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Haglin, L., B. Essén-Gustavsson, A. Kallner, A. Lindholm, S. Reiland and H. E.
Sjoberg: Hypophosphatemia induced by dietary aluminium hydroxide supple-
mentation-in pigs: Effects on growth, blood variables, organ weights and renal
morphology. Acta vet. scand. 1988, 29, 91-99. - Twenty-four pigs, 13-14 weeks of
age, were studied during an experimental period of 10 weeks. The pigs were ran-
domly divided into 3 groups. Two groups were fed a commercial feed supplemen-
ted either with a suspension of aluminium hydroxide (A1(OH),) or aluminium
phosphate (A1PO,). The third group served as a control. The same total amount
of aluminium was given to each of the 2 experimental groups. After three weeks
the A1(OH),-pigs developed severe hypophosphatemia, with an average decrease
in serum phosphate of 60%, a decreased growth rate and a lower concentration of
2,3-diphosphoglycerate in the erythrocytes as compared to controls. Intense hy-
percalcemia developed in the A1(OH),-group during the first 6 weeks, whereas the
A1PO,-pigs and the control group developed neither hypophosphatemia nor hy-
percalcemia. At necropsy, the consequence of the long lasting hypophosphatemia
was found to be increased relative kidney weights with morphological signs of tu-
bular damage and dyscalcification. No similar changes were observed in the
A1PO,-groups and there were no organ weight deviations compared to the control

group.

hypercalcemia; aluminium; 2,3-diphosphoglycerate; nephrosis.

Introduction

Effects of hypophosphatemia have recently
received attention in human medicine (Fifz-
gerald 1978, Jacob 1975). In veterinary me-
dicine effects of hypophosphatemia have
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previously been documented in ruminants,
for review, see Theiler et al. (1932). Princi-
pally, 3 main causes for the development of
severe hypophosphatemia have been demon-
strated: A shift of phosphate from the extra-
cellular to the intracellular space (e.g., that
induced by hyperalimentation), renal phosp-
hate losses and decreased phosphate absorp-
tion from the intestine (Silvis & Paragas
1971, Emmett & Seldin 1978, Knochel 1981).
Phosphate depletion has been induced in
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rats (Day & McCollum 1939, Davis et al.
1979, Schwarz et al. 1985) and in dogs (Ful-
ler et al. 1978) by giving aluminium hydroxi-
de or aluminium carbonate and-/or a low
phosphate feed. In pigs, only a few experi-
mental studies have used a phosphate defi-
cient diet (Aubel et al. 1936, Filer et al.
1966), although dietary phosphorus recom-
mendations for growing swine are based on
studies of biological characteristics at diffe-
rent levels op phosphorus intake (Koch &
Mahan 1985). By supplementing a nonpuri-
fied diet with aluminium hydroxide, phos-
phate is lost through the feces and therefore
escapes absorption (Spencer et al. 1982,
Knochel 1982).

The aim of the present investigation was to
study the consequences of hypophosphate-
mia in growing pigs. A1(OH); was given as
supplement to the feed and A1PO, was given
to a second group as a form of a control
group supplemented with aluminium and
phosphate. For comparison, a third group
of pigs was studied with no supplement ad-
ded to the feed. The parameters studied were
growth rate, organ weights, blood variables
such as inorganic phosphate, calcium and
2,3-diphosphoglycerate in erythrocytes, as
well as renal morphology.

Materials and methods

Twenty-four Swedish Landrace pigs (13-14
weeks old) weighing from 20 to 42 kg were
randomly divided into 3 groups. Live
weights were recorded every 10 days during
the 10 weeks experimental period and daily
weight gain was calculated. The pigs were
kept in pairs in concrete pens, and fed a com-
mercial nonpurified diet twice daily. The
composition of the feed and the calculated
nutrient content are listed in Table 1. The
first group was given aluminium hydroxide
(A1(OH);-group) and the second was given
aluminium phosphate (A1PO,-group), both
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Table 1. Composition of the feed and calculated
content of nutrients.

