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mice the oral LD60 values of aluminium chloride and aluminium sulphate were 0·77 ± o·I:Z and 
± o·09 g. Al/kg. (± S.E.) respectively. 

and rats were fed on a normal diet containing about 170 p.p.m. of aluminium; Doubling this 
caused a decrease in growth in the second and third generations of mice. A high intake of 

urn sulphate (2,835 p .p.m.) caused a :zo-fold·increase of aluminium retention in white rats. Alumin- ·. 
accumulated in various tissues, especially in the skeleton, liver, and testes. A high rate of intake 

p.p.m.) caused a negative phosphorus balance in the rat, with an increased output of phosphorus in 
faeces. The lower absorption of phosphorus was also demonstrated with NatfiDPO ,. Chronic and 

poisoning by aluminium chloride caused, after intraperitoneal Na2fl32pO,, decreased incorporation 
l:p into the phospholipids and nucleic acids of various tissues in the rat. It also caused a fall . in the 

•c:no,slrLeu ..... ov~ ..... y.~ acid-levels in plasma, and a rise in the adenosine diphosphate level. 
results suggest that the toxic effects of aluminium salts result both from decreased absorption of 

and from interference with phosphorylation processes in the tissues. · 

applied research into possible applica­
of aluminium has resulted in the introduction 

~n:u,,v inorganic and organic compounds of the 
diverse and common use. There is, however, 

consensus of opinion on the toxicity of 
Fllll1umn salts. On the one ~and it has been stated : 

compounds are harmless when ingested, 
the administration is continued over long 

' (Quarterly Bulletin of the Association of 
and Drug Officials of the United States, I955); 

other hand, there is evidence that various 
are induced in experimental animals by 

_aunurusua:uon of large amounts of aluminium 
lfll.po1mcis (Seibert and Wells, I929 i Stenberg and 

I952 ; Vojnar, I953i Hara, Seki, Usui, 
•:akllw:lii and Mori, I959a). 

original conclusion that aluminium given by 
was wholly excreted has been proved to be 

More recent papers agree that various 
compounds given in large doses are 

absorbed and transported into the tissues 
Tipton, Schroeder, and Cook, I962; Konus, 
and Kotuliak, I963). The toxicity of 

!!C:'-''-''-''·un salts in the diet has been studied only at 
high doses. Not even with doses as large as 
parts AI per million have pathological changes 

in individual organs been observed. The only effect 
is growth retardation (Hara et al., I959b)~ Similar · · 
results have been obtained by Vow (1959). 

Aluminium in the diet has been shown to interact 
with phosphate in the alimentary tract and to affect 
its metabolism (Ivy and Gray, I939i Jones, I942). 

The aims of this work were to study the effects of 
moderately low doses of aluminium on the growth 
of animals in succeeding generations, and to com- . 
pare the effects of chronic low and acute high doses of 
aluminium on the retention and fate of aluminium . 
and on the retention and fate of phosphorus with . · 
special reference to phosphorus "eompounds of 
fundamental metabolic importance. 

• 
Materials and Methoda 

Animals Rats were of the Wistar strain, weighing 
ISO to 250 g. Mice were of the 'Dobri Voda' strain from 
the Slovakian Academy of Science, Dobri Voda, 
average weight 200 g. Male animals were used for all but 
experiments on suc~ding generations, in which a 
male/female ratio of 0·4 was maintained. Animals were 
fed on the Larsen diet (Fiibry, I9Ss). This normal diet 
contained I6o to I8o parts per million (p.p.m.) of 
aluminium and about 6,ooo p.p.m. of phosphorus .• 

Alumlnlum All doses arc expressed in terms of 
aluminium. The chloride was mostly used, but the 
sulphate was used in some experiments. 
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Acute Toxicity Studies The aluminium salt was 
given orally by probe. 

Chronic Toxicity Studies The aluminium salt was 
give~ in the drinking water or admixed in the diet. 
Weights of animals and daily food and water intake were 
checked at intervals. · 

Balance Studies Animals were kept in metabolic 
cages allowing separate collection of urine and faeces for 
24 hn. during which no food was given. They were then 
decapitated. Aluminium in the urine, faeces, and tissues 
was estimated by Nikitina's (1956) procedure, and phos­
phorus by Travina's (I9SS) method. 

