematic representation of the transport systems and driving

forces invelved in active phosphate transport by the small
intestine (adapted from Kinne et al., 1977 and Wasserman, 1981).

Phosphate ls transported against a gradient across the brush
border of the Intestinal cell by a Na  dependent process,
Phosphate moves through the cell without entering the cytoplasmic
phosphate pool, and diffuses from cell to lamina propria,
possibly by acilitative  (mediated) diffusion. The low
intracellular Na concentration is maintained by Na, K extrusion
pump on the basal-lateral membrane.




1.2.2.2. In pigs

There have been only a few experiments on pigs concerning the mechanism of
phosphate absorption.

According to Guéguen and Rérat (1967), the rate of phosphorus absorption is
much faster than that of calcium, The peak of absorption after an oral
dosage of radiophosphorus (as Na,HPO,) was only 30 minutes after administra
tion and absorption was practically complete within three hours. However,
when phytate phosphorus from wheat bran was given they found a much slower
absorption; onlx after three to four hours was there a peak in the plasma.
Fox et al. (1978") demonstrated an increase in the jejunum of pigs, in the
net absorption of phosphate from a perfusate, as the phosphate concentra-
tion increased. With further increases in phosphate concentration, the rate
of increase of phosphate absorption slowed down, indicating a saturation
process. At concentrations from 0 to 6 mM/l calecium in the solution, the
net phosphate absorption increased, but at higher calcium levels hardly any
effect on phosphate absorption was found. The work done by McKercher and
Radde (1981) on gut segments of young pigs showed that in the duodenum and
jejunum, active absorption of phosphorus could be demonstrated but mnot in
the ileum.

1.2.2.3. Conclusion

The transport of phosphate across the intestinal wall probably consists of
several steps, which could explain why the dependence of the absorption
rate upon metabolism, hormonal action or electrochemical gradient is not
always the same.

Most experiments indicate that the transport of phosphate through the gut
wall is an active process. Lack of complete agreement between results could
perhaps partly be explained by different segments of the intestinal tract
being wused. It is wuncertain whether or not calcium is necessary for the
absorption of phosphate. Further Investigations are required for the
complete understanding of the phosphate transport aystem.

1.3. RENAL HANDLING OF PHOSPHORUS

The Lkidney is regarded as a major if not the major organ in the regulation
of calcium and phosphorus in blood plasma. The kidney consists of millions
of nephrons, which can be divided into different sections. A nephron is
composed of a glomerulus, a proximal convoluted tubule, Hemnle's loop, the
distal convoluted tubule and finally the collecting duct. Aqueous, ionic
and crystaloid components of blood can pass Into the glomerulus, while
erythrocytes and most of the plasma proteins do not filter through the
glomerular membrane., Phosphorus in blood plasma exists in twe main forms,
either as organic phosphate, mainly as phospholipids and phosphate esters,
or as Inorganic phosphate, Most of the plasma phosphorus is in the organic
form and is not ultrafiltrable. The inorganic phosphate of plasma, having a
divalent and monovalent ion in a ratio of 4:1 at pH 7.4 is almost complete-
ly ultrafiltrable through the kidney’'s glomerular membrane. When the ultra-
filtrate has been formed, the glomerular filtrate can be transported across
the epithelium of the peritubular space and hence into the vascular system.
Phosphorus reabsorption by the kidney hasz been described as saturable, i.e,
characterized by a maximal transport capacity (T ) above which any further
increment In filtered load is quantitatively excreted into the wurine. It
appears, however, that under certain circumstances the Tm-value can be al-




tered (Geschwind, 1961). In pigs weighing 25 kg, McIntosh and Scott (1975)
showed that the amount of phosphorus excreted in the urine increased with
the increase in the amount filtered at the glomerulus. A threshold wvalue
for phosphorus excretion in these pigs occurred at a plasma phosphorus con-
centration of 2.03 mmol/l, while over a wide range of filtered load (0.21 -
1.14 mmol/min) phosphorus was reabsorbed at a mean maximum rate of (.19
mmol/min.

The site of phosphorus reabscrption is predominantly in the proximal convo-
luted tubule. There is still a lot of debate about the cellular mechanisms
of phosphate transport in the kidney, which reflects the complexity of this
subject. A general consensus concerning the mechanisms that regulate phos-
phate transport does not yet exist, In this section, only some general
remarks will be made. For more details, the reader is referred to recent
reviews by Mizgala and Quamme (1985), and Gmay and Murer (1986). Phosphate
reabsorption in the proximal tubule is highly dependent on the presence of
sodium ions in the lumen and can be considered as being 1linked to active
sodium Ion transport (Barrett et al., 1980). The reabsorption of phosphate
in the kidney is affected by several factors (Mizgala and Quamme, 1985). It
has been established that the dietary phosphorus supply in relation to
requirement, adaptation, remal function, intrarenal calcium concentration,
acid-base balance, extracellular wolume, and the presence of steroids
(including glucocorticoids) and diuretics must be taken into account when
the role of renal handling of phosphate is evaluated (see e.g. Madsen et
al., 1977; Gmay and Murer, 1986). The effect of parathyroid hormone (PTH)
and vitamin D on the reabsorption of phosphate is described elsewhere (see
sections 1.4.1 and 1.4.4.5. respectively), while some aspects of the effect
of pH and acid-base balance, especially in relation to phosphate reabsorp-
tion will be described below.

It is clear that, contrary to other cellular membranes, there is a prefe-
rential reabsorption of the divalent form of phosphate in the renal brush
border (Kinne et al., 1977; Amstutz et al., 1985). The cause of this is not
clear but it is most probable that hydrogen icns may directly decrease the
affinity of the sodium phosphate cotransport system for sodium ions.

The effect of acidosis and alkalosis on urinary phosphate excretion cannot
easily be explained. Acute acldosis, resulting Iin intraluminal acidosis,
inhibits net phosphate reabsorption, whereas intracellular acidosis may
increase phosphate transport. Therefore, the balance between intraluminal
pH and intracellular hydrogen lon generation must be considered before
predicting appropriate responses to acid-base disturbances,. Chronic
acidosis may adjust remal phosphate transport processes, resulting in a
decrease in reabsorption and an increase in urinary phosphate excretion.
The association of an elevation of urinary phosphate exretion with wurinary
alkalinization is a well-known clinical observation, while it is also known
that chronic alkalesis Increases phosphate reabsorption. This contradiction
might be explained by the fact that on a relatively high phosphate diet, an
elevated urinary phosphate excretion is found with induction of alkalosis,
while on a low phosphorus diet this is not the case. Thus it seems that
three main factors directly controlling renal phosphate reabsorption should
be considered: dietary phosphorus content, acid-base influences and also
PTH as we will see later (Mizgala and Quamme, 1985). Gmay and Murer (1986)
summarized the effects as follows: the responses to acid-base alterations
are critically dependent on the concentration of phosphate in the lumen and
in the cell. At concentrations of phosphate in the lumen below saturation,
the effects of luminal pH on phosphate carrier interaction seem to
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dominate, whereas at a high concentration of phosphate in the lumen the
effects of intracellular pH become apparent.

Most of the hydrogen ions excreted by the kidney to maintain acid-base
equilibrium during acidosis must be hound to bases; the most important of
these are divalent phosphate and ammonia. Bases are defined as substances
that tend to accept and E;nd hydrogen ions from a solution: this means that
divalent phosphate (HPO, ) is a base and monovalent phosphate (H PO& ) is
a {(weak) acid. To understand the mechanism in the kidney some of %t will be
outlined here (see also Houpt, 1984}.

When acids or bases are added to body fluids, chemical buffers are the
first to vreact {(including bicarbonate and plasma protein). In the case of
acids, the anions are usually electrically balanced with cations (malnly
sodium). In the tubular fluid of the kidney, the cation is reabsorbed in
exchange for hydrogen ions, which are actively secreted. Mobilization of
hydrogen 1ons for tubular secretion is derived from carbonic acid formed
from carbon dioxide and water. In this way the urine {s acidified. The
quantity of acid which can be exereted as free hydrogen ions is limited.
This means that most of the hydrogen ions excreted must be bound to bases
{(divalent phosphate and ammonia). In the case of divalent phosphate, it
takes up and binds a hydrogen ion to form predominantly monobasic
phosphate. Part of the cation (mostly sodium ions) that electrically
balances divalent phosphate in the glomerular filtrate 1is thus exchanged
with the secreted hydrogen ion. The ammonia which is formed in the distal
renal tubular cells is diffused into the tubular fluid and buffers the
hydrogen ion to form ammonium ions.

It may be clear that the renal handling of phosphate is a complicated
matter, the mechanisms of which, also with regard to acid-base balance, are
not well understood.

1.4, HORMONAL EFFECTS ON PHOSPHORUS ABSORPTION AND EXCRETION
1.4.1. Parathyroid hormone

The parathyroid hormene (PTH) is produced by the ultimo branchial cells of
the parathyroids. The porcine PTH, isolated by Woodhead et al. (1971) had a
calculated molecular weight of 9423, with serine as a terminal amino acid.
PTH is probably the most important hormone in the control of calcium
homeostasis through its action on bone, kidney and intestine, The rate of
secretion of PTH 1is Inversely dependent on the concentration of
extracellular calcium (see also review by Habener et al., 1984). PTH also
plays a role in phosphorus metabolism, mainly through its influence on
kidney functioning (e.g. Clark and Rivera-Cordero, 1973 and Lau et al.,
1980) .

There 1is some evidence that PTH may directly or indirectly influence the
absorption of calcium and phosphorus from the intestine, but the effect on
phosphorus absorption is minor. Wasserman and Comar (1961) found no
difference in phosphorus absorption in parathyroidectomized rats, when
compared with normal rats, which was 1in agreement with the results of
Carlsson (1954). Cramer (1972) came to the conclugion that with regard to
Increasing the net flow of calcium, phosphorus and magnesium into the
plasma, PTH has an immediate effect on bone and apparently a delayed effect
on the intestine. In their studies, Borle et al. (1963) found that parathy-
roid extract increased the transfer of phosphorus from mucosa to serosa by
70 per cent and uptake by the tissue from the mucosal site by 30 per cent.
Secretion of phosphorus from serosa to mucosa was unaffected by parathyrold




extract. Clark and Rivera-Cordera (1974), however, in their experiments on
rats, found no effect of parathyroidectomy on the absorption of phosphorus
or on the urinary phosphorus excretion when compared with control animals.
This is not in accordance with the results of Mayer et al. (1268} who found
that parathyroid extract decreased faecal phosphorus but increased urinagy
phosphorus in cows. In pigs, Fox and Care (1978) and Fox et al. (19787)
demonstrated an increase in intestinal abscrption of phosphorus in response
to dietary restriction of phosphorus and concluded that the parathyroid
glands were not essential for this adaptation. However, PTH was capable of
increasing the absorption of phosphorus from the jejunum.

Phosphorus reabsorption in the tubules of the kidney is depressed by an
inereased concentration of PTH. Sie et al. (1974), and Clark and
Rivera-Corderc (1973; 1974) showed that an increase of dietary phosphorus
at the same level of caleium resulted in an inerease of PTH production.
Studies by Bonjour et al. (1977) indicate that in addition, dietary phos-
phorus activates an Important mechanism for regulating the reabsorption of
phosphorus other than PTH and plasma phosphorus concentration. They showed
marked differences in phosphorus excretion rates in thyroparathy-
roidectomized rats on lew and high phosphorus diets, even though plasma
phosphorus was controlled by phosphorus infusions. It has been reported by
Meyer and Meyer (1974) that when PTH was given, phosphorus which came from
soft tissues such as muscle, liver and red blood cells, was excreted in the
urine.

In the skeleton, PTH stimulation leads to the simultaneous resorption of
bone mineral and matrix, resulting in the subsequent release of calcium and
phosphorus into the circulation.

For pigs, there is some evidence that PTH does not play such an importagt
role as in the rat (McIntosh and Scott, 1975; Pointillart et al., 1978 ;
1979) and probably calcitonin (see section 1.4.2.) might be more important.
The possible effect of PTH on phosphorus absorption may be explained by a
stimulating effect on 25-hydroxycholecalcifercl-let- hydroxylase in the
kidney.