Ingredients Percentage
Wheat 20
Rye 10
Barley 60
Soybean meal 3
Fishmeal 2
Meat and bone meal 2
Monocalcium phosphate 0.3
Sodium chloride 0.3
Vitamins and minerals @

Calculated nutrient content

ME, MJ/kg ’ 12.5
Crude protein (CP), % 13.8
Digestible CP, % 11.7
Fat, % 2.1
N-free extractives (NFE), % 53.4
Crude fibre (CF), % 3.4

a Supplies per kg feed mixture: 3000 IU vitamin A
(Retinol, Roche Rovimix A-500); 400 IU vitamin
D (Cholecalciferol, Rovimix D;-500); 8 mg vita-
min E, (a - Tocopherol, Rovimix (50%); 2.5 mg
riboflavin; 6 mg Ca-pantothenate; 8 mg niacin; 2
mg pyridoxine; 20 mg Fe; 4 mg Cu; 20 mg Mn; 60
mg Zn; 100 pg Se. KNZ:s Akzo Zout Chemie
Svenska AB:s Jodvaccum salt.

in suspension well mixed with the feed. Each
pig was given 500 ml per day (250 ml/meal)
of a suspension of A1(OH), or A1PO, con-
taining 17.5 and 16.2 grams aluminium, re-
spectively. The third group constituted the
control. Castrated male and female pigs we-
re distributed as 5:3, 4:4 and 6:2 in the three
groups. The daily feed allowances for week
0-3, 4-6 and 7-10 were 1 kg, 1.5 kg and 2.0
kg/pig/day respectively. In addition, the ac-
tivity and behavior of the animals were ob-
served.

Blood samples were drawn at the beginning
of the experiment, after 3 weeks, after 6
weeks and immediately before sacrifice at 10
weeks. Blood samples were obtained from
the cranial vena cava under anesthesia with
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Sodium Pentothal® (Abbot Laboratories
Chicago Ill., North USA). Serum phosphate
was measured by a method based on the re-
duction of a phosphomolybdic acid complex
with ammonium-iron(II)-sulfate (Golden-
berg & Fernandes 1966), and total calcium
was determined colorimetrically after the
formation of a complex with ocresolphtalein
in alkaline medium (Roy Sarkar & Chauhan
1967). The total error in these methods was
3.5 and 1.7% respectively.

Erythrocyte 2.3-diphosphoglycerate (2.3-
DPG) was measured using a kit (Boehringer
Mannheim AG, Mannheim, W Germany)
based on the method of Ericson & DeVerdier
(1972). The animals were killed by exsangui-
nation through the carotid arteries while un-
der intravenous anesthesia with Sodium
Pentothal®, and a complete necropsy was
performed. Macroscopic findings were no-
ted and the organ weights were recorded.
The relative organ weight (organ weight in g
per 100 g live weight) was calculated propor-
tional to body weight. Samples from a large
number of organs were preserved in buffe-
red neutral 3.7% formaldehyde solution.
Specimens from the kidneys were embedded
in paraplast (Lancer Sherwood, Medical In-
dustries Ltd, Sussex, England), sectioned at
4-6 p and stained with hematoxylin and eo-
sin (HE), PAS and according to the Van
Kossa method.

Statistics

Analysis of variance, followed by pairwise
group mean comparisons using Duncan’s t-
tests, was used to assess group differences
for the blood samples and for the absolute
and relative organ weights (SA.S 1985). Cor-
relation coefficients were computed accor-
ding to Armitage (1974). The procedure
GLM in the SAS® package was used (SAS
1985). The values given here are mean *
SEM.

Results

Weight gain

Average weight gains for the 10 week experi-
mental period were significantly lower in the
A1(OH), (18.8 + 1.4 kg) than in the A1PO,
(37.7 £+ 1.8 kg) and control groups (44.5 +
3.7) (p <0.05), (Table 2 for daily weight
gain).

Table 2. Daily weight gain (g) in A1{OH);-group,
A1POy-group and control pigs during 3 periods of
the 10 week experimental period.

Weeks A1(OH); Al1PO, Control
(g/day)
0-3 226£16  ** 43849 ** 518171

3-6 22021  ** 458153  *** 554155

6-10 364247  *** 674152  **+* 783176
Values are mean+SEM

** = p <0.01

*** = p <0.001 based on ANOVA

All pigs exhibited normal appetite at the be-
ginning of the experiment. After 3 weeks,
the A1(OH); pigs became depressed, their
appetite declined and they only consumed
about 75% of the feed allowance. After 6
weeks, the appetite loss was marked, and the
pigs consumed only about 50% of the feed
provided.

Blood analysis

Serum phosphate in the A1(OH),-group at 3
weeks was significantly lower than in the
A1PO, and control groups (p <0.001), and
was correlated with body weight at 10 weeks
(r = 0.59, p <0.01), and also inversely cor-
related with relative renal weight (r = 0.73,
p <0.001) (Figure 1 a).