In tracer studies rats were given by mouth Na1H11POc 
(Io mg./mi. in 0·9% NaC) obtained from the Institute 
of Nuclear Research, itd, Czechoslovakia at the be­
ginning of the period. up was either estimated after 
digestion of the tissues with pcrchloric acid or in tissue 
fractions: acid soluble; phospholipid; ribonucleic and 
deoxyribonucleic acids. These were separated u 
described by Davidson, Frazer, and Hutchison (1951). 
up estimations were carried out by end-window 
counting on aluminium diac:s using a Geiger-MUller 
tube. 
. Adenosine mono-, di-, and tri-phosphatcs in the blood 
serum of rats were estimated by Boehringer's enzymic 
methods (BUcher, 1953). 

0 12 

. • · ~ ·, , , , , I · 

Results 

· Oral LD50 Values of Aluminium in Mice 
aluminium chloride was used in most ch 
toxicity experiments its acute LD50 value was l' 
mined and compared with that of the sui~ 
After approximate LD50 values had been f< 
more precise values were determined by F 
nomographic procedure (1961). The LD50 vaJ 
the chloride was found to be 0·77 ± o·r2 g. A 
and of the sulphate 0·98 ± 0·09 g. Al/kg.(r 
± S.E.). These values are not signifi< 
different. They place aluminium salts in the cat 
of compounds with low acute toxicities accord 
the criteria of Hodge and Sterner, as quot• 
Simonnet (1956). 

Chronic Toxicities in Mice The ct 
toxicity was studied in a reproduction cxper 
on white mice. Ten mice received alum 
chloride in their drinking water, receiving c 
average 19·3 mg. Al{kg./day. They were CO(ll 

with 10 control mice. Tl}.e experiment lasted 
390 days, during whiclJI weight increases, n1 
of litters, and number of off-spring were rec. 

FIG. I. Weicht increases of ~ormal (ft 
and of aluminium trichloride treated 
lines) white mice: I, oricinal· gen 

.;. II/I, 2, 3, fint, second, and third 
!!! the second generation; III/I, 2, t 
.., second liner of the third generation . 

• 
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weanlings were treated from 4 weeks of age like 
parents. At the end of the experiment the 

were killed by decapitation, the blood w;ts 
.ex; .. nu•t:u for changes in the red cell count, and die 

and kidneys were examined histo-

There were no significant differences . in the 
of litters or off-spring between the treated 

mice. Growth was retarded and was 
on the intake of aluminium, but the 

did not appear in the first generation or in the 
The subsequent litters manifested a very 

retardation, as did those of the third 
ICI14:ratton (Fig. 1). An analysis of variance (Weber, 

established that, under the conditions of our 
a,expc:ru:ner1t, weight variations could be accounted' 

aluminium uptake (P < o·oox). The 
•ilifferenLces in the course of weight plots for succes-

gerleraLtiOJ:lS and litters were also statistically 
•iigrulllcaJ:tt (P < o·oi). 

The erythrocyte counts and haemoglobin levels 
the first and last generations did not differ signi­

•"owLuy from those in the controls; and no patho­
lOgical changes could be found in the tissues 
examined. 
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Eft'ects of Dose Rate on AlinniniU'm Balan~e· 
Ten mice received the standard diet containing 
about 170 p.p.m. AI, and 10 a diet containing 
355 p.p.m., _both groups for 40 days. During this 
period there were no significant differences between. 
the growth curves nor between the "intake of water; 
but the food intake was ·significantly· less in . the · 
group receiving the higher dose; -The alUminium · 
balance was studied over the last siX dayl (Table I): · 
Intake and faecal excretion of aluminium were~ sig-:: 

0 
~- .: " .:.. • L •_ 

.. : ' .• . '.,. ·" .. 

TABLB I 
ALUMINIUM BALANCI IN MlCI OPT ON Dmrs WITH 

DilPliUNT ALUMINIUM CoNTENTS 

.Alumirri11111 (mt.) St~~.tisrieal 
Sipijiumu . 