1.4.2. Calcitonin

Calcitonin (CT) is a hormone composed of 32 amino acids and has a molecular
weight of about 3500 (Copp et al., 1962; Brewer et al., 1968). It 1s formed
in the thyrcoid and has a very rapid hypocalcaemic action by inhibiting bone
resorption without acutely affecting bone mineralization. In addition, it
has been shown that pgastrointestinal hormones (either gastrin or
cholecystokinin) stimulated by the presence of food In the stomach and
intesﬁine, stimulate CT secretion (Dickson, 1984). Peintillart et al.
{19787) showed on pigs that high levels of magnesium in the diet stimulated
CT secretion.

Little 1is known about any effect of CT on the intestinal absorption of
phosphorus. So far, there is no evidence that CT has a direct effect on the
absorption of phosphorus from the intestine (Cramer, 1972); this has been
confirmed in experiments with young pigs (McKercher and Radde, 1981).

In contrast to the CT-PTH antagonism on bone, CT is similar to PTH in its
effects on renal phosphorus reabsorption. CT, however, inhibits phosphorus
reabsorption in the ascending loop of Henle and the distal convoluted
tubule (Knox et al., 1973; Yoshinobu et al., 1976). It results in a reduced
plasma phosphate level but a significant rise in phosphate uptake by the
liver has also been reported (Meyer and Meyer, 1974; 1975).

Some workers suggest that CT may also be involved in the regulation of the




vitamin D metabolism fn the kidney, but this is not certain (Deluca and
Kleiner-Bossaler, 1973; Rasmussen et al., 1972; Fraser, 1980).

It looks as though CT has no direct effsct on phosphorus absorption in the
gut, and that this hormone decreases the tubular reabsorption of phosphate
in the kidney.

1.4.3, Thyroxine and growth hormone

Little is known about the effect of thyroxine on phosphorus metabolism.
Thyroxine may also have an indirect influence through its effects on the
growth rate of bone and body. Effects on bone mean that both calcium and
phosphorus are involved. Irving (1973) suggested that thyroxine increases
the bone turnover rate and thyroidectomy seems to slow down the rate of
bone growth and differentiation. Noble and Matty (1967) indicated that when
rats were given a dalily injection of 1 mg thyroxine per kg body weight for
seven days, the rate of transport of phosphorus from mucosa to serosa was
depressed in the duodenum but not in the jejunum or ileum. The treatment
had little or no effect on mucosal uptake values, but thyroxine exerted its
influence on infusion or release of phosphorus. Administration of thyroxine
(Espinoza et al., 1984) and growth hormene (Hammerman et al., 1984)
increased phosphate reabsorption and the activity of the sodium-phosphate
cotransport system in the brush border membranes in the kidney.

Growth  hormone stimulates endochondral bone formation and Increases
skeletal mass by accelerating subperiostal bone apposition. The effect of
growth hormone on bone seems to be dependent on thyroxine. An anonymous
review (1979) suggested that one of the functions of growth hormone 1is to
stimulate the absorption of intestinal calcium. This was concluded because
plasma - levels of 1,25-dihydroxycholecalciferol decreased significantly
after hypophysectomy and were restored to normal by growth hormone. This
effect might, however, have been mediated by PTH. Westby et al. (1977)
concluded from their experiments with dogs, that growth hormone affected
calcium and phosphorus homeostasis only slightly. Massry et al. (1973)
found that, with regard to remal handling, growth hormone has an opposite
effect to that of PTH, while Spencer et al. (1l979) reported that growth
hormone, injected into hypophysectomized rats, stimulated the renal
conversion of 25-hydroxycholecalciferol inte 1,25-dihydroxychalecalciferol.
They suggested that this effect could be relevant to the long-term stimula-
tion of renal hydroxylase during growth.

It can be concluded that there 1s no clear evidence of significant direct
effects of thyroxine and growth hormone on phosphorus metabolism, but there
are some data suggesting indirect effects.

1.4.4. Metabolites of vitamin D
1.4.4.1, Introduction

For several years we have known that vitamin D (cholecalciferol; CC) is
lmportant for calcium and phosphorus metabelism (DeLuca and Schnoes, 1983
and Deluca, 1979). The best understood function of vitamin D is that it
elevates plasma calcium and phosphorus concentrations to levels required
for the support of normal mineralization of bone and that it prevents
tetany (DeLuca, 1980}.
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1.4.4.2, Metabolism of vitamin D and its metabolites

In the intestinal mucosa a provitamin D, (7-dehydrocholesterol) is formed
from cholestercl. This provitamin D, is”transported to the skin where it is
converted into previtamin D, by the action of ultraviolet radiation (Holick
and ¢Clark, 1978). Previtamin D, thermally isomerizes to vitamin D,. After
binding to an appropriate carrier protein, the vitamin can be trahsported
to other tissues. Provitamin D, (ergosterol) in feedstuffs of plant origin
is similarly converted to vitamin D, (ergocalciferol). In mammals, vitamin
D, and vitamin D, have the same biological activity, but in birds the
activity of vitamin D, is about ten times lower than vitamin D,, due to a
lower absorbablility "in the gut. Vitamin D can alsoc be ingeSted with the
diet. The absorption of ingested CC occurs with the aid of bile salts in
both jejunum and ileum, where a linear relationship was found between the
absorption rate of the vitamin and its intraluminal concentration
(Hollander et al., 1978). In the lymphatic system, most of the vitamin is
transported in the chylomicron fraction (Dueland et al., 1983).
Investigations (e.g. Deluca and Kleiner-Bossaler, 1973) have shown that
after absorption by the liver, CC is mainly hydroxylated in the hepatic
mitochondria, but also in the hepatic microsomes, to 25-hydroxycheclecalci-
ferol (25-HCC) after which it is secreted into the circulation linked to a
specific ®¢-globulinprotein. This 25-HCC is the major circulating form of CC
in the blood.

In the kidney, some of the 25-HCC of the blood is converted into 1,25 dihy-
droxycholecalciferol (1,25-DHCC), probably in the mitochondria of proximal
tubular cells by means of 25-HCC-1«-hydroxylase. This has been confirmed in
pigs by Sommerville et al. (1978) who observed that in homogenates of pig
kidney, the cortex carried out its conversion more efficiently than the
medulla. Apart from the kidney, some 1,25-DHCC can also be produced in the
placenta {(DelLuca and Schnoes, 1983).

The 1,25-DHCC is returned to the blood where it is removed by cells of the
main target tissues: the small intestine, bone and the kidney itself. In
the small intestine, 1,25-DHCC is selectively localized in the nucleus of
the intestinal mucosal cells, where it actively facilitates the synthesis
of calcium-binding protein.

During isolation and identification of 1,25-DHCC, other metabolites of
vitamin D, were detected, but their function is not quite clear (e.g.
Zucker and Rambeck, 1981). For example, DeLuca and Schnoes (1983) found
that if animals are hypocalcaemic or hypophosphatemic, the 25-HGGC is
hydroxylated to 1,25-DHCC, but when the serum levels of calcium and
phosphorus are normal and the animal has been given a source of vitamin D,
predominantly 24,25-DHCC is formed (see also the review of Kumar, 1984).
The biological action of 24,25-DHCC is not yet clear.

In human blood plasma, 25-HCC has a half-life of 15 to 30 days, whereas
1,25-DHCC is present at & 500 to 1000 fold 1lower concentration and
disappears with a half-life of only 5 to 8 hours (Fraser, 1980). In pigs
25-HCC values In plasma seem to be more important than those of 1,25-DHCC
(Thomasset et al., 1979). These authors found a plasma concentration of
25-HCC in control pigs from 16 to 22 mg/l, while on vitamin D deficient or
calcium deficient diets this concentration dropped to 5mg/l or less. In
blood plasma of non-gravid pigs, the physiological concentration of
1,25-DHCC lies between 60 and 80 pg/ml (Horst and Littledike, 1982), but
Kaune and Harmeyer (1984) found a wider range with values from 35 to 90
peg/ml. In young piglets up to six weeks old, the concentration decreased
from 160 to 90 pg/ml, while in gravid sows the concentrations gradually




increased (Lachenmaier-Currle, 1985).

The 1liver is particularly efficient at removing wvitamin D from the
eirculating blood, and may inactivate its metabolic action; the inactivated
vitamin is excreted, via the bile, with the faeces.

Finally, the metabolism of vitamin D is schematically given in Figure 2.

DIET
BLOOD

7

1 25-HCC

BILE >[K|DNEY|
[FAECES] [TARGET ORGANS}—— 1.25-DHCC ¥

FIGURE 2 Scheme for the metabolism of vitamin D in relation to its function in
the maintenance of the extracellular calcium concentration; 25-HCC,
25-hydroxy-vitamin D; 1,25-DHCC, 1,25-dihydroxy-vitamin D
(adapted from Fraser, 1875)

1.4.4.3, Regulation of the vitamin D metabolism

The concentration of 25-HCC in blood plasma appears to be related to the
input of CC and its production does not seem to be regulated according to
need. Large amounts of CC cause a subsequent increase in the concentration
of 25-HCC in the blood, but the rate of output of 25-HCC from the liver is
not proportional to the input of wvitamin D substrate (Fraser, 1975; 1980).
To regulate the activity of 25-HCC-lol-hydroxylase,there is possibly a
feedback mechanism which is very probably active at low concentrations of
CC. During the last decade, many studies have been published about how the
conversion of 25-HCC to 1,25-DHCC 1is regulated. Most of the work,
predominantly done on rats and chicks, has recently been reviewed by Kumar
{(1984). From the studies of Holick et al. (1976) and Sommerville et al.
{(1978), 1t can be concluded that chickens have a more rapid metabolism and
excretion of vitamin D than rats, and that in pigs the conversion of .25-HCC
to 1,25-DHCC is almost as efficient as in chicks.

During the onset of vitamin D deficiency, the activity of 25-HCG-1e-hydro-
xylase might be 20 times greater in chickens than when the supply is
adequate (Fraser, 1975) and 5 to 10 times greater in pigs (Engstrom et al.,
1984). The ability of the enzyme increases according to the severity of the
vitamin D deficiency.

In their experiments on rats, Tanaka and DeLuca (1973) found that the
concentration of 1,25-DHCC in serum and Intestine was more than twice as
high for rats on a diet with 0.1 per cent phosphorus when compared with 0.3




per cent phosphorus; the calcium supply was sufficient. This has been
confirmed by many other experiments. In pigs, diets with a low phosphorus
or calcium concentration resulted in an increase in renal 25-HCC-1 -hydro-
xylase activity and in cireculating and intestinal 1,25-DHCC, but the same
level of plasma 25-HCC, when compared with diets with a mnormal
concentration of phosphorus and calcium (Sommerville et al., 1978; 1985;
Engstrom et al., 1985). Haussler et al. (1977), who found a rise in
1,25-DHCC plasma concentration of 3 to 5 times in pigs, due to a low
phosphorus diet, suggested that phosphorus depletion apparently accelerates
the formation or retards the degradation of 1,25-DHCC. Fox and Ross (1985)
concluded from thelr experiments with young pigs that the metabolic
clearance rate of 1,25-DHCC was unchanged when a low phosphorus diet (0.30
per cent P) was given compared to one with 0,70 per cent P, but a diet low
in calcium (0.07 per cent Ca) increased the metabolic clearance rate
somewhat. The production rate of 1,25-DHCC increased by 2.3 and 4
respectively when a diet low in phosphorus or calcium was given. According
to Tanaka and DeLuca (1973) a low phosphorus concentration in the renal
tubule cell stimulates the production of 1,25-DHCC.

There is a lot of debate about the role of PTH in vitamin D metabolism.
Some authors suggest a direct role in 1,25-DHCC synthesis, others are of
the opinion that PTH is not necessary for the production of 1,25-DHCC (see
review by Kumar, 1984), while Trechsel et al. (1980) concluded from their
experiments that both a PTH dependent and a PTH independent response can be
demonstrated.

It has more or less been admitted (DeLuca, 1979) that CT inhibits the
synthesis of 1,25-DHCC. It is not certain whether, in mammals, sex hormones
have any influence, which certainly seems to be the case in egg-laying
birds (DeLuca, 1979).

Metabolic acidosis might impair the conversion of 25-HCC to 1,25-DHCC (Lee
et al., 1977; 1986; Sauveur and Mongin, 1978) but Gafter et al. (1981)
found, on the contrary, a higher plasma level of 1,25-DHCC in rats fed
NH,Cl when compared with controls. Edwards (1984), also found no evidence
of  an impaired conversion of 25-HCC te 1,25-DHCC by metabolic acidosis.
Other factors which might regulate 25-HCC-1«-hydroxylase activity such as
hydrogen ion concentration, potassium ion concentration, prolactin, growth
hormone, pglucocorticoids and insulin are extensively discussed iIn an
excellent review by Fraser (1980).