Serum calcium increased in the A1(OH),-
treated pigs, and reached a maximum con-
centration after 6 weeks (Figure 1 b). Serum
levels of phosphate and calcium were inver-
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Figure Ia. Mean+SEM for serum inorganic
phosphate (mmol/l) at 0,3,6 and 10 week for
(A1(OH);- = W and AIPO,- = @ and control
group = O

sely correlated (r = 0.87, p <0.001). The
correlation between the increase in calcium
levels (Ca initial - Ca max) and the minimum
phosphate level during the experimental pe-
riod was r = 0.91 (p <0.001).

2,3-DPG concentration in erythrocytes was
lower in the A1(OH);-group after 3, 6 and 10
weeks than in the other 2 groups (p <0.001)
(Table 3) and the level of 2,3-DPG was cor-
related to hypophosphatemia (r = 0.87, p
<0.001).

Organ weights

Mean absolute and relative organ weights
are presented in Table 4. Organ weights were
significantly different between the A1(OH);-
group and the other two groups except for
spleen, kidney, pancreas, adrenals and thy-
roids.

The relative kidney weight was higher (p
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Figure Ib. Mean+SEM for total serum calcium
(mmol/1) at 0,3,6 and 10 week for A1(OH);- = B
and A1PO,- = @ and control group = O

<0.01), in the A1(OH),-group compared to
the other groups. The relative parathyroid
weight was lower (p <0.01) compared to the
controls.

A correlation was found between relative
kidney and relative adrenal weight within the
A1(OH),-group (r = 0.70, p <0.001).

Table 3. Concentration of 2.3 - diphosphoglycerate
in erythrocytes after 3,6 and 10 weeks of the experi-
mental period.

Weeks AI(OH); AlPO, Control
(mmol/L)

3 2.7401 **x 3710.1 *** 3.710.1

6 2.720.1  *** 3,6x0.1 *** 3.610.1

10 2.620.2 *** 37401 *** 3910.2

Values are mean+SEM

** = p <0.01

**+* = p <0.001 based on ANOVA
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Table 4. Organ weights in gram and relative weight in gram/100 g body weight of pigs fed one of 3 diets for 10

weeks.

Organ Al1(OH), Al1PO, Control A1(OH), AlIPO, Control

® (g/100 g BW)
Spleen 8719 10316 10617 0.15+0.01 0.13+0.01 0.12+0.01
Liver 1151+63** 1809+45%* 1770294 2.0410.09 2.24+0.10 2.1640.11
Kidney 244123 19327 212418 0.4410.05** 0.240.01%* 0.2520.01
Heart 206£13** 27319%+ 289420 0.36+0.02 0.3410.01 0.35+0.01
Thymus 5517%* 8418 11517 0.10+0.01 0.10£0.01 0.1410.01
Pancreas 80+10 93+4 8718 0.14+0.01 0.12+0.01 0.10£0.01
Adrenals! 4.0+0.4 4.740.2 4.610.3 7.320.9 5.840.4 5.610.6
Thyroids! 5.520.6 6.1+0.4 6.610.9 9.8+1.1 7.520.5 8.140.7
Parathyroids? 0.0820.01** 0.13:0.01** 0.20:0.04 1.35:0.20%* 1.62:0.10 2.2940.40
Values are mean+SEM
** p<0.01 based on ANOVA
! relative weight 10-?
2 relative weight 10-¢
Renal morphology Discussion

The kidneys of the A1(OH),-pigs were so-
mewhat enlarged with a markedly light co-
lor. A distension of the renal tubules was
found histologically in these animals, with
focal degenerative changes of the tubular
epithelial cells. The lesions were predomi-
nantly localized to the juxtamedullary part
of the kidney cortex but were not restricted
to specific regions of the nephron. Cellular
and granular debris was often found, espe-
cially in the collecting tubules (Fig. II a, Fig.
II b). In four of the A1(OH); animals a pro-
minent tubular mineralization was associa-
ted with the degenerative changes (Fig. II c).
Marked mineral deposits of the nuclear
membrane, in addition to granular deposits
in the cytoplasm, was observed and a slight
mineralization of Bowman’s membrane of
glomeruli was occasionally seen (Fig. III a
and III b). These morphological -¢hanges
could not be observed in the A1PO, or con-
trol groups.

In the present study, growing pigs given
A1(OH), developed severe hypophosphate-
mia, hypercalcemia and a decrease in 2,3-
diphosphoglycerate (2,3-DPG) in their
erythrocytes. The growth rate was retarded
and pathological changes appeared in the
kidneys, which were enlarged. These altera-
tions were not observed in pigs treated with
A1PO, or in untreated control animals.