Ctnlll'ol .AICI, 
cr1o ,.,.m . .AI) uss ,.,.m . .AI) 

Intake 3117 ± 0'29 7'75 ± 1_'00 p < 0'01 
Exaction 

Faeca 2'47 ± 0'19 5'72 ± 0•7t" P < o·oo2 
Urine o·u ± o·o3 o·u ± 0·04 • > o-o5 

Balance +I•zl ± 0•38 +•·91 ± o·51 • > o-o5 

The average values ± S.E. for 10 mice over 24 houn are 
given. 

60 

~~ 10 

_,: ---D 

FIG. 2. Influence of hi&h doses ol 
· aluminium sulphate on the alu- · 

minium balance in rata: A, alu­
minium intake; B, aluminium 
exaction; c. aluminium reten­
tion; I, conaol group (170 
p.p.m. AI-in diet); II, treated 
group (2,835 p.p.m. AI in diet). 
All values are expresaed in mJ. 
AI. 
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nificantly higher at the higher dose, whereas urinary 
excretion and the retention of aluminium were not. 

The aluminium balance was also studied in eight 
rats kept for eight days on the diet containing I6o to 
ISO p.p.m. Al and then given a diet containing 
2,S35 p.p.m. Al (as sulphate) for a further eight 
days. The increased dose rate of aluminium led to 
a reduction in food intake from 20. to IS g./rat/day 
and a reduction in average body weight. Aluminium 
excretion · was increased significantly in both faeces 
and urine (P < o·ooi) when the higher dose was 
given (Fig. 2). About 70% of the dose was excreted 
in the faeces. Retention was increased 20 times. 

Increased retention in several tissues from a 
higher dose was also demonstrated in two groups of 
eight rats each by analysis of the tissues (Table II). 

· . · 

TABLE II 
l!m.t111NCB OP DOSB RATJS ON AI.t1MJNJ11M l.Bvns IN RAT 

.. . .... . - TlsstJu 

CD11U111T!'tiart of AI m Di.r StatistK41 
Sipifotmu 

Tilnu 170[J.p.m. z,BJs p.p.m. 

· Uver I 'SS :I: 0•26 2'99 :I: 0•28 p < 0'001 
Brain 0'71 :I: 0'08 1'08 ~ o·1s P < O'OS 
Kidne).a o·86 :I: o·o8 0'90 :I: 0'10 P > O'OS 
Adrmals •41'S :I: S'2 S1'4 ::1:: s·s P > O'OS 
Spleen 1•46 :I: 0'23 1•48 :I: 0•10 P > O'OS 
Heart 1'08 :I: 0'12 1'27 :I: 0'12 P > O'OS 
Lunp 0'407 :I: O'OS4 0·428 ::1:: o'Oio P> O'OS 
Testes 0•170 :I: O'OS7 0·470 :I: o'06o p < 0'001 
Colon o·69 :I: 0' 10 o·63 :I: 0'04 P > O'OS 
Muscle 0'039 :I: 0'008 0'044 :I: 0'002 • > o-os 
Blood o·6s ::1::0' 11 1•08 :I: 0'09 p < 0'01 
Femur 70'2 :I: 1'0 91'2 :I: 0'7 P < o·oo1 

Aluminium concentrations are given in mg./100 I· fresh 
tiuue. The diet was maintained for 24 days before the rats 
were killed. 

: . . . 

One group received the basic diet containing I6o to 
. -· · ..... I8o p.p.m., the other a diet containing 2,835 p.p.m., 

.· . ~-~-: ~-' ···~':_ ~ · ~~,f~.~· -~ -~~-. -~ .: :_ :.: ~;~·; .' 
' . ·~- ~:: lnfhience . of AI-iiinhdum on Metabolism of 

· .. :. ·-: : Phosphorus.~Ten mice received the standard diet 
·, containing I6o to ISO p.p.m., and 10 a diet contain­

ing 3SS p.p.m. for 40 days, and the phosphorus 
. : balaDce Was studied during the last six days. The 

.· higher dose. significantly )owered phosphorus rcten-
,.,..,, .,. L,..,· ....... · III), which, on some days, even became 

D~lnl.tiiV~. i.e,, there was net excretion. The COnCCD• 
phosphorus in the liver arid femur were 

ho1w~rer. significantly affected by the end of the 
' expCJ1men1:.: .. : . . The weight plots were also unaffected 

. spite of soine reduction in food intake in 8nimals 
· fed the ~ dice- ·containing increased · ·amounts of 

aluminium. . . 