Synthesls of 1,25-DHCC Is controlled by numerous factors. The major ones,
however, are the serum or extracellular £fluid phosphorus concentrations,
circulating levels of 1,25-DHCC itself, the circulating amounts of PTH and
perhaps serum calcium directly.

l.4.4.4, Effect of vitamin D on intestinal transport of phosphorus

The results of experiments done by Carlsson (1954), Harrison and Harrison
(1961), Kowarski and Schachter, (1969) and many others, leave no doubt that
1,25-DHCC stimulates the transport of Intestinal phosphate. (Deluca and
Schnoes, 1983). The effect of 1,25-DHCC is on the mucosal surface and it
stimulates the entry of phosphate at the mucosal border; the mucosal to
blood step is 1,25-DHCC independent (Peterlik and Wasserman, 1978). Using
the technique of everted sacs of intestinal tissue in adult vitamig,2 D
deficient rats, physiological doses of 1,25-DHCC increased the (" P)
phosphate upteke in the duodenum considerably, to a lesser extent in the
jejunum but not in the ileum or colon (Lee et al., 1981).

In chickens, Wasserman and Taylor (1973) and Peterlik and Wasserman (1978)
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observed that the intestinal absorption of phosphorus was stimulated by
vitamin D in all segments of the intestine, but most of all in the jejunum.
Moreover, Hurtwitz and Bar (1972) found, that as a result of wvitamin D in
the diet, there was an increase in phosphorus transport in the jejunum but
not in the duodenum of chicks, when compared with vitamin D depleted
animals.

Information about the action of 1,25-DHCC on Intestinal transport of
phosphorus in pigs is not abundant. From the work of Fox and Care (1976;
1979) we learn that an enhanced absorption of phosphorus also occurs from
the 1inclusion of hydroxylated derivatives of vitamin D in the perfusate.
Also, Fontaine et al. (1985) found that absorption of phosphorus in vitamin
D depleted pigs was only half of that found in pigs fed with vitamin D
" supplemented diets (1 000 IU Ds/kg diet).

Effect on intestinal alkaline phosphatase and phytase

There is still a lot of debate about the effect of dietary vitamin D on the
activity of the enzymes phytase and alkaline phosphatase of the mucosa of
the small intestine, enzymes which might also be involved in the absorption
of phosphorus. Ginther (1966) suggested that through its effect on alkaline
phosphatase activity, dietary vitamin D might enhance the absorption of
phosphorus from feedstuffs containing phytate. In fact, Peterlik and
Wasserman (1980) found that an injected dose of 1,25-DHCC, stimulated the
alkaline phosphatase activity in chicks. The correlation between phosphorus
transport and alkaline phosphatase activity was 0.99, thus it also could be
suspected from their work that there is a pgood relationship between
phosphorus  abscrption and alkaline phosphatase activity. In their
experiment, the induced higher phosphorus transport tended to reach its
maximal level sooner than the activity of alkaline phosphatase, and so they
suggest that there are possibly two mechanisms, one on phosphorus transport
and one on alkallne phosphatase activity. Also with broiler chickens Teunis
and Versteegh (1982) found that at 30 000 IU wvitamin D3/kg more phytate
phosphorus was hydrolyzed than at 1 000 IU vitamin D_/kg:

In pigs, Pointillart et al. (1984) observed a close positive relationship
between phytase and alkaline phosphatase activities along the intestine,
However, for the same group (Fontaine et al., 1985), vitamin D supplemen-
tation of vitamin D depleted pigs had no effect on the activity of phytase
and a%kaline phosphatase, which was alsc found by Moore and Veum (1982,
1983%: } with rats. In experiments on pigs, Boyd et al. (1981} and later
Koch et al. (1984) and Koch and Mahan {1985) showed that plasma alkaline
phosphatase activity merits more attention as a eriterion for estimating
available phosphorus. However, this 1is only of use wgeg the phosphorus
level in the diet is suboptimal. Pointillart et al. (1985 ") never found
any correlation between plasma alkaline phosphatase activity and phospha-
temia in pigs, but in some phosphorus-deficient pigs hyperactivity of
alkaline phosphatase was found.

1.4.4.5, Effect of vitamin D on renal handling of phosphorus

As we have seen (section 1.4.4.2.), synthesis of 1,25-DHCC occurs in the
kidney by means of 25-HCC-lx-hydroxylase. The activity of this enzyme is,
amongst other things, regulated by vitamin D status, calcium and phosphorus
status and PTH (section 1.4.4.3.).

There is not much evidence of a direct (short-term) effect of dietary
vitamin D on remal tubular reabsorption of phosphate (Mizgala and Quamme,
1985) but, as shown by Kurnik and Hruska (1984), concentration of PTH and
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vitamin D metabolites 1is 1mportant for the effect observed. The latter
authors came to the conclusion that under physiological conditions a direct
stimulatory role of 1,25-DHCC on renal phosphate reabsorption could be
observed,

It is suggested by Bonjour et al. (1978) that vitamin D affects the
intrinsic adaptation to high dietary phosphorus levels., The renal cell Iis
able to adapt to phosphorus intake In' the absence of vitamin D but does so
more efficiently when vitamin D is present.

The long-term effects of vitamin D intake are generally accepted. Vitamin D
stimulates intestinal phosphorus absorption which may result in a positive
phosphorus balance. The renal cell responds to abundance of phosphorus by
decreasing fractional phosphate reabsorption.

Although 1,25-DHCC is a potent regulator of calcium and phosphorus
transport in intestine and bone, its renal effects may be secondary to more
general changes of calcium and phosphorus metabolism and PTH status.

1.4,4.6, Effect of vitamin D on bone

In growing animals, bone is continuously being renewed by a combination of
formation and resorption. Bone has a dual function: mechanical suppert and
maintenance of mineral homeostasis. Vitamin D plays a role in both
functions through its role in the mineralization of the organic matrix of
bone (Gonnerman et al., 1976) and in bone resorption. Bone is therefore a
target organ for the action of witamin D.

Lack of vitamin D causes rickets in young animals and osteomalacia in the
adult, and administration of witamin D results in rapid healing. It is,
however, not quite certain whether vitamin D participates directly in the
process of mineralization (Omdahl and DelLuca, 1973) but certainly, when
vitamin D is given, in an increased turnover of calcium and phosphorus,
where the deposition exceeds the removal. In hypophosphatemia and
hypocalcaemia bone resorption occurs, preferently from older bone and not
from recently deposited bone (Irving, 1973).

Little 1s known about the mechanism of 1,25-DHCC in bone; several
investigations are currently in progress.

The overall response to 1,25-DHCC for the mobilization of calcium from bone
requires the presence of PTH, and both 1,25-DHCC and PTH act together on
this system (DeLuca and Schnoes, 1983)

1.4.4.7. The vitamin D requirement of pigs

In the preceeding sections it has been shown that vitamin D is important in
regulating calcium and phosphorus metabolism. We will now discuss the re-
quirement of vitamin D for pigs. The requirement of vitamin D is expressed
in International Units (IU) where 1 IU = 0.025u g crystalline wvitamin D,.
To establish the vitamin D requirement of pigs one should consider that it
is influenced by several factors. Some of these factors are given below,
but not all have yet been proved:

1. the concentration of calcium and phosphorus in the diet and the Ca/P
ratio. The requirement is higher when low concentrations of calcium
and phosphorus are present in the diet, or when the Ca/P ratio is sub-
optimal;

2. the age and weight of the animal and the level of production of the
animal;
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3. animal differences, as pointed out by Johnson and Palmer (1939) who
found that white pigs stored about twice the amount of vitamin D of
coloured pigs when kept outdoors;

4. the existence of body stores;

and possibly

5. the quantity of vitamin A in the diet;
6. the level of phytate in the diet.

The literature about the vitamin D requirement of pigs is far from abun-
dant. Assuming that the animals are not kept outdoors, it has been
definitely proved that thgre is a requirement £or vitamin D (a.o. Gidnther,
1966; Miller et al., 1965 ; Combs et al., 1966" ). Lack of vitamin D results
in decreased performance, lowered bone ash content and breaking strength of
bones, hypophosphatemia, hypocalcaemia and hyperphesphatasemia, rickets and
very often hyperparathyroidism (Harmeyer et al., 1977). The criteria taken
for the assessment of optimal vitamin D requirement are mainly performance,
bone ash content, bone strength, calcium and phosphorus balance, alkaline
phosphatase activity and calcium and phosphorus level in blood plasma. Some
papers will be discussed in which the requirement for vitamin D has been
investigated.

Young pigs

Nearlz ba11 the experiments have been done with young pigs. Miller et al.,
(19657’ ") found that when no vitamin D was added to a diet, an excessive
excretion of calecium and phosphorus and thus a lower absorption and
retention percentage for these minerals was observed when compared with an
addition of 100 IU vitamin D or more per kg diet. When these authors used a
diet containing glucose and soya protein instead of a glucose and casein
diet it appeared that more than 100 IU vitamin D per kg was required. It is
possible that the concentration of available phosphorus in the glucose and
soya protein diet was too low to achieve optimal bone development and
mineral balance when compared with the pglucose and casein diet. For the
diets mentioned, the authors found no differences in mineral balance when
more than 100 IU vitamin D was used per kg diet. The differences in the
mineral balance between 0 and 100 IU vitamin D per kg diet might have been
intensified by the reduced feed intake without the vitamin D addition.

In their experiments on baby pigs, Hendricks et al. (1964) found that 100
IU wvitamin D, per kg diet was adequate to produce optimum growth rate and
skeletal develcpment when compared with 250 or 500 IU. Vitamin A or
@-carotene (2 000 IU/kg) in these experiments gave no indication of being
rachitogenic. The concentration of vitamin A gr. @-carotene was probably too
low to observe any effect. Combs et al. (19667 ') found that 220 IU vitamin
D, per kg in diets for pigs weighing from 3 to 20 kg was adequate, while
Héndricks et al. (1969) found no differences in animal performance or
skeletal development when 250 or 500 IU vitamin D, per kg diet was used.

Growing pigs

In experiments on growing pigs, weighing from 10 to 60 kg, Baustad et al,
(1967) wused 0 or 300 IU vitamin D per kg feed. The feed contained 0.6 or
1.4 per cent phosphorus with Ca/P ratios of 0.25 (only for 1.4 per cent P)
and 0.5 or 1.2. Except for a Ca/P ratio of 1.2 the diets without a
supplementation of vitamin D caused rickets together with an extremely low
growth rate in the animals and a reduced ash content of bones. Stone and
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McIntosh (1977) fed barley-pea diets to pigs weighing from 15 to 70 kg with
230 or 2 000 IU vitamin D, per kg diet. The level of 2 000 IU ¥vitamin D

increased the breaking strength of bone and its ash content when the die%
contained 0.34 per cent calcium and 0.39 per cent phosphorus, but not in
diets with 0.69 per cent calcium and 0.39 per cent phosphorus. Their
conclusion was that for diets with phosphorus from plant origin, vitamin D

supplementation should be higher than 230 1U/kg diet when the Ca/P ratio i3
1 or lower. Also Pointillart (unpublished) found in a cross-experiment that
phytate phosphorus absorption increased with increasing levels of vitamin
D (from 0 to 1 500 1IU D_ /kg diet). Wahlstrom and Stolte (1958) found
hardly any effect of supplemengation of diets with vitamin D; only the ash
content in the femur was somewhat higher with 200 IU vitamin D. The animals
had access to sunlight up to weaning and might have stored vitamin D before
they were used for the experiment from 15 to 100 kg.

From the literature mentioned in this section, it appears that the vitamin
D requirement of young and growing pigs can be met using diets containing
between 100 and 200 IU per kg. The effect of the level of phytate in the
diet is not yet clear, but there are indications that this will increase
the wvitamin D requirement (Davies, 1979), If we assume that the minimum
requirement lies between 100 and 200 IU, then for practical applications a
safety margin will be necessary because of losses during manufacture and
storage of the feed, possibly of higher phytate contents and because not
always a balanced feed is given (unfavourable Ca/P ratio}; moreover animal
health might be suboptimal.

In the studies of Goff et al. (1984) on sows it was shown that parenteral
cholecalciferol treatment of sows protected young plglets against vitamin D
deficiency via the sow’s milk. A high correlation was observed between
25-HCC plasma levels of sows and piglets but not of 1,25-DHCC.

