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Tissue Aluminum Accumulation and Toxic Consequences in Rats 
Chronically Fed Aluminum with and without Citrate 

Carolyn A. Ecelbarger,+ Gwendolyn G. MacNeil, and J. L. Greger* 

Department of Nutritional Sciences, University of Wisconsin, 1415 Linden Drive, 
Madison, Wisconsin 53706 

Tissue aluminum accumulation and the potential toxic sequelae in rats fed moderate amounts of 
aluminum ( ~ 4 0  pmol of AVg of diet) without citrate (Al diet) and with supplemental citrate (208 
pmol of citrate/g of diet) (Al-Cit diet) for 6-7 months were examined. Rats fed the Al diet 
accumulated more aluminum in tibias and kidneys and rats fed the Al-Cit diet accumulated more 
aluminum in tibias, sera, and muscles than rats fed the basal diet. Rats fed the Al-Cit diet had 
1.5-fold greater calculated body load of aluminum and excreted 1.5-fold more aluminum in urine 
after administration of desferrioxamine (DFO) than rats fed the Al diet. This suggests that DFO 
tests have some utility as indicators of body aluminum loads. Rats fed the Al-Cit diet exhibited 
increased renal stress and transitory increases in urinary excretion of hydroxyproline but no changes 
in bone calcium or tissue iron concentrations. 
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Although aluminum occurs naturally in most plant 
materials, the largest source of aluminum in the diets 
of most Americans is food additives (Greger, 1985,1993; 
Pennington and Jones, 1988). Accordingly, consumption 
of aluminum from food by Americans varies from 1 to 
> 100 mg daily (Greger, 1993). Ingestion of aluminum 
from pharmaceuticals, particularly antacids, is often 
1-5 g daily (Lione, 1983). 

The toxicological impact of orally administered alu- 
minum is more debatable than that of parenterally 
delivered aluminum. Aluminum absorption is very low 
(probably <0.04%) (Ganrot, 1986; Greger and Powers, 
1992). Many investigators examining the effects of oral 
exposure to aluminum have administered large gavage 
doses of aluminum (Doming0 et al., 1991; Froment et 
al., 1989; Quartley et al., 1993; Slanina et al., 1985, 
1986). A few have conducted short-term (<30 days) 
feeding studies (Brown and Schwartz, 1992; Ecelbarger 
and Greger, 1991; Greger and Donnaubauer, 1986; 
Greger and Powers, 1992). In practical situations, 
dietary exposure to  aluminum is chronic. 

Furthermore, the bioavailability of aluminum from 
diet, water, and pharmaceuticals is variable. Ingestion 
of supplemental calcium (Ecelbarger and Greger, 1991) 
or silicic acid (Quartley et al., 1993) has been found to  
reduce tissue retention of aluminum. Ingestion of 
citrate has been found to increase aluminum absorption 
and retention (Ecelbarger and Greger, 1991; Froment 
et al., 1989; Quartley et al., 1993; Slanina et al., 1985, 
1986). 

Previous work, especially with renal patients given 
parenteral doses of aluminum, has demonstrated that 
aluminum causes osteoblast dysfunction, decreases bone 
mineralization, and induces a microcytic anemia (Driieke 
et al., 1986; Ganrot, 1986; Hewitt et al., 1990). The 
purpose of this study was to  investigate the effects of 
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chronic exposure to dietary aluminum on tissue alumi- 
num accumulation and consequences in mature, healthy 
animals. 

A desferrioxamine test was used to assess body stores 
of aluminum (Milliner et al., 1984; Nebeker et al., 1986). 
It has been hypothesized that responses to DFO (i.e., 
changes in urinary aluminum concentrations after 
treatment with DFO) are proportional to the tissue 
aluminum stores. 

METHODS 
Two-month-old Sprague-Dawley rats (Harlan Sprague Daw- 

ley, Madison WI) were fed one of three diets (n = 161 
treatment): basal diet (by analysis 0.40 pmol of Avg of diet), 
Al diet [by analysis 40.2 pmol of Avg of diet added as 
aluminum hydroxide (EM Science, Gibbstown, NJ)], or Al-Cit 
diet [by analysis 38.4 pmol of Avg of diet and 208 pmol of 
citrate added as sodium citrate dihydrate (Mallinckrodt Spe- 
cialty Chemical Co., Paris KY)]. Eight rats were fed each diet 
for 178 days (block A); eight rats were fed each diet for 208 
days (block B). 

Rats were fed lactalbumin-based, semipurified diets using 
AIN-76 formulation (American Institute of Nutrition, 1977) 
of mineral and vitamin mixtures as described previously 
(Greger and Powers, 1992). The aluminum in the basal diet 
was there naturally, a contaminant of mineral salts primarily. 
The test concentration of aluminum was fed because previously 
we found that young rats fed more than 40 pmol of Avg of 
diet had depressed food intake and growth (Greger et al., 
1986). 

Rats were housed individually in stainless steel, wire-bottom 
cages in a room maintained at 23-24 “C with 12-h lighudark 
cycles. The facilities and protocol were approved by an 
institutional animal care and use committee. Deionized water 
was offered ad libitum. Feed intake by animals was not 
limited, but consumption was recorded daily. Rats were 
weighed weekly. 