: .. ~ ~· . : 
o I I .- . : , 

TABLE III 
PHOSPHORUS :B.u.ANCI IN MICI! ICEPT FOR 40 DAYS ON D 

CONTAINING DIPFERENT ALUMINit1M LEVEU lib 

Photplwrru (lllf.) Stau'sricaJ 
Sipi~ 

Ctmrrol AlCl, 
(170 p.p.m. AI) USS p.p.m; AI) 

Intake 218·8 :I: 10•3 148•1 :I: 20•4 p < 0'02 
Excretion 

Faeces 150·4 :I: S'4 139·s ::1:: 28·6 p > o-os 
Urine 2·9 ::1:: o·6 3'7 :I: o·8 • > o-os 

Balance +6s·6 ::1:: 13·o +4·9 ± 14'4 p < 0'02 

. The avence values ::1:: S.E. for 10 mice over 24 houn Ire 
pvcn. 

More pronounced changes in. the phosphonza 
palaDce were found in eight rats kept for eight days 
on the standard diet and for another eight days 1111 
the same diet containing an additional 2,665 p.pJD. 
Al as sulphate. The addition of the aluminium lilt 
to the diet resUlted in a lower food intake and c:oo­
scquently to a significantly lower phosphorus intUe 
(P < o·ooi) and a reduced excretion of phosphorus 
in the \U'ine (P < O·OOI). (The excretion of phos­
phorus in faeces was, however, increased (P < 
o·oox). These effects arc illustrated in Figure 3· · 

In the first series of tracer experiments, the 
influence was studied of a single large oral dose of 
aluminium chloride, ISS·2 mg./kg. body weight, 011 

the absorption of Na~O" o·I p.c/Ioo g. wt., 
given orally IS minutes after the aluminium salt. 
The experimental and control groups were each of 
eight rats. The distribution of radioactivity in the 
urine, faeces, blood, and various tissues was 
measured. The results are summarized in Table IV. 

TABLE IV 
INFLUDICI OP Al.t7MINit1M TluCHLORml! INTOXICATION ON 
THB T1SS1111 INCORPORATION AND ExCUTION OF up IN RAn 

Sampu Qnurol Sin,u Oral Dos• Statistical 
(as.fmin.) o/188 lllf.flq. Sipi-

(cts.fmin.) ficanu 

Blood 982±73 77::1::11 P < O"OOI 
Liver 6.191±936 342±S2 P < o-oor 
Spleen 3,934::1::3o6 140::1::29 P < o-oor ~ 
Kidneys 4,644±489 327±69 P < o-oor 
Brain 816::1::75 190::1::61 P < o-oor 
MUicle 1,986::!::16S 33±10 P < o-oor ' 
Femur 231390::1::2P40 9S0±28o P < o-oor 1 
Faeces/ l 
24 hours 1,799.000±378,000 1,974,ooo::!::s6s,ooo P > o-os $ 
U~/ . • 
24 hours 1,19S,OOO::I:: 197,000 20,7S0±4,190 P < o-oor ~ 

A~ence values ::1:: S.E. are pvcn. · i 
· For blood the count rates are per IOQ_ ,.t., for tissi.l~ per ~ 

100 IDI·• and for faec:ea and urine the total excreted JD 24 1 
hours. ~ 
~ee text for further detaib. 



Chronic Toxicity of Aluminium in Rats and Mice and its Effects on Phosplwrus Metabolism _,. 309·· 

100 

60 

40 

20 

~l 
1 

-
show a significant reduction of 32P incorpora­

the blood and all the tissues examined. The 
in the excretion of 32p in the faeces is not 

sigilLific:ant and is less than one expects if there is 
~Ubrnlllltion of complexes of aluminium and phosphate 
..... ~:~··· which are abs~rbed with difficulty. This 

is obviously influenced by the lower total 
lli~Cl~~ti.on of faeces during our experiment, since 

the administration of large amounts of alumin­
chloride constipation occurs. The low level of 

the blood, in tissu~, and in urine, however, 
shows reduced phosphorus absorption. 