Ginther (1969) recommends 4 to 10 IU vitamin D per kg body weight, while
A.R.C. (1981) gives values of 120 IU per kg diet for pligs up to 20 kg and
105 1IU/kg diet from 20 to 90 kg. The daily requirement of vitamin D per kg
body welght was estimated by A.R.C. (1981) to be 4.8 to 5.2 IU. N.R.C.
(1979) gives wvalues per kg diet of 220 IU for 5 to 10 kg pigs, of 200 IU
for 10 to 35 kg pigs, of 150 IU for 35 to 60 kg pigs and of 125 IU for 60
to 100 kg pigs. The basis for the vitamin D requirement for gestating and
lactating sows is weak because no experiments have yet been performed to
establish it. N.R.C. (1979) recommends 200 IU/kg diet. In the Netherlands,
usually 2 000 IU vitamin D3/kg diet is used,

1.4.4.8. Hypervitaminosis D in pigs

There have also been some experiments concerning hypervitaminesis D in
pigs. Hypervitaminosis D is predominantly characterized by the mobilization
of calcium and phosphorus from bones. The blood levels of calcium and
phosphorus increase, resulting in the calcification of wvarious soft
tissues, primarily involving the cardiovascular system, the wurinary tract
and the kidneys. It results in fragile and deformed bones and cessation of
growth (Gdnther, 1966; Reliland, 1975; Haschek, 1978).

In a field trial, Burgisser et al. (1969) observed that the addition of a
vitamin mix In the trough for pigs suffering from pneumonia, resulted in
death losses within two or three days. It was shown that these pigs,
weighing approximately 25 kg, were getting 1 400 000 IU vitamin D3 per day.
Vitamin D, however proved to be less toxic.

Quartermaii et al. (1964) found that 250 000 IU vitamin D per day for pigs
with a body weight of 20 kg was toxic. Haschek (1978) found that 825 000 IU
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vitamin D/kg diet was toxic, while even 165 000 1IU/kg diet resulted in
reduced bone ash. Reiland (1975) observed toxic effects when weekly doses
of 15 000 IU vitamin D per kg bodyweight were given intramuscularly. In
their research, Peo et al. (1986) found that in diets for pigs from & to 17
kg live weight, 22 000 IU vitamin D,/kg diet resulted in lower performance
when compared with 11 000 IU/kg. At levels of 180 00Q IU/kg diet or greater
it was toxic.

Clearly, very high levels of vitamin D have to be fed before toxicity
oceurs; about 10 000 IU/kg body weight per day or 200 000 IU vitamin D/kg
diet is toxic for pigs.

1.5. CONCLUSIONS

Intestinal absorption of phosphorus in pigs occurs predominantly in the
gmall intestine, while it is not certain if any phosphorus is absorbed in
the large intestine. Absorption of phosphorus across the intestinal wall
probably conslists of several steps and is an active process with sodium as
the co-ion., The kidneys are Important organs in the regulation of the
phosphorus homeostasis, mediated by the parathyroid hormone, calcitonin and
possibly 1,25-DHCC. Vitamin D and its metabolites have important functions
in phosphorus absorption and retention, but present knowledge is still
poor.

The main effects have been summarized in Figure 3.

absorption of P{ reabsorption of P bone

in intestine in kidney formation
Parathyroid hormone 07 -- --
Calcitonin 0 -7 +
Thyroxine 07 - +
Growth hormone 07 + ++
Vitamin D ++ + +
acidosis + -7 -
alkalosis - + +7

Figure 3. Summary of effects on abscrption and reabsorption of P and on bone
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2. EFFECT OF DIET COMPOSITION AND NUTRIENT SUPPLY ON ABSCRPTION AND
RETENTION OF PHOSPHORUS

2.1. INTRODUCTION

In this chapter the interrelationship of pheosphorus metabolism with several
nutritional factors will be reviewed. These factors comprise not only level
of feeding and energy supply, dietary protein, fat and crude fibre but also
several macro- and micro-minerals. As calcium probably affects absorption
and retention of phosphorus to a large extent, it will be discussed in more
detail. Because of their frequent interaction with phosphorus metabolism,
much attention will be paid to the effect of phytate and phytase content on
the absorbability of phosphorus in the pig. Also, knowledge concerning the
amount of faecal endogenous secretion by pigs will be reviewed. This is
necessary for a better interpretation of experimental results on apparent
absorption. Furthermore, some attention will be given to the effect of
these dietary factors on calcium and, occasionally, on magnesium absorption
and retention.

2.2, LEVEL OF FEEDING AND ENERGY SUPPLY

Much research has been done concerning the effect of the level of feeding
upon growth rate and feed conversion ratic iIn pigs. In some experiments,
the effect of the level of feeding on protein and fat deposition or energy
utilization has been studied. However, so far wvery 1little attention has
been paid to the effect of the level of feeding or emnergy supply on the
absorption and retention of minerals. It is of interest to know if at a
higher level of feeding a higher or lower concentration of minerals in the
diets 1is required or not. This may mainly depend upon the tissue that 1is
synthesized: bone and muscle or fat. If the higher level of feeding only
results in more fat retention, a higher concentration of minerals may mnot
be necessary, even a lower concentration may be sufficient. When mainly
muscle and bone are synthesized, it is more difficult to decide wupon the
required mineral concentration.

In an experiment on pigs receiving the same diet from 20 to 70 kg lige
weight at two levels of feeding (1.7 or 2.5 times maintenance) and at 25 C
and 33°C, Holmes et al. (1975) measured the absorption and retention of
some minerals. At 25°C the absorption and retention of phosphorus was
higher at the higher level of feeding, but the reverse was found at 13%.
The Ca/P ratio in the retention was abnormally high (3 to 4.5) so that it
must be doubted whether thelr results are of great value.

In an experiment described by Whittemore et al. (1972), 1.20 or 0.60 kg of
the same diet was fed daily te pigs of 25 kg. The availability of calcium
and phosphorus did not differ. Sauer et al. (1982) did an experiment on
pigs weighing some 70 kg, with cannulas in the terminal 1ileum, which got
1.68, 1.26 or 0.84 kg dry matter a day of the same diet. No differences
were observed in the absorption percentage of calcium and phosphorus; the
retentlon was not measured in their studies.

In a study by Stoy (1983), four experiments on pigs from 20 to 100 kg live
weight were done, in which the pigs were fed the same diet at a high level
of feeding or, on average, 22 per cent less. The retention percentage was
calculated by means of the comparative slaughter technique. The growth rate
of the pigs at the low and high levels of feeding was, on average, 605 and
813 g/d, respectively. The retention percentages of caleium and phosphorus
at the low and high levels were 47 and 43 and 43 and 40, respectively; the
differences were not statistically significant.

Fandrejewski and Rymarz (1986) applied different levels of feeding, wusing
the same diet, to boars and gilts from 32 to 100 kg live weight. On
average, 2.31 or 2.49 kg/d was fed to boars and 2.40 or 2.68 kg/d to gilts.
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At the end of the experiment the animals were slaughtered. The higher level
of feeding resulted in an increase in daily gain of 30 and 50 g for the
boars and gilts, respectively. The amounts of calcium and phosphorus
retained per kg empty body weight were not significantly lower at the
higher level of feeding. The retention percentages of calcium and
phospharus were therefore, on average, 2 and 1 units lower respectively at
the high level of feeding.

Tran et al. (1983) showed in their slaughter experiment, that a diet with a
higher energy concentration (other feedstuffs) but the same dietary calcium
and total phosphorus concentration resulted In a higher calcium and phos-
phorus retention in the pig. Their results might have been affected by the
considerable amount of wheat in the high energy diet due to 1its phytase
content, which could have resulted in more available phosphorus.

In some other experiments where the effects of the level of energy supply
on mineral retention was measured, the concentration of the minerals was
adjusted to intake of energy iIin such a way that the daily intake of
minerals was the same (Moinizadeh, 1975; Ghidume, 1977). This means that
not the same diet was fed. The energy supply was varied from two to four
times the maintenance requirement for pigs from 25 to 98 kg live weight.
The growth rate of the pigs varied from 356 g/d at the lowest level to 828
g/d at the highest level of energy supply, and at slaughter bone as a per-
centage of the empty body weight varied in the opposite direction, from 9.7
to 7.4 respectively. The retention percentages of calcium and phosphorus in
their experiments are given in Table 1.

Table 1. Effect of energy supply (times maintenance; M) and the same daily
supply of minerals on growth rate, amounts and retention percen-
tages of Ca and P (Moinizadeh, 1975)

energy supply® growth retention % amount at 100 kg

rate Ca P Ca (g) P (g)
(g/d)

2 356 10.0 8.6 1030 591

2.5 511 156.4 14.6 889 542

3 675 17.5 16.0 842 511

3.5 778 20.1 18.2 806 498

4 828 19.0 17.6 792 486

0.569

* (multiples of M requirements = 0.65 W MJ NEf)

From Table 1 it can be concluded that, except for the lowest energy level,
there is a slight tendency towards a higher retention percentage of calcium
and phosphorus at a higher daily energy (from corn starch) supply and the
same wineral supply a day. However, the amount ¢f ealcium and phosphorus
retained per kg live weight gain decreased (see also Ghapter 4.2.).

2.3. PROTEIN
2.3.1. General

The aim in pig production, is te preoduce animals which achieve a high
growth rate, have a favourable feed conversion ratio and good slaughter
quality, under the generally accepted production systems. One factor which
has & definite effect on these production parameters is the dietary supply
of protein or amine acids. Thus, the amount of protein offered to the
animal can influence the absorption and retention of phosphorus and calcium
through altered growth rate. When more protein is retained, more phospharus
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is needed because of a relatively high concentration of phosphorus in the
fat-free soft tissues (mainly protein). In contrast to growing pigs, the
protein requirement of adult rats and humans is soon met hecause hardly any
protein is necessary for growth.

First, the effect of the protein supply on the phosphorus and calcium
balance in laboratory animals and humans will be described, then the same
is dome for pigs. Alsc, some vremarks will be made on the effect of
phogphorus and calcium supplies on nitrogen balance.

2.3.2. Protein and calcium in laboratory animals and humans

Several experiments on humans and rats have shown that dietary protein can
affect caleium absorption and retention. As far back as 1956, Wasserman et
al. had reported that the presence of certain amino acids, particularly
lysine and arginine, in the intestinal tract improved calcium absorption.
Howe and Beecher (1981) found in young growing rats that increasing
dietary protein, regardless of dietary phosphorus level, resulted in a
decreased faecal calcium output accompanied by increased urinary calcium.
The growth rate of thelr rats was somewhat lower on the high protein diet
due to lower food intake, so there may have been an effect due to the lower
calcium intake of the high protein diet on the faecal caleium execretion. In
some other experiments, an enhancement of the calcium absorption is also
observed in adult humans and rats (Pittman and Kunerth, 1939; Chu et al.
1975), but notably in experiments on growing rats and children no effect on
caleium absorption 1s found (Shofield and Morrell, 1960; Shenolikar,
19743 .

In all experiments, a higher supply of protein resulted in a higher
excretion of calcium in the urine (Allen and Hall, 1978; Hegsted et al.,
1981; Calvo et al., 1982). In the experiment described by Howe and Beecher
{1981), the calcium balance was not affected by dietary protein level, but
in most experiments on adult humans a lower calecium retention is observed
when a higher protein supply is given.

In experiments on young rats (Allen and Hall, 1978) with dietsz of 18 and 36
per cent casein it was shown that after 29 days on the high protein diet
the urinary calcium excretion was the same as that of the contrels., This
was not the case with diets of 25 and 45 per cent casein (Howe and
Beecher, 1981). These and other observations lead to the conclusion that
the calciuric effect depends on the quantity, duration and type of the
protein fed and the age of the subjects (Calvo et al., 1982).

Impaired fractional renal tubule reabsorption of calcium due to the
increased excretion of acid as sulphate (from the sulphur-containing amino
acids) is currently held to be a major factor involved in protein-induced
hypercalciuria of rats and humans (Whiting and Draper, 1980; Zemel et al.,
1981). The origin of the higher urinary calcium excretion is not yet clear.
Some suthors suggest a shift in the route of endogenous calcium from faeces
to urine, others an increased absorption of calcium or higher release from
bone, though the latter possibility is rather unlikely (Calvo et al.,
1982).

2.3.3. Protein and phosphorus in laboratory animals and humans

In contrast to calcium, little attention has been paid te the effect of
protein on phospherus absorption and retention. In their experiment on
young growing rats, Howe and Beecher (1981} showed that an increased
protein intake had little effect on phosphorus absorption at 0.35 per cent
phosphorus in the diet, but at 0.8 per cent phosphorus, absorption was
somewhat decreased.