The major finding was the hypophosphate-
mia. The main cause for the phosphate de-
pletion was certainly the A1(OH), supple-
ment in the feed which decreased the availa-
bility of phosphate. Dietary phosphate de-
privation affects renal reabsorption of

~ phosphate in the proximal tubules (Dousa &

Kempton 1982), and urinary excretion of
phosphate ceases. This process is normally
regulated by-a number of mechanisms (Pa-
storiza-Munos et al. 1983). It should be re-
membered that phosphate requirements are
greater in growing, as in this experiment,
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than in mature animals (The nutrient requi-
rements of Farm livestock No 3. Pigs 1981).
Rapid growth may induce signs of phospha-
te depletion even when the amount of phosp-
hate in the diet is in accordance with the re-
commendations (Brautbar et al. 1979), and
it can be suggested that, to some extent,
growth rate determines the degree of phosp-
hate depletion. Taken together, diminished
availability of phosphate, in addition to high
phosphate need during growth, most proba-
bly were responsible for the severe hypo-
phosphatemia seen in the present study. This
concept is supported by the studies of Lee et
al. (1980) on hypophysectomized rats; these
animals did not grow and, interestingly
enough, developed neither hypophosphate-
mia nor hypercalcemia when fed a diet poor
in phosphate.

The retarded growth of the hypophos-
phatemic pigs might be the result from dif-
ferent causes. The hypophosphatemia itself
and also the anorexia and concomitant de-
crease in feed intake, obvious in these pigs,
might have contributed. Phosphate depleted
dogs, as our A1(OH),-pigs, lost their appeti-
te and became inactive (Fuller et al. 1978).
The anorexia rapidly disappeared during the
repletion period. Anorexia and retarded
growth are well documented in studies of
phosphate depleted rats (Day & McCollum
1939, Davis et al. 1979, Schwarz et al. 1985).
Hypercalcemia was observed in the
A1(OH), fed pigs but not in the two normo-
phosphatemic groups. This confirms earlier
findings in rats (Stoerk & Carnes 1945, Lee
et al. 1977) and dogs (Coburn & Massry
1970, Freeman & McLean 1941). The hypo-
phosphatemic hypercalcemia is in part rela-
ted to the effects of hypophosphatemia on
the synthesis of 1,25 dihydroxycholecalcife-
rol (calcitriol) (Dominguez et al. 1976).

The relative weight of the parathyroids
was decreased in our hypophosphatemic
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pigs, although no correlation was noted be-
tween the organ weight and serum calcium.
It is documented that the relative weight of
an organ decreases with increasing live
weight (Pond & Maner 1984) and hence a
higher relative parathyroid weight should
have been expected. The decreased weight
could possibly be attributed to a suppressive
effect of the hypercalcemic state, which in
turn could be explained by increased 1-al-
pha-hydroxylase activity in the kidneys, as
demonstrated by Tanaka & DeLuca (1973)
in rats and in the chicken (Bar & Wasserman
1973) and thus also a result from increased
bone resorption.

The lowering of 2,3-DPG in erythrocy-
tes confirms findings in man where a similar
decrease, including ATP, was observed du-
ring hypophosphatemia (Lichtman et al.
1971).

The oxygen delivery to tissues is diminished
when 2,3-DPG decreases due to increased
oxygen affinity to hemoglobin. This in turn
may have consequences for aerobic utiliza-
tion of substrates in muscles and liver (Rajan
et al. 1973). The lowered 2,3-DPG in the pre-
sent study indicates that the hypophosphate-
mia obtained was severe enough to induce a
decreased concentration of organic phos-
phate compounds in the pig erythrocytes.
The kidneys from the hypophosphatemic
pigs were enlarged compared to the normo-
phosphosphatemic pigs. The increased kid-
ney weight as a result of long-lasting induced
hypophopshatemia is in agreement with ear-
lier findings. (Filer et a. 1966). Histological
examination was not performed in that stu-
dy but the changes were characterized as hy-
pertrophy.

In a similar experiment the histological
changes found in the enlarged kidneys were
described as a chronic diffuse nephritis with
distension of the glomerular spaces and uri-
niferous tubules with presence of a granular
debris. (Aubel et al. 1936).
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Figure 2a. Histologic section from the juxtamedul-
lary cortical part of the kidney from an untreated
control pig. Normal appearance of glomerulus and
tubules. H&E x 320.