to technical difficulties the contents of the 
li~resti,re tract were not analysed. This omission 

the failure to achieve xoo% ·recoveries of 
asp, 

the second series of tracer experiments the 
of chronic and acute intoxication by 

ilurniilLiwn chloride on the metabolism of asp was 
The asp was injected intraperitoneally at 

p.C/IOO g. to ensure complete absorption. The 
JV!:xn1~rirn~llt was carried out with rats, divided into 

groups of six animals. One of the groups 
a.uo<;cv~,.. as a control, the second group was given 

doses of aluminium chloride (36·s mg. 
a period of 52 days, and the third group 

ttc!'iv ... ,.t_ after having been fed the standard diet 
days, a single large intragastric dose of 

~~lua:Unium chloride of 240 mg. Alfkg. Administra­
of aluminium· did not influence food intake or 

1 D 

~l 

. ;. .. 

' :·:. :- · -~ . ·- -~- __ ..... ~: 

FIG. 3· Inftuence of high doaea of · 
aluminium aulphate on the pho1- . · 
phorua balance in rau: A, ph01-..: · . · 
phorua intake; B; phosphorus · 

· · acretion (lined area-faecal a-
. cretion); C,phosphoruaretentlon.:· 
I, oontrol · Jl'OUp; II,• ~ treated . .· · 
Jl'OUp. All values are apressed in 
q. phosphorus. . 

. ..: . ~ -.. · .. . _. .. 

.. . .- ... ;:.;. · . 
. ' t~~ : · .... : . : !. •. : ·-!'·. 

the weight curves of the animals. The average body 
weight of the animals of the control group at the end 
of the experiment was 2o6 g. and that of the group 
with chronic alwninium intake was .22I g. 
Na~O, was given (to the last group at the same 
time as the aluminium) and 24 hn. later the specific 
activities of phosphorus fractions isolated from the . 
liver, spleen, and kidney tissues were measured~· 
The results obtained.(Table V) prove that, whereas 
the specific activity of acid soluble phosphorus was . 
not influenced by either chronic or acute intoxica­
tion, the incorporation of asp into phospholipids and 
ribonucleic and deoxyribonucleic acid fractions was 
in most easel significandy reduced. · The effect of 
acute intoxication was, as a rule, more pronounced. · 

In another similar experiment the influence was 
studied of chronic and acute intoxications by 
alwninium chloride on the blood serwn level of 
adenosine mono-, di-, and tri-phosphates in 30 rats · 
divided into three groups. All rats were fed the 
standard diet for 55 days. The first experimental 
group received additional aluminium chloride 
throughout the 55 days at 36·s mg. Alfkg./day. This 
did not affect the average final body weight signi­
ficandy (215 g. for controls; 209 g. for the treated 
rats). The second experimental group received one 
oral dose of 223 ing. Alfkg. (u the chloride) on the 
fifty-sixth day. The results are shown in Table VI. 
They indicate that aluminium chloride treatment 
causes an increase of adenosine mono- and di· 

. . . . 
' ... 
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TABLE V 
INFL'U!NCI OP CHRONIC AND ACUTB ALUMINIUM TRICHLORIDB INTOXICATION ON TH11 INCORPORATION OP up INTO TISsn 

, FRACTIONS IN THII LivER, SPLIIBN, AND KIDNEYS OP RATS ··' . ._ ,' 
Fractiort Spcci~ Activity (co1111ts/min./roo 1.1#· P) Sipijit;411U qairut Corurol 

Control Chrtmic Acute Chronic A curt 
lntozictUitm I ntozication lntt»dcatitm I nto:ricarion 

Liver 
· ·~ Acid-aoluble P 1,944 ± 96 1,8o6 ± 8I 2,244 ± 132 P > o-os P > o·os 

Lipid p 2,139 ± I08 1,120 ± 132 1,62S ± 61 • < o-os P < 0-QI 
RNA 1,234 ± 6S 928 ± 40 810 ± 207 P < o·oi • > o-os 
DNA 176 ± I6 172 ± 23 95 ±IS P > o·os P < 0-QI 

Spleen 
Acid-aoluble !' 2o39S ± 117 1,997 ±II% 1,736 ± 356 • > o·os P > o-os 
Lipid p I,%94 ± 116 986 ± ss 144 ± 271 P > o·os P > o-os 

·RNA · 1,611 ± 504 1,242 ± 119 358 ± 131 p > o.os P < 0-QI 
. DNA 2,285 ± 1,324 lo1SO ± 221 252 ·± 62 • > o-os P < 0-QI 