There are few reports in which the effects of separate amino acids on
phosphorus absorption is given. However, Chow et al. (1972), found that
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lysine inhibited radiophosphorus absorption from ligated Intestinal loops
of the chick. Another amino acid that was studied 1s L-phenylalanine,
because this is an inhibitor of alkaline phosphatase. Wasserman and Taylor
(1973) demonstrated a decreased radiophosphorus transport in chicks, but in
a further experiment, Taylor (1974) found no effect of phenylalanine.

2.3.4. Protein and the absorption and retention of phosphorus and calcium
in pigs

In balance experiments on baby plgs from 3 to 11 kg, Hendricks et al.
(1969) observed that 16 per cent compared with 32 per cent protein in the
diet resulted in the same phosphorus and calcium balance. The wurinary
excretion of these minerals was somewhat higher at 32 per cent protein. In
a second experiment (Hendricks et al., 1970), however, it was found that
the higher protein diet (16 per cent compared with 32 per cent protein)
resulted in a lower absorption and retention percentage for phosphorus when
isolated soybean protein was given, but the reverse was found when casein
was given as a protein source, The daily gain was not affected by the
treatments, but the daily feed intake was higher at 16 per cent protein.
One difficulty in interpreting these results is that as the concentration
of phosphorus in these diets is the same, in the high protein diet more
phosphorus comes from soybean protein. The phosphorus in isolated soybean
protein consists of about 60 per cent phytate phosphorus and this is not so
readily available as phosphorus from casein or an inorganic source of
phosphorus. Moreover, the higher protein diet resulted in a higher feed
intake and, therefore, in a higher growth rate of the pigs, which is
another disturbing factor. Miller and Kirchgessner (1974) reported from
experiments on early weaned piglets, that with diets from 19.5 to 32.5 per
cent protein in the dry matter, the retention percentage for phosphorus and
calcium increased with an increase in dietary protein intake from 36 to 42
for phosphorus and for calcium from 58 to 68. From the constant Ca/N and
the P/N ratios, these investigators concluded that the higher retention
percentage could be attributed to the simultaneous changes in growth. This
is in accordance with observations made by Livingstone et al. (1962).
Florescu et al. (1972) found a higher absorption percentage for phosphorus
and calcium using normal diets than from diets in which the protein content
was reduced by 30 per cent and, moreover, the lysine content lowered from
0.72 to 0.35 per cent on average from 15 to 40 kg live weight. The growth
rate on the lower protein concentration was about half of that using the
normal diet.

In ileo-caecal reentrant fistulated pigs of 60 to 80 kg live weight,
Jgrgensen et al. (1979) fed diets with 16.5, 24.1 and 32.8 per cent protein
and found no significant effect on the absorption of phosphorus and
calcium. However, the authors did not supply the same daily amounts of
calcium and phosphorus with the three diets, so thelr results might not be
due only to differences in dietary protein content.

Reinhart et al. (1976) fed growing pigs from 17 to 55 kg, diets with 14, 18
and 22 per cent protein, but with the same phosphotrus and calcium
concentration ad libitum. The higher protein levels resulted in a somewhat
better performance (on average 3 per cent better growth rate and 4 per cent
better feed conversion ratio), lower serum phosphate levels, a higher serum
alkaline phosphatase activity and a decreased bone ash percentage. They
concluded that a higher total dietary phosphorus level was necessary to
achieve maximum bone ash and serum phosphate levels when dietary protein
levels are increased. The same tendencies as those found by Reinhart et al.
(1976) were also reported by Fammatre et al. (1977) and by Schiefelbein
(1979). In a second experiment of Reinhart et al. (1976) it was observed
that growth rate increased by 7 per cent as dietary mineral 1levels were
elevated, most mnotably in the 22 per cent protein diet. When, in pigs, a
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higher protein level in the diet results in a better performance, it also
results in a lower serum phosphate level and a lower bone ash percentage
(Hendricks et al., 1969; 1970; Fammatre et al., 1977; Schiefelbein, 1979).
However, 1t can be remarked for these experiments that at higher protein
but constant total phosphorus levels, the higher available phosphorus from
feed phosphates is exchanged for the lower avallable phosphorus from
goybean meal. A higher protein level gives a higher excretion of calcium in
the urine and, due to the sometimes stimulating effect on growth rate, also
a higher absorption and retention of phosphorus and calcium can be
observed.

2.3.5. Effect of phosphorus and calcium level in the diet on the nitrogen
and energy balance

Although there is abundant information concerning the effect of the level
of phosphorus and calcium in the diet and its Ca/P ratio on growth rate,
feed conversion ratio and feed intake (see Chapters 5.3. and 5.4.), not
much is known about the effect it has on the digestibility and retention of
nitrogen.

In experiments on rats, Goto and Sugai (1975) found that a high Ca/P ratio
in the diet (4:1), when compared with a normal Ca/P ratio (1:1), resulted
in a lower nitrogen retention, which was also the case with excess phos-
phorus and calcium in the diet. This was confirmed in the work of Suzuki
and Goto (1976). Short et al. (1974) noticed after PTH application, not
only an increase in phosphorus excretion but also in urinary exeretion of
several amino acids, which resulted in a lower nitrogen retention. Henry et
al. (1979) showed, In growing rats, that the primary effect of a phosphorus
deficiency was a decrease in bone mineralization; at a more advanced stage
of this defieiency, the tissue phosphorus levels were affected and the
resulting metabolic alteration reduced protein retention and subsequently
veluntary energy intake.

In experiments on barrows weighing about 30 kg, Vipperman et al. (1974)
observed that an increase in dietary phosphorus level from 0.27 to 0.50 per
cent at each calcium level in the diet (0.29, 0.53 and 0.73 per cent),
resulted in a higher nitrogen digestibility, decreased nitrogen excretion
in the wurine and, therefore, an increase in nitrogen retention. A further
increase in dietary phosphorus level from 0.50 to 0.71 per cent had no
effect on nitrogen retention. At the same dietary phosphorus level, only at
0.73 per cent calcium Ip the diet was the nitrogen digestibility higher,
but also the nitrogen excretion in the urine, so that nitrogen retention
was the same. Galik (197%?) found that at Ca/P ratios in the diet of 1.1,
1.3, 1.5 and 1.8, only the highest Ca/P ratio tended to give a lower N
digestibility and N retention in pigs of about 30 kg. Bayley and Thomson
(1969), however, did not observe any effect of the phosphorus level in the
diet (0.35 and 0.56 per cent P) on N digestibility, which was also the case
in the experiments described by Kirchgessner et al, (19607) who, further-
more, found no effect of the Ca/P ratioc in the diet on the N retention.
Finally, Schenkel and Miller (1984) also found no effect of different
phosphorus and calcium concentrations in the diet on N digestibility or N
retention 1in growing pigs of about 24 kg live weight. Only with their diet
without any supplementation of phosphorus and calcium (0.52 and 0.12 per
cent P and Ca in the dry matter of the diet respectively) was there a
tendency towards a lower N digestibility but not of N retention. We can
conclude that there seems to be little or no effect of the concentration of
dietary phosphorus and calcium on nitrogen digestibility or nitrogen
retention.

Little is known about the effect of a low phosphorus intake on the energy
balance. Diets deficient in phosphorus may result in a lower intake of
energy and can thus affect energy retention. The work of Greene et al.
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(1985) on rats showed a lower digestibility of energy due to a diet
deficient in phosphorus. Many enzymes contain phosphorus: a severe defi-
ciency might slow down their production which could lead to a less
efficient metabolism. So far, no experimental data are availsble concerning
the effect of a low dietary phosphorus concentration on digestibility and
retention of energy in pigs.

2.4. FAT

In the intestinal tract, soap formation can take place due to the binding
of mainly calcium and magnesium with fatty acids. These soaps are less
soluble in the intestimal tract and are thus not absorbed. The extent of
soap formation is dependent on the calcium and magnesium concentration in
the digesta on the one hand, and the concentration and composition of the
fatty acids on the other. Long chain saturated fatty acids such as Cl6:0
and C€C18:0 readily form soaps; unsaturated and short chain fatty acids do
not (Flanzy, 1969; Hékansson, 1974). As soap Fformation especially takes
Place with calcium, one can expect that the absorption or retention of
calcium can be lowered by the addition of fat to a diet, and due to the
interaction bhetween phosphorus and calcium it is also possible that the
absorption and retention of phosphorus is increased.

In experiments on rats, some authors mention hardly any effect; others find
a positive effect of added fat on phosphorus absorption., The differences in
effect can be explained by different levels of feeding, dietary concentra-
tion of phosphorus and caleium and the Ca/P ratio, different fats, and the
age of the animals (do Amaral, 1969). This author observed in his experi-
ments on rats that the addition of fat to the diet had no effect on the
absorption of calcium, but Increased the absorption of phosphorus. He con-
cluded that soap formation occurs in the distal part of the intestine, a
place where no calcium absorption takes place. Because of the lower concen-
tration of soluble calcium in that area, less phosphorus is conjugated with
calcium, and so a higher absorption for phosphorus is possible.

In experiments on pigs, Newman et al. (1967) found that the addition of 10
per cent tallow in the diet decreased the absorption percentage of phospho-
rus in one experiment, but the opposite was found in another experiment.
Nevertheless, their conclusion was that tallow depresses the absorption of
phosphorus. In experiments on pigs from 60 to 80 kg, fitted with 1ileo-cae-
cal reentrant cannulas, diets with 4.5, 17,0 and 26.8 per cent fat were
supplied (Jgrgensen et al., 1979). The authors found no significant diffex-
ences in the absorption of phosphorus which amounted to 46, 43 and 50 per
cent, respectively. It should be remarked, however, that the intake of
calcium was not the same in the three treatments; the diets contained 8.3,
9.3 and 9.6 g/kg dry matter, respectively. In balance studies with early
weaned piglets of + 3 kg (2 weeks old) 1.6 up to 42.9 per cent butterfat in
the diet (Jordan and Weatherup, 1978) had little or mno effect on the
absorption percentages of calclum, phosphorus or magnesium. These authors
calculated a positive relationship within the diets bhetween the apparent
absorption of fat and that of phosphorus and calcium. It is not clear
whether the mineral concentration in their diets were adjusted for energy
concentration, so that the higher absorbability could be due to a lower
daily intake of the minerals. Gundel and Kemenes (1980) found that the
addition of fat at the same phosphorus and calcium concentration in the
diet did not alter the absorption percentage of phosphorus. When the tibia
development in young pigs was taken as a criterion, Héller and Hill
(1968/69) concluded that the addition of 8 per cent tallow to a diet had no
effect on the retention of phogphorus and calcium. In more recent
experiments of Jgrgensen and Fernandez (1984), there was a tendency towards
a higher net absorption of phosphorus at 15 per cent when compared with 3
per cent fat. However, a lower amount of feed was offered at the higher fat
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level, so that 1t is not certain whether the same intake of minerals was
realized. Atteh and Leeson (1983; 1985) studied the interrelationship
between fat and the minerals calcium, magnesium and phosphorus in more
detail, In their first experiment (Atteh and Leeson, 1983) on pigs of 35 kg
live weight, corn starch was replaced by cellulose and animal-vegetable
blend fat. The mineral levels and ME content of the diets were kept as
constant as possible. At the end of the experiment, the animals were
slaughtered and digesta collected at several sites in the gut. The pH in
the stomach and duodenum tended to increase with more fat in the diet but
the reverse was the case in the caecum and colon. More fat In the diet gave
an insignificant decrease in absorption percentages of calcium, magnesium
and phosphorus, which could be due to the somewhat higher concentration of
phosphorus 1n the diets with fat and a significantly higher intake of the
control diets. In their second experiment, Atteh and Leeson (1985) pgave
pigs of 20 kg 1live weight diets with up to 10 per cent soapstock (a by-
product of soybean o0il refining, consisting mainly of salts of fatty acids,
glycerides and phosphatides). These diets were adjusted to the same energy
and mineral concentration. No differences in absorption percentages of
phosphorus and calcium could be demonstrated. After slaughter, it was shown
that soap formatlon was negligible in the stomach because of the acid
condition there. With an increase in pH of the contents of the small
intestine, there was a gradual increase in the formation of insoluble
soaps, mainly palmitates and stearates.