' . | . - LR
Figure 2b. Histologic section from the same part of
the kidney of a pig given A1(OH); in the feed. Neph-
rotic changes with distension of the tubules. Degene-
ration of epithelial cells (arrows) and presence of a
granular debris in some of the tubules. H&E x 320.

Figure 2c. Same histologic section as in Fig 2b, but
stained with the Van Kossa method for mineral
(Ca/P). Black colour indicates positive reaction. No-
tice mineralization associated with nuclear membra-
ne of tubular cells (small arrow) and of Bowmans
capsule of the glomerulus (long arrow). Van Kos-
sa x 320.
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Figure 3a. Close-up view from the same section as
in Fig 2a. Normal appearance of tubular epithelium
in control pig. H&E X 800.

Figure 3b. Close-up view from the same section as
in Fig 2b. Occurence of degenerated tubular epithe-
lial cells with darkly stained nuclei and mineralized
debris in distended tubules of pig given A1(OH); in
the feed. H&E x 800.
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In the present study, the changes were ob-
viously of a nephrotic type with charges
principly in the cortical juxtamedullary and
collecting tubules with nephrocalcinosis.
Only incidental inflammatory changes of a
minimal degree were found, not considered
to contribute to the renal enlargement. The-
re was no histological evidence of a true re-
nal hypertrophy. Therefore the major part
of the enlargement was probably caused by
tubular dilation and a possible increase of
water content.

The tubular injury might be a result of the
secondary hypercalcemia since hypercalce-
mic nephropathy is known to occur with po-
lyuria and thus resistance to vasopressin.
Another possible mechanism might be a
rhabdomyolysis as described in hyperali-
mented hypophosphatemic dogs (Knochel et
al. 1978). However no evidence for myoglo-
binuria was observed in our pigs.

Severe hypophosphatemia impairs bicarbo-
nate reabsorption (Emmett & Seldin 1978)
which may result in an increase in pH in the
distal tubules and this alteration, in turn,
might also contribute to the metastatic mine-
ralization observed. However, this mecha-
nism has never been confirmed by other in-
vestigators.

The absolute weight of the thymus was de-
creased in the hypophosphatemic pigs. It is,
however, difficult to dissect the thymus in
pigs as it has a cervical and a thoracic por-
tion and further studies are needed to eva-
luate the thymic response to hypophosphate-
mia. If a atrophy of the thymus was to be
found with a possible decrease in thymic
function, it might offer an explanation for
the impaired resistance to infections in the
hypophosphatemic state (Knochel 1981). It
is of interest in this connection that pigs in a
state of chronic stress had a significantly
decreased thymus weight (Martinsson et al.
1978).

It is concluded that the addition of A1(OH),
to the diet of growing pigs resulted in a seve-
re hypophosphatemia accompanied by hy-
percalcemia and a decrease of 2,3-diphosp-
hoglycerate in erythrocytes. In addition, re-
tarded growth, a decrease in parathyroid
and increase in kidney weight as well as
nephrosis of the kidneys was observed.
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Sammanfattning

Hypofosfatemi hos gris genom tilldgg av aluminium-
hydroxid: effekter pa tillvixt, blodvariabler, organ-
vikter och njurmorfologi.

Tjugofyra grisar, 13-14 veckor gamla, studerades
under en tio veckor lang experimentperiod. Grisarna
delades slumpvis in i tre grupper. Tva grupper utfo-

drades med ett kommersiellt foder, tillsatt 15sning
av, antingen aluminium-hydroxid (A1(OH); eller
aluminium-fosfat (A1PO,). En tredje grupp utgjor-
de kontroller. Ungefdr samma totala méngd alumi-
nium tillférdes vardera experimentgruppen. Efter
tre veckor utvecklade de A1(OH); behandlade grisar-
na hypofosfatemi, och en genomsnittlig sdnkning av
serumfosfat med 60% minskad tillvéixthastighet och
lagre koncentration av 2.3-difosfoglycerat i roda
blodkroppar &n kontrollerna. Hyperkalcemi utveck-
lades i A1(OH);-gruppen under de férsta sex veck-
orna, medan A1PQ,-grisar och kontroller inte fick
vare sig hypofosfatemi eller hyperkalcemi. Vid ob-
duktionen fann man 6kad relativ njurvikt och mor-
fologiska tecken pa tubuldr skada med férkalkning.
Nagra likartade férindringar kunde inte observeras i
A1PO,-gruppen och det fanns inte nigra avvikelser i
organvikter jaimfort med kontrollgruppen.
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