Kidneys .. 
Acid-aoluble P · 1,994 ±51 1,8o1 ± 83 2,238 ± 9S p > o.os P > o-os 
Lipid p lo743 i: 194 1,190 ± 77 1,013 ± 6I • < o-os p < 4"05 
RNA 834 ± 6s 696 ±51 6o2 ± 69 P > o·os r--<o-os 
DNA 128 ± 28 334 ± IS2 44 ± 8 P > o·os • < o-os 

Averqe ~ues ± S.E. are given. See tat for details. I 

TABLE VI 
INPLUIINCI OP CHRONIC AND ACUTB INTOXICAnON BY AI.VMINIUM Cln.oRIDI ON TH11 LIVm. OP ADENO$INJI MONo-, DI- A!o1 

TRIPHOSPHATIS IN RAT BI.oOD 

Acid Corttrol Chr~ Acutl Sipijicat~e~ qai111t CoNaol 
lmt»dcatitm lmo%icatiorl 

AMP (q./100 mi.) 
ADP~./100 mi.) 
A 'I'P!tliJa./100 mi.) . . .. :. ~· . 

2'95 ± 0'19 
3'69 ± 0'19 
8·33 ± 0'41 

3·18 ± o.6o 
4'50 ± 0'42 
1·56 ± o·9s 

Av.erqe values ± S.E. are ginn. See tat for other deuilJ • 
• ~If • . • ·... •, • : . • 

. .. · ~ . ~:~ .;~ ~-! . - . 
phosphates, and a · decrease of adenosine tri­
phosphate •. --.The effects of acute intoxication were 

· more pronounced and are statistically significant. 

. ... . .. . ... , . ..... _ .. , -~· ·· ·· - · Discussion 

3'48 ± 0'21 
4'39 ± O•U 
s·s.2 ± o·44 

Chronic 
lmt»dcatitm 

p > o.os 
P > o·os 
P > o·os 

Acut1 
I nroziC4tiotl 

p > o.os 
P < 0"01 
P < O·OOI 

In the introduction to this paper the conflict of 
.. · ... _ . opinions regarding the toxicity of aluminium com­
'-0:::-. pounds was emphasized. Our own studies resulted 

' in .ouri$ssifjing aluminium chloride and sulphate 
·. . . . • . oflow acute toxicity; This conclusion 

effects of low doses of aluminium chloride on tl 
growth rates of three generations of mice WCJ 

studied. The results show that weight gains WeJ 

less, but not in the fint generation. As retardatic 
of growth was caused by relatively small doses of 2 

aluminium compound, we consider this finding • 
be important. The results contradict opinions ~ 
pressed in earlier papers that aluminium exerted L 

toxic effects at such doses. The. lack of signifiC3l 
departures from normal either in the blood cow 
or in the morphology of various tissues of the 
animals is, however; in accordance with the earli< 
results of Hara et al. (I9S9b) and underlines tl 
necessity for seeking other, more sensitive indices ' 
metabolic disturbances caused by a chronic intake ' 
small amounts of aluminium compounds . . 

--·~--, ... :·9n.: oral ,LOJci values. · The intravenous 
. - saltS is much higher (Hara et 

"')I;))IOI'J:<')~L is. of little .relevance as this is not a 
~1f?p~~Jbi~path of aluminium intake in everyday life. · 

:~:The. effects of the chronic intake of only slightly 
increased amounts of aluminium seem to be con­
siderably more significant. They have been little 
studied in the put. In the pr:esent experiments the . 

. , .• 

~ In the earlier papers, due to the low sensitivitY-' 
the analytical methods used, it was stated th: 
aluminium was not absorbed and should be excrett 

-· 
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:auanl:itativ,ely in the faeces. More recent papers, 
lhn•111,.,,,.r_ have indicated that a small fraction of 
aluminh.un is absorbed by demonstrating it in all 
tissues, in blood, and in urine (Kehoe, Cholak, and 

·Storey, 194oa, 1940b; Heupke, 1950; Campb~, 
Cholak, and Kehoe, 1957; Perry et al., 196z; 

et al., 1963). We have shown that doubling 
au.Wlllllllwn intake caused a significant increase of 

Slumi1ni1.un output in the faeces but did not signi­
influence either its retention or its level in 