One problem in interpreting the experiments is, that when fat is added to a
diet a higher energy concentration is achieved. When the same amount of
feed 1is offered, more energy but less phosphorus and calcium are given due
to the dilution with fat. This can lead to a higher growth rate or to a
higher absorption percentage for these minerals.

Another aspect 1is the composition of the fats. In experiments on rats,
Calverley and Kennedy (1949) demonstrated that the addition of coconut fat
or peanut oil decreased the absorption percentage of phosphorus. Cottonseed
oil, however, did not. The retention percentage of the phosphorus in the
fat-enriched diets was somewhat lower than in the control diet. Tadayyon
and Lutwak (1969), however, found that the absorption and retention of
phosphorus was not greatly altered when different fats and oils were fed to
rats.

A positive effect of fat on phosphorus absorption might also be explained
by the facilitating effect of fat on the intestinal absorption of fat
soluble vitamin D.

From the above mentioned experiments it can be concluded that the addition
of fat to diets has only a small positive effect, if any, on the absorption
of phosphorus. If there is an effect, it may be caused by an alteration in
the energy and wineral intake of the fat-enriched diets and by the
composition of the fat.

2.5, CARBOHYDRATES, ESPECIALLY THOSE IN PLANT CELL WALLS
2.5.1. General

In sections 1.2.2.1. and 1.3. it was shown that glucose 1is required for
phosphorus absorption or reabsorption. It may only be needed as an energy
source for the intestinal cells, rather specifically, to provide direct
energy for the phosphorus transport process. In this respect, it is well
known that lactose stimulates the intestinal absorption of calcium (e.g.
Pointillart et al., 1986). Usually, ordinary diets contain abundant starch
and sugar, so it can be expected that there 1s always enough energy for
absorption. Therefore, one is not concerned about the components starch and
sugar with regard to mineral metabolism. More interest is paid to the
structural carbohydrates of plant cells (fibrous components) due to their
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interference with some minerals.

Plant fibre has a very heterogenous composition, which Includes cellulose,

hemicellulose, pectic substances, other polysaccharides, and lignins.

Cereal fibre is closely associated with phytic acid, which has a strong

cation binding capacity, so that effects of fibre are often confounded with

the presence of phytie acid.

A lower absorption of minerals at a higher fibre concentration in the diet

could be due to (see also reviews of Low, 1985 and Drochner &nd Cecenen,

1986):

a) a higher passage rate

b} the greater volume of the digesta reducing the mucosal concentration of
the minerals in the digesta

¢) an increased intestinal secretion of minerals

d) a reduced release by microbial fermentation of minerals bound to the
fibre matrix or a reduced availability of minerals present as a consti-
tuent of fibre

e) more potential mineral binding sites and thus a removal of minerals from
an absorbable pool, but this is probably not the case Ffor phosphorus
(McConnell et al., 1974)

f) the interactive effect of phytase, phytate and fibre in the case of
several cereal fibres.

2.5.2. In humans and rats

In human feeding, the effect of cellulose on the absorption and retention
of phosphorus has been described by Reinholt et al. (1976), Ismail-Beigi et
al. (1977}, Drews (1977) and Godara et al. (198l). In general, a decreased
absorption and retention of phosphorus is ocbserved. Drews (1977) reported
that the effect of dietary fibre on mineral balance was dependent on the
chemical composition of the fibre. He fed hemicellulose (from psyllium),
cellulose ( -cellulose fibre; 99.5 per cent) and lignin to rats and
reported that the hemicellulose component was mainly responsible for the
increased faecal excretion of phosphorus and calcium; cellulose had a much
smaller effect and pectin had no effect. Experiments on growing rats showed
that when 10 per cent of starch was replaced by purified cellulose or
pectin (degree of esterification 70 per cent), no effect was found on
phosphorus absorption or retention (Beoisen et al., 1984). In an iIn vitro
study by Bagheri et al. (1982), the binding capacity of various fibre
sources for calcium, phosphorus and zinc was determined at a pH of 6.8,
With regard to phosphorus this, at 63 per cent was by, far the highest for
wood lignin, much less for hemicellulose from 'Sigma’ or wheat bran (10 to
14 per cent) and almost non-existant for cellulose ‘Sigma’, delignified or
dephytinated wheat bran.

Batchelor and Compston (1%83) reported that the depressed absorption of
calcium and phosphorus caused by fibre could be due to an effect on vitamin
D metabolism, They observed a reduced plasma half-life of injected radie-
labelled 25-HCC in humans fed a high fibre diet (bran). This may involve
interference with an enterohepatic circulation of 25-HCC, perhaps by the
binding of 25-HCC to dietary fibre.

2.5.3. In pigs

Partridge (1978b) was the first who studied the effect of fibre on mineral
absorption in pigs. Using a synthetic diet supplemented with 30 or 90 g
wood cellulose (Solka Floc) per kg diet, he showed that in pigs of & 40 kg
the absorption percentage for phosphorus decreased significantly from 81 to
74. Alse, for calecium, magnesium and sodium the absorption percentages
decreased. Working with reentrant fistulas in the lleum, he observed that
there was no reduction in apparent absorption anterior to the terminal
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ileum but only in the large intestine. Also, in a recent experiment done by
Partridge et al., (1986) an increased amount of treated straw meal (ground
wheat straw treated with concentrated hydrochloric acid and steam and then
neutralized with celecium hydroxide; 302 g cellulose/kg) decreased the total
apparent ahsorption of phosphorus but much less the 1ileal absorption. It
must be remarked, however, that in this experiment the effect of straw meal
was confounded with a higher calcium concentration in the diet.

Moser (1980) added, 1f any, 10 per cent ground oat hulls to both a sorghum-
soybean meal and a corn-soybean meal diet. Faecal excretion of phosphorus
was higher for pigs fed diets with hulls and a decrease in phosphorus
retention was found. The addition of oat hulls also tended to increase
calcium excretion in the faeces. However, somewhat less dicalcium phosphate
had been added to the diets with oat hulls than to the other diets, so that
the effect of oat hulls might be confounded with the phosphorus source. 1In
the experiments of Den Hartog et al. (1985) the effect of either 5 per cent
pectin, 5 per cent pure cellulose or 5 per cent straw meal in a diet, on
the absorption of minerals Iin the small and large intestine was investi-
gated. No effect of these carbohydrate sources on phosphorus absorption in
either the small or large intestine was observed. Lack of effect might be
explained by the rather high phosphorus concentration in the basal diet.
Moore et al. (1986) studied the effect of 10 per cent oat hulls or 20 per
cent wheat bran iIn diets, on mineral retention in pigs. The diets were
equalized for total calcium and total phosphorus content by adding lime-
stone and dicalcium phosphate. Oat hulls did not affect phosphorus absorp-
tion but somewhat more phosphorus was excreted in the urine. The absorption
of phosphorus in the diet with wheat bran was not significantly lower than
from the contrel diet, but it should be mentioned that in contrast to the
control diet no supplementary dicalcium phosphate was used in the diet with
wheat bran.

Bagheri and Guéguen (1983) studied the effect of 2.5 per cent pectin or 20
per cent wheat bran, in the diet given to pigs, on the absorption and
retention of, for example, phosphorus. High-methoxylated pectin had no
effect, but low-methoxylated pectin drastically diminished the absorption
and retention of phosphorus. This decrease was explained by the strong
binding capacity of ionized carboxyl groups of uronic acids, The positive
effect of wheat bran on absorption and retention was explained by the
presence of phytase and phytate phosphorus in the bran.

Drochner (1984) studied extensively the effect of three fibrous components
in the diet on mineral absorption in mini-pigs. These pigs were fitted with
ileal reentrant cannulas at the terminal {leum or with simple T cannulas in
the caecum. The basal diet contained, per kg dry matter, 8.1 and 17.0 g
phosphorus and calcium, respectively; these concentrations are very high.
The basal diet was fed either alone or supplemented with 5 per cent crude
wood fibre product (cellulose + 1lignin), or isolated wood cellulose or
isolated pectin derived from apples. These experiments indicated that the
absorption of phosphorus at the ileum was negative and was depressed by the
three sources of fibre but most of all by crude wood £fibre. The negative
values might indicate that intestinal secretion of minerals is enhanced by
fibre. Overall absorption of phosphorus was highest 1In the diet with
pectin,

It can be concluded from the experiments discussed in this section that
fibre may sometimes have a small negative effect on phosphorus absorption.
The results are conflicting with regard to the component of the fibre which
gives the possible negative effect., A better characterization of the
fibrous components may help to explain the effects observed; in half of the
papers this information is not avatlable.
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2.6. CALCTUM
2.6.1. In laboratory animals

Calcium is one of the most important factors that can affect the absorption
and retention of phosphorus. As already outlined in section 1.2.2.1., the
role of calcium in the mechanism of absorption of phosphorus, when
investigated in experiments using intestinal loops, is not yet clear. Some
investigators have suggested that calcium is required for the transport of
phosphorus from the intestinal lumen to blooda(Harrison and Harrison, 1961;
Helbock et al., 1966; Fox et al., 1978°). Others suggest that the
absorption of phosphorus is independent of the calcium concentration in the
digestive tract (Carlsson, 1954; Kowarski and Schachter, 1969; Wasserman
and Taylor, 1273, Peterlik and Wasserman, 1978). Taylor (1974) suggested
that calcium in the medium had no effect on the uptake of phosphorus from
the mucosal medium but did have an effect on the transfer to the serosal
medium. Finally, Chen et al. (1974) concluded that calcium In the medium
increased the absorption of phosphorus In the upper dusdenum but not in the
jejunum.

It can be concluded that absorption of phosphorus may require the presence
of some calcium in the intestine. Under practical circumstances, however,
small amounts of calcium are always present in the diet so the interest is
directed to the possible effect of increasing the concentrations of caleium
in the intestinal tract on phosphorus absorption rather than to the
presence or absence of calcium per se.

It has been shown in Chapter 1.4.1. that a low dietary calcium concentra-
tion stimulates PTH secretion with, as a result, an increase in phosphorus
excretion in the urine. As an example, the effect of the concentration of
phospherus and calcium in the diet and the Ca/P ratio on the phosphorus and
calcium sbsorption and retention in rats, as found by Whittemore et al.
(1973), is given in Table 2.

Table 2. Absorption, excretion and retention of Ca and P in rats as
affected by varying Ca and P levels in the diet

intake absorp- | availa- | faecal endo-| urinary retention reten-
(mg/d) tion ability | genous excr. exer, (mg/d) tion
(%) (%) {mg/d) {mg/d) (%)

Ca P Ca P Ca P Ca P Ca P Ca P Ca P
0.9 1.7 75 <0 100 96 0.2 1.9 1.0 0.3 | -0.3 -0.5 | <0 <0
1.6 59.5 80 93 100 98 0.3 3.3 0.1 42.4 1.2 12.8 75 22
55.8 1.7 41 <0 53 75 6.9 2.9 16.9 0.1 5.9 -1.8 11 <0
54.4 56,0 | 32 58 47 65 8.2 4.2 0.4 22.3 |17.2 9.9 | 32 18
56.4 114.3 | 40 78 60 86 |11.8 9.6 0.3 62.0 |22.0 26.6 | 39 23
168.2 55.7 9y 20 21 32 43 [12.4 12.4 1.1 3.8 (206 7.9 |17 14
111.9 112.3 18 59 38 67 22.1 9.3 0.4 48.1 19.9 18.3 18 16

The term availability is defined by Whittemore et al, (1973) as the percen-
tage of the element supplied by the food that can be used by the body to
make good endogenous loss or promote storage. However, in practice, availa-
bility is wusually considered as true digestibility. As excretion in the
urine is low, this is almost correct for calcium, but not for phosphorus
due to the fact that a considerable amount of phosphorus can be excreted in
the urine.
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From Table 2 the following can be concluded, There is an inverse relation-
ship between calcium intake and calcium availability, and the availability
of calcium is not affected much by the intake of phosphorus. Faecal endo-
genous losses of calcium decline with less calcium in the diet, but they
decline even more with a lower phosphorus intake. The urinary excretion of
calcium 1is low except when the intake of calcium is normal and that of
phosphorus inadequate., When the Intake of calclum 1s adequate but, that of
phosphorus inadequate, the retention of calcium falls.