On the other hand, a considerable 
inorc:alle in intake by the rat resulted in a large 
increase in retention and in excretion in the urine. 

increased retention of aluminium was also 
.de1no.ns1:ra1:ed by analysis of several tissues. The most 

accumulation of aluminium was ob-
in the liver, testes, and bones, whereas in 

(kidneys, spleen, lungs, intestines, and 
•nwlclc:s) the aluminium levels were not significantly 

The finding of a very high concentration, 
times greater than in other soft tissues, of aluinin-

in the adrenals is interesting. Apparently 
can balance moderate increases in the intake 

aluminium by a higher output in the faeces; but 
extreme increase in the intake of aluminium 

-.:r·=•ll•s in increased absorption, part being deposited 
some tissues, mainly in the skeleton and the liver, 

part being excreted in the urine. · 
mechanisms of the toxic effects of aluminium 

have not yet been elucidated. Several authors 
and Sheib, 1917; Jones, 1938; Kirsner, 1943) 

that the primary effects are caused by the 
of aluminium with phosphates in the 

tul:ro--intesti.Dal system, with the formation of in­
phosphates of aluminium. The simplified 
may serve as an example: 

Na2HP04 + NaHJ><X + z Al03 ~ 
z AIP04 + 3 Naa + 3 Ha 

a consequence of such reactions the output of 
lho~sohtate in the faeces is increased, thus depriving 

of phosphorus. Our balance studies, 
out with both rats and mice, have fully con­
this hypothesis. The standard diet contained 

170 p.p.m. AI. Merely doubling this resulted 
a sharp decrease in the positive phosphorus 

I;Palal1ce in mice. Administration of high doses of 
f!lun:liniwn caused a considerable negative balance 

The results may have been dis­
by a lowered food intake. To render them 

convincing, pair feeding experiments would 
needed. However, an isotope study, in which 
incorporation was followed after a single dose of 

}llllllliiliUliil chloride and in which the nutritional 
at the time of the experiment was the same in 

experimental and in the control group, demon-

strated unequivocally that phosphorus absorption :,;., 
was reduced. . ·.·. ·. ' . 

Even when the effects on the · ·absoqinon' of 
phosphorus were eliminated, by intraperitoneal 
injection, it was found that feeding high doses of 
aluminium salts influenced the metabolism of phos­
phorus. Both chronic and acute-dosing· led to a ·. 

· decreased incorporation of "P into the phospholipid · · '­
fraction and into the ribonucleic . and · deoxyribc);. · : 
nucleic acids in several tissueS~ ~ - The · Controlling::.-• 
factor was not the supply of up to ilie tissue$; ai the :_:· 
specific actiVity of the ·acid-soluble phosphate frac- · .· 
tion was in no case significantly decreased. ·· AS the -. 
incorporation of phosphate into phospholipids and 
nucleic acids is determined by the activity of the 
phosphorylation mechanisms, the results obtained 
suggest the impairment of this activity by aluminium 
salts. An important component of the phosphoryla-· ' 
tion process is adenosine triphosphate; accordingly, ~ · 
we demonstrated a decrease in the adenoSine tri- .. -. 
phosphate levels in the · blood serum of rats, · and 
increases in adenosine mono-- and di-phosphates, in 
both chronic and acute intoxication. The signi:. 
ficant decrease in the ATP/ADP ratio suggests that 
the equilibrium of the system: 

A TP ~ ADP + inorganic P ~ AMP 
+ inorganic P 

is shifted to the right. We do not know the actutal 
mechanism operating. It may be connected with · 
the decrease in inorganic phosphate in the blood of . 
poisoned animals. Recently such a deereasc has 
been shown by Pragay (1962) in chicken intoxicated 
by aluminium hydroxide. Our results .on 11P incor­
poration were not influenced by a lowered food. 
intake since the rats-of all groups gained weight at 
very similar rates. · 

Our results therefore demonstrate that the 
metabolism of phosphorus compounds is profoundly 
disturbed by the intake of alumiitium ialts. Not · 
only is the absorption of phosphorUs affected, but 
so arc the phosphorylation mechanisms . in . the 
tissues. · · ·. ·· ·· · ... · 

• •.. . .· .o;'· ·· ·-. _ .... 
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