Availability of phosphorus does not appear to be related to phosphorus in-
take but 1s inversely related to calcium intake, probably due to the forma-
tion of insoluble calcium phosphates in the intestinal tract. Faecal endo-
genous excretion of phosphorus is somewhat higher when the calcium intake
increases. Loss of phosphorus in the wurine is partly dependent on the
intake of phosphorus but is mediated by the calcfum intake. The retention
of phosphorus £falls with increased intake of calcium. These results agree
with thogse of several other experiments (Hansard and Plumlee, 1954; Jenkins
and Phillips, 1960; Clark and Rivera-Cordero, 1973; 1974); Kaye, 1974; Goto
and Sugai, 1975; Cramer and McMillan, 1980).

In general, at higher dietary calcium, phosphorus absorption and retention
decrease, whereas an Increased intake of phosphorus results in higher phos-
phorus absorption and urinary excretion and a rise in phosphorus retention,

2.6.2. In pigs

In nearly all experiments on pigs, the same tendencies are found as shown
for rats (Whiting and Bezeau, 1958; Kirchgessner et al., 19603; Berry et
al., 1961; Morgan et al., 1969; Vippergan et al., 1974; Bayley et al.,
1975%; Frape et al., 1979; Galik, 1979 ). The relationship between the cal-
cium level in the diet and the absorption and retention percentage of
phosphorus is illustrated in Figures 4 and 5. In all these experiments, the
phosphorus content was kept constant (from O.34 to 0.79 per cent phosphorus
in dietary dry matter).
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Figure 4 Relationship between Ca level in diet and absorption % of P
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Figure 5 Relationship between Ca level in diet and retention % of P

Reference P (% in T diet)
1. Bayley et al. (1975%) 0.34
2., 0.38
3. ., 0.52
4, s 0.52
5. Berry et al. (1976) 0.61
6. ., 0.62
7. Frape et al. (1979) 0.53
8. .s 0.49
9. s 0.53
10. ,, 0.50
11. Kirchgessner et al. (19608) 0.79
12. ys 0.74
13. . 0.73
14. Morgan et al. (1969) 0.72
15.  ,, 0.72
6.  ,, 0.72
17. ) 0.74
18. Vipperman et al. (1974) 0.29
19. s 0.53
20. .s 0.76
21. Weigand and Kirchgessner (1980) 0.43
22. Whiting and Bezeau (1958) 0.51
23, ,, 0.51
26, ,, 0.51
25. s 0.51
26. Galik (1979P) 0.64
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In nearly all experiments, more calcium leads to a lower absorption percen-
tage for phosphorus. With regard to the retention percentage of phosphorus,
it can be seen in Figure 5 that up to & calcium level of 0.90 to 1,00 per
cent there is a positive relationship, but at a higher calcium 1level a
slight negative effect on the retention percentage of phosphorus is
observed. This was also found in recent experiments by Pointillart et al.
{(1987), in which no =significant effect could be demonstrated of calcium
excess (14.1 g/kg vs 9.1 g/kg diet) on phosphorus absorption and retention
of marginally poor phosphorus fed pigs (5.5 g/kg diet, no added inorganic
phosphorus).

From the results of the studies mentioned, we calculated within each diet
the relationship between the calcium level and the absorption and retention
percentage of phosphorus, after which the mean of all regression coeffi-
clents and constants for all experiments together were calculated. In this
calculation, we omitted the results of Vipperman et al. (1974) with the
diet of 0.29 per cent phosphorus and those of Bayley et al. (1975a). This
was done because of the experimental design (very short adaptation period)
in these experiments. The relationship was also calculated separately for
calcium concentrations in the dry matter of the diet below 1.0 per cent.
The following results were obtained (mean + sem):

absorptiontP= -11.0 + 1.6 Ca% + 58.4 + 1.4 n = 20 all Ca levels; p <0.001
retentionsP = 8.9 + 3.7 Ca% + 36.1 + 4.9 n = 21 all Ca levels; p <0.025
absorptiontP= -9.6 + 2.2 Ca% + 56.2 + 1.8 n =14 Ca < 1.,0%; p <0.001
retentionsP = 15.5 + 4.4 Ca% + 30.9 + 5.8 n =15 Ca < 1.0%; p <0.005

From these equations it can be seen that with regard to the absorption
percentage there is not much difference In the negative effect of the
calcium concentration when this level is either higher or lower than 1.0
per cent. However, as to the retention percentage of phosphorus, the
regression coefficient only increases when calcium levels below 1.0 per
cent are used, although there is also a small decrease in the regression
constant, which somewhat diminishes the difference of the retention
percentage.

The optimum Ca/P ratio, that is the ratio at which a maximal phosphorus
retention percentage at the given dietary phosphorus level was obtained,
was alsc calculated for each experiment separately. From these results, the
mean optimum Ca/P ratio was derived by simple averaging. For all
experiments, the Ca/P ratio was 2.10 x+ 0.16 (n=20). For the experiments
with a calcium concentration below 1.0 per cent it was 1.86 + 0.08 (n=14)
and for those above 1.0 per cent, it was 2.64 + 0.44, The difference was
statistically significant ( p <0.0l). From the equations given, a Ca/P
ratio of 1.84 for all experiments and 1.75 for those below 1.0 per cent
dietary caleium was calculated. These values are somewhat lower than
calculated earlier (2.10 and 1.86, respectively). The Ca/P ratlos
calculated here are higher than those recommended on the basis of feeding
trials (see Chapter 5.4.).

We also calculated the optimum of calcium to inorganic phosphorus (Ca/Pi)
in the diet for a maximal phosphorus retention percentage, because Jenkins
and Phillips (1960) suggest that this ratio might be a better parameter for
estimating the optimum than the Ca/P ratio. Moreover, the Ca/Pl ratio is
used in practice for broiler chicken diets for which a ratio of 2.0 is
recommended. The calculated mean optimum Ca/Pi ratio for all experiments
was 4.53 + 0.61 and for the diets with calcium concentrations below 1.0 per
cent it was 4.82 + 0.84. These results indicate a wide wvariation in the
optimum Ca/Pi ratio. This is mainly caused by including the experiments of
Frape et al. (1979) who worked with diets which consisted of more than 90
per cent of wheat bran. When their results are omitted, the optimum Ca/Pi
ratio is 3.32 + 0.28 for all diets and 2.99 + 0.22 for the diets with
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calcium concentrations below 1.0 per cent. These values are still consider-
ably higher than those for chickens, but we have no clear explanation for
it.

In this chapter, it has been shown clearly that the calcium concentration
in the diet has a significant effect on the abserption and retention of
phosphorus. When the calcium concentration increases by 0.1 per cent in
diets with a phosphorus concentration from 0.34 to 0.79 per cent the
absorption percentage of phosphorus is depressed by one percentage-unit.
Calculations concerning the optimal Ca/P ratic for a maximal phosphorus
retention percentage reveal a higher level than the recommendations for
swine based on feeding trials. The calculated optimal Ca/Pi ratio shows a
greater variation than the Ca/P ratieo, which for a large part could be
explained by the diets with 90 per cent wheat bran of Frape et al. (1979).

2.7. MAGNESIUM

In several experiments, it has been shown that there is a relationship
between magnesium and phoshorus with regard to the absorption and retention
of these elements in animals. Parker (1985) found that in magnesium defi-
cient weanling rats an increase in phosphorus supply greatly reduced growth
rate, but little effect of additional phosphorus was seen when adequate
magnesium was given,

In their experiments on rats, Lifshitz et al. (1967) observed that the
transport of phosphorus in loops Incubated In a magnesium-containing buffer
was less than In loops incubated In a magnesium-free buffer. Loops from
rats on a magnesium-free diet also showed a greater transport of phosphorus
than loops from rats fed on diets containing magnesium. The authors
suggested that magnesium deficiency directly affects the phosphorus tran-
sport system. They also found that magnesium deficiency reduced the concen-
tration of serum phosphorus and increased the excretion of phosphorus in
the urine,

In balance experiments on rats, Clark (1968) found that magnesium, as
MgCl,, had no effect upon phosphorus absorption when dietary phosphorus was
suboptimal and the dietary calcium content was normal, but it increased it
when dietary Ca/P ratio was low. The increase in phosphorus absorption
might be due to a stimulation of calcium absorption by magnesium and so
decreasing the amount of calcium available for precipitation of phosphorus
in the iIntestine. When the dietary level of magnesium was raised using
magnesiumoxide for adult rats, a depressed absorption of phosphorus was
found wup to 0.50 per cent magnesium, but at higher magnesium levels it was
increased (Clark and Bélanger, 1967). Pointillart and Guéguen (1973)
concluded from their experiments on rats, that a surplus of magnesium in
the diet decreased phosphorus absorption., Moreover, there was an increase
in faecal endogenous loss of phosphorus due to the surplus of magnesium.
0°Dell (1960) is of the opinion that the lower absorption of phosphorus due
to more magnesium in the diet might be explained by the formation of a
magnesium-phosphorus complex in the gastrointestinal tract, which makes
both magnesium and phosphorus unavailable for absorption. Ginther and Mohme
(1985) fed pigs weighing 60 to 100 kg a contrel diet without supplemented
magnesium (2.0 g/kg), and the control diet supplemented with 1.7 g magne-
sium per kg either as magnesium oxide or as magnesium fumarate. Their
balance experiment showed that the absorption percentage of phosphorus was
significantly depressed by the magnesium additions from 42 to 2% and 34
respectively. However, in growing pigs Peintillart et al. (1985%) demon-
strated that magnesium excess or deficlency had 1little or mno effeet on
phosphorus absorption and retention. Magnesium excess decreased phospha-
turia and magnesium deficiency increased phosphaturia and the reverse was
also true.
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In most experiments, a higher level of dietary magnesium decreases the
excretion of phosphorus in the urine (Clark and Bélanger, 1967: Clark,
1968; Bellavia and Wallach, 1973; Fointillart and Guéguen, 1973; Rogel and
Chenoweth, 1976). Thus, there seems to be a strong antagonism between
phosphates and magnesium ions at renal level, Also, Ginther and Mohme
(1985) observed that the daily excretion of phosphorus in the wurine was
greatly depressed from 1.0 to 0.2 g due to the magnesium supplementations,
so that the daily retention of phosphorus was not affected by magnesium
fumarate but it was lower with magnesium oxide.

Pointillart and Guéguen (1973}, observed on rats, that the retention of
phosphorus was not greatly affected; only the addition of magnesium
lactate, giving a more alkaline acid-base balance, increased the retention
of phosphorus.

The effect of magnesium on phosphorus absorption is contradictory, but
there appears to be some positive effect on phosphorus absorption at very
low magnesium concentrations in the diet, that are not likely to occur iIn
pig feeding. The excretion of phosphorus in the urine decreases at higher
levels of dietary magnesium.

2.8. PHOSPHORUS
2.8.1. Organic and inorganic phosphorus in feedstuffs

In most feedstuffs of plant origin, phosphorus is present both in organic
and inorganic form. The organic part, a small part of which is in the form
of phospholipids, consists mainly of phytate, the mixed <calcium-magnesium-
potassium salt of hexainosit phesphoric acid {phytic acid). Phytic acid
readily forms complexes with several essential minerals such as calcium,
zinc, manganese and iron, and also protein (Nelson, 1967). The primary role
of phytate in plant growth may be storage of phosphorus; the stored
phosphorus is gradually utilized during seed germination (Williams, 1970},
Tabekhia and Luh_ (1980) demonstrated for various Lkinds of beans that
soaking them at 24°C for 12 hours decreased the phytate centent by 12 per
cent and their germination for 96 hours by 44 per cent with corresponding
inereases in Inorganic phosphorus. During the growth of corn, Shinoda et
al. (1983) found that phytate was found in the grain from the late yellow
stage onwards, which means from about 14 days before full maturity.

In Table 3, some data are given concerning the concentration of phosphorus
and phytate phosphorus in some feedstuffs. In Appendix 1, detailed data on
most feedstuffs are given. However, one should bear in mind that different
methods were used for determining the concentration of phytate phosphorus,
go that the results of the various authors are not always completely
comparable. For methods, the reader is referred to, amongst others, Mazzola
et al., 1986 and Bos, 1986,

Table 3. Concentration of total P and phytate P in some feedstuffs (g/kg T)

phytate P as

total P phytate P % of total P reference
cereals 4.1 2.7 67 Schulz and Oslage (1972%)
wheat bran 12.3 10.3 84 Simons et al. (1981)
beans (Phaseolus spp) 4.5 3.1 69 Lelas and Markakis (1972)
soybean meal 7.9 5.0 62 Schulz and Oslage (19727)
groundnut expeller 6.9 4.5 66 Simons et al., (1981)
alfalfa 2.5 0.4 16 Simons et al, (1981)
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From Table 3 it can be seen that in the feedstuffs from plant origin (apart
from alfalfa), most of the phosphorus consists of phytate phosphorus, There
seems to be a close relationship between total phosphorus and phytate phos-
phorus, as found by Nahapetian and Bassire (1976) for wheat (r=0.93) and by
Lolas et al. (1976), where for wheat, barley, oats and soybean meal r was
0.97, 0.96, 0.91 and 0.98, respectively. Simons et al. (1981) also found
close relationships between total and phytate phosphorus for several groups
of feedstuffs. The close relationship does not always occur. This was de-
monstrated by Michael et al. (1980), who found that additional late appli-
cations of phosphorus fertilizer resulted in an increase of total phospho-
rus and phytate phosphorus by 58 per cent and 80 per cent, respectively.
About 93 per cent of the phosphorus which accumulated additionally im the
grain due to the late phosphorus application was found to be phytate
phosphorus.

2.8.2. Endogenous loss of phosphorus in the faeces

For a good interpretation of the absorption of phosphorus in pigs, it is
important to know how much phosphorus of endogenous origin is excreted in
the faeces. The available information for pigs is rather scarce and, also,
not much is known about the effect of several dietary factors.
Determination of the quantity of endogenous phosphorus excreted in the
faeces 1is almost always done wusing labelled phosphorus; feeding a
phosphorus-free diet is also done sometimes, '

The origin of faecal endogenocus phosphorus Is, amongst other things, from
the secretion of digestive juices containing enzymes (bile, pancreas juice,
mucosal juice) and from mucosal cells, which are continuously renewed.
However, most of the endogenous phosphorus secreted can be reabsorbed
again. From experiments on rats, it has been shown that an increase in
phogphorus intake results in an Increase in phosphorus absorbed but alsc in
a slight {Increase in the faecal endogenous losses of phosphorus (Clark,
1968; Cramer and McMillan, 1980; Whittemore et al., 1973). Also, the Ca/P
ratio in the diet has an effect on the faecal endogenous secretion of phos-
phorus (Whittemore et al., 1973; Hermes et al., 1983). The first authors
found some decrease when the Ca/P ratioc in the diet was lowered while the
phosphorus level was kept constant, but the latter authors found the
Teverse.

In Appendix 2, detalled data on faecal endogenous phosphorus excretion in
pigs are given. For further calculations, the values of diets, to which
calcium phytate was added, are omitted. This was done because there was
only one observation per treatment (except for Vemmer and Oslage, 1973) and
the mutritional value of phosphorus in calcium phytate 1is mnot clear.
Furthermore, the endogenous excretion of phosphorus in the faeces is
expressed per kg live weight and not per kg dry matter intake, because the
intake of dry matter was not given in all experiments. In Table 4, a
summary of results is given of experiments on pigs in which the endogenous
faecal excretion was determined.

Table 4. Daily loss of endogenous P in the faeces of pigs

live weight range range of P level mean and range of daily loss
in diet (% in T) of endogencus faecal P
(mg/kg body weight)
15 to 80 kg 0 -0.33 2.9 (1.3 - 4.8)
14 to 80 kg 0.58- 0.83 8.8 (1.8 -17.6)
> 140 kg 0 - 0.63 4.5 (3.0 - 7.1)
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The results in Table 4 show that there is a great variation in the values
for the excretion of faecal endogenous phosphorus. Vemmer and Oslage
{1973), who suppllied diets with a rather low concentration of phosphorus,
came to the conclusion that about 10 per cent of total faecal phosphorus
excretion was of endogenous origin. On the basis of their own results, and
those reported in the literature, Guéguen and Perez (1979) came to the
coneclusion that, under normal conditions of feeding and mineral intake, the
minimum endogenous loss in faeces varies from 5 mg/kg/d Iin diets poor iIn
phosphorus to 15 mg/kg/d 1in diets with a normal phosphorus content. In
experiments using diets with a high phosphorus content, not only the
excretion of endogenous phosphorus iIn faeces increased, but also the
excretion of phosphorus in urine,

In szome experiments, it appears that the animal can adapt to low phosphorus
diets by altering its endogenous excretion of phosphorus (Giinther et al.,
1978) and that it can take quite a long time before the adaptation is
complete (Gitte et al., 1961; Vemmer and Oslage, 1973).

From Table 4 we can conclude that the faecal endogenous excretion of phos-
phorus is lower when less phosphorus is supplied to the animal than it
requires. Under normal feeding conditions, a faecal excretion of about 10
mg endogenous phosphorus per kg live weight can be assumed, a quantity also
suggested by Guéguen and Perez (1979).

2.8.3. Phytate phosphorus and its breakdown
2.8.3.1., Phytase and factors affecting its activity

General

Phosphorus from phytate cannot be absorbed in its original form by animals
so it must first be released by hydrolgsis. Only soluble phytate can be
hydrolyzed (Hill and Tyler, 19547'7'®). These authors observed that the
solubility of phytate largely depends on pH; it increased conmsiderably for
wheat bran when the pH was lowered from 6.0 to 3.5, A further decrease in
pH was of little influence. It was also found that the effect of pH on
phytate solubility differed among feedstuffs and that the calcium concen-
tration also played an important role, as will be discussedbfurther in this
section {(McCance and Widdowson, 1944; Hill and Tyler, 1954 ; Nelson, 1967;
Nahapetian and Young, 1980).

The enzyme, phytase, is neceasary for the hydrolysis of phytate to inositol
and phosphoric acid (Nelsom, 1967). Almost all feedstuffs from plant origin
which are used in animal feeding possess phytase, although with  different
activity (McCance and Widdowson, 1944; Hill and Tyler, 1954 ; Nelson,
1967). According to Bagheri et al., (1982) the activity of phytases in feed-
stuffs is in the following order: wheat > barley > rye > oats and soybean
meal > sorghum and maize > cottonseed. This order must not be regarded as
completely definite because other authors give different orders, It is
generally accepted that wheat has powerful phytase(s), barley less powerful
phytase(s) while maize has phytase(s) with little enzyme activity. Williams
and Taylor (1985) showed that with a diet free of phytase (maize and
soybean flakes) the hydrolysis of phytate in the stomach of rats was very
low (5 per cent), but with a wheat-based diet a substantial hydrolysis of
phytate occurred (49 per cent), presumably due to the influence of wheat
phytase.

Besides being present in the feedstuffs, phytases are produced by the mi-
crobial flora in the intestine and are probably also secreted by the intes-
tinal tract, where they are present in the brush border of the small intes-
tine (Spitzer and Phillips, 1945; Davies et al., 1970; Ivey and Shaver,
1977; Davies and Flett, 1978; Cooper and Gowing, 1983; Williams and Taylor,
1985). Also, intestinal alkaline phosphatase can hydrolyze some phytate.
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Davies and Flett (1978), and Williams and Taylor (1985) demonstrated in
rats that the activities of phytase and alkaline phosphatase were greatest
in the duodenum and lowest in the terminal ileum. This was also found in
pigs (Pointillart et al., 1984). The latter authors, and also Williams and
Taylor (1985), concluded however that intestinal phytase does not seem to
be of great significance for the hydrolysis of phytate,

It is known, that in ruminants phytate is hydrolyzed to a large extent by
the microflora in the forestomachs, so that also phosphorus from phytate
can be very well utilized by these animals. In pigs, some fermentation
takes place in the stomach but it is doubtful whether phytate is hydrolyzed
by phytases of bacteria present there. In the large intestine, with Iits
rich microbial flora, phytate can be hydrelyzed to a great extent by
microbial phytases. However, whether the pig can absorb the phosphorus in
the large Intestine or not 1s still uncertain (see Chapter 1.2.1.2.).

Moore and Tyler (1955) and Schulz and Oslage (19727) cbserved a great
variation during the day in phytate content of the faeces. In particular,
faeces excreted In the morning contained less phytate than those excreted
at other times of the day, probably due to longer retention in the large
intestine. The composition in the feed’s phosphorus (moxe or less phytate)
does mot seem to influence the organic phosphorus content of the faeces,
ranging between 15 and 25 per cent of total phogphorus (Gerritse and Zugec,
1977), as also found by Schulz and Oslage (19727).

Factors affecting activity of phytase

Several factors affect the activity of phytase, the most important of which
(pH, temperature, duration of 1Iincubation, metal ions and vitamin D) are
discussed below.

The optimum pH for plant phytase is about 5.0 (Hill and Tyler, 1954%). at a
PH of 2.5 and lower these authors could not detect any plant phytase activ-
ity and reported that the enzyme was irreversibly inactivated. So plant
phytase can probably not survive the acid conditions in the stomach to
resume its activity In the small intestine. The optimum pH for intestinal
phytase activity depends on animal species and varies from 7.2 to 8.5
(Spitzer and Phillips, 1945; Davies et al., 1970; Firenzuoli and Zanobini,
1975), while for rabbits and guilnea-pigs even higher levels were found
(Cooper and Gowing, 1985). b :
At a pH of 5.1 Hill and Tyler (1954 ) demonstrated a positive linear rela-
tionship between the incubation temperatures between 15 and 50 C and plant
phytase sctivity. The optimum temperature for wheat phytase activity was
about 55°C. Boiling water destroys the enzyme but it can resist dry heating
very well (McCance and Widdowson, 1944; Ranhotra and Loewe, 1975). Sandberg
et al, (1986) also observed that extrusion cooking of a bran diet destroyed
phytase activity. b

In their experiment, Hill and Tyler (1954) found that most of the phytate
was hydrolyzed during the first hours of incubation. In wheat bran at 37%¢
15.8, 27.0, 33.7 and 38.5 mg phytate was hydrolyzed after 2, 4, 6 and 8
hours, regpectively. About the same was found by Frape et al. (1979), and
Takemasa and Hyikuro (1984) in vitro, and by Schulz and Oslage (19727) in
the stomach and small intestine of pigs. It is possible that lack of suf-
ficient substrate is responsible for the lower rate of hydrolysis.

Several metal ions affect the activity of phytase, although it is not a%-
ways clear if it is a direct or an indirect effect (Hill and Tyler, 1954 ;
Nelson, 1967). A high calcium concentration in the diet, &and so in the
incubation fluld, depresses the activity. An indirect effect of calcium can
be explained by the formation of less soluble phytate, but how calecium can
directly influence phytase activity is not known. Davies and Flett (1978)
showed that in rats, zinc supplemented diets enhanced phytase activity in
duodenal mucosal homogenates, while Cooper and Gowing (1983) demonstrated
with their in vitro experiments a clear quadratic effect of the concentra-
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tions of either 2Zn€l, or MgCl, on the activity of iIntestinal phytase in
rats. Their conclusion gs that %he activity of intestinal phytase is
affected by the same factors as alkaline phosphatase but to a greater
degree. In chicks, high dietary levels of calcium and magnesium reduced the
activity of intestinal alkaline phosphatase; high phosphorus levels had no
effect but low dietary phosphorus levels greatly increased the gcgivity of
intestinal alkaline phosphatase (McCuaig and Motzok, 1973; 19747'7).
According to some Investigations, the positive effects of vitamin D on
phytase activity 1s probably an indirect one, because of its effect on
calcium and phosphorus absorption (Taylor, 1965; 1974; Fontaine et al.,
1985). Others have established that vitamin D stimulates the activity of
intestinal phytase directly (Steenbock et al., 1953; Roberts and Yudkin,
1961). Further information can be found in Chapter 1.4.4.4.

2.8.3.2. Absorption of P and phytate P from single feedstuffs and simple
feeds in pigs

General

Using the knowledge given in section 2.8.3.1. a synthesis will now be made
about the hydreolysis of phytate in pigs. When the diet for pigs 1s mixed
with water, the pH of the slurry will be between 3.5 and 6.5. 50 when the
food is soaked for some time before feeding, and phytase is present, the
hydrolysis of phytate can take place. In practice, soaking is done at
envirommental temperature, thus far below the optimal temperature for
activation of phytase. Therefore, the duration of soaking needs to be long
to obtain a large enough effect. Indeed, Frape et al. (1979) observed only
a small increase in the absorption of phosphorus in pigs after soaking the
meal for 11 hours before feeding. However, Takemasa and Hylkuro (19837 ;
1984) found In chicks that it was very bemeficial to soak barley, wheat or
wheat bran for 6 to 20 hours. The difference in effect mipght be due to
drying the soaked feedstuffs at 40°C as described by Takemasa and Hylkuro.
Mozt absorption of phosphorus is from the small intestine