Desferrioxamine (DFO) Test. One day prior to  sacrifice, 
half of the rats in all three treatments were injected intrap- 
eritoneally with 100 mgkg desfenioxamine (Sigma Chemical 
Co., St. Louis MO) in a saline solution (pH 4.5); the rest were 
injected with saline alone (pH 4.5) (Greger and Powers, 1992). 
As part of the DFO test, urine was collected for 8 h after DFO 
or saline administration while rats were housed in Nalgene 
metabolic cages (Nalge Co., Rochester NY) which were acid- 
washed just prior to the collection period to reduce contamina- 
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tion. Rats were not fed during the 8-h collection period to  pre- 
vent any feed contamination of the urine. Urine was acidified 
(0.05% HN03, Ultrex 11, Ultrapure reagent, J. T. Baker Co., 
Phillipsburg, NJ) and frozen until analysis. 

Rats were anesthetized with COn and killed by exsan- 
guination. Serum, as opposed to plasma, was collected to avoid 
potential contamination from anticoagulants. Tibias, kidneys, 
livers, and gastronemius muscles were excised, cleaned of 
adhering matter, rinsed with deionized water, weighed im- 
mediately, and frozen in polystyrene test tubes (Sarstedt Inc., 
Arlington Heights, IL). 

Chemical Analyses. Tissue and diet samples were di- 
gested overnight in acid-washed Teflon centrifuge tubes 
(Nalge) a t  70 "C in a heating block with 0.2-5.0 mL of nitric 
acid (Ultrex 11, Ultrapure reagent, J. T. Baker) and diluted. 
Diluted urine, tissue, and diet samples were analyzed for 
aluminum using an atomic absorption spectrophotometer with 
a graphite furnace atomizer (Hitachi Model 170-70 polarized 
Zeeman, Tokyo, Japan) by a standard addition technique 
(Ecelbarger and Greger, 1991). Spinach (SRM 1570) standards 
obtained from the National Institute of Standards and Tech- 
nology were also analyzed by the same methods and deter- 
mined to contain 805 f 52 pg of Al/g (n = 4) (certified value = 
870 f 50 pg of AVg). 

Diets and tissue samples were heated at  450 "C overnight 
in a muffle furnace, dissolved in concentrated nitric acid, 
diluted and analyzed for iron and calcium by atomic absorption 
spectrophotometry (Greger and Snedecker, 1980). Lanthanum 
chloride (0.5% w/v) was added for calcium analysis. 

Urine was collected for 2-day periods during the first week 
of the study when rats were 2 months of age and during the 
19th and 20th weeks of the study when rats were 6.5 months 
of age. Food and water consumption continued normally 
during these collection periods. Urine was preserved with 
toluene, frozen, and analyzed for hydroxyproline (Goverde and 
Veenkamp, 1972) and protein (Peterson, 1977). Quality 
control was maintained by analyzing a pooled urine sample 
with each batch of experimental samples. 

Statistical Analyses. All data collected before DFO ad- 
ministration (i.e., urine protein and hydroxyproline) were 
analyzed by two-way ANOVA (dietary treatment x time) (SAS 
Institute, 1985). Data collected after DFO administration were 
analyzed first by a three-way ANOVA (dietary treatment x 
DFO x block) The blocks (i.e., 178 vs 208 days of dietary 
treatment) did not significantly affect any measure of tissue 
aluminum accumulation, kidney function, or urinary excretion. 
DFO treatment only significantly affected serum aluminum 
concentrations and urinary aluminum and iron excretion. 
Thus, the statistical analysis was repeated with a two-way 
ANOVA (dietary treatment x DFO) to analyze serum alumi- 
num and urinary aluminum and iron concentrations and a one- 
way ANOVA (dietary treatment) to analyze all other variables. 
Tests for least significance (lsd) were used to differentiate 
among means for variables that were significantly ( p  < 0.05) 
affected by treatments. The correlations (r)  of urine and tissue 
aluminum concentrations to other variables were also deter- 
mined (SAS Institute, 1985). 

RESULTS 

Rats grew rapidly from 2 to 4 months of age and then 
grew gradually from 4 to 8 months. Average weights 
at 2,4,6, and 8 months were 184,443,476, and 513 g, 
respectively. The dietary treatments had no significant 
effects on growth of rats. Feed intakes of animals 
averaged 18.3 f 0.2 g/day throughout the study. 

Aluminum Utilization. Rats fed aluminum with or 
without citrate and injected with saline excreted more 
aluminum in urine than similarly injected rats fed the 
basal diet (Figure 1). Rats excreted significantly more 
aluminum in urine when injected with DFO rather than 
saline if they were fed the Al and Al-Cit diets but not if 
they were fed the basal diet. Urinary excretion of 
aluminum was correlated with serum aluminum con- 
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Figure 1. Urinary excretion of aluminum by rats fed semi- 
purified diets supplemented with aluminum and citrate. Rats 
were injected (ip) with desferrioxamine (DFO) or saline, and 
urine was collected for 8 h. Values are means f SEM (n = 8, 
except for Al-Cit with DFO injection, n = 7). Means without a 
common superscript letter differ significantly 0, < 0.05). 
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Figure 2. Serum aluminum concentrations of rats fed semi- 
purified diets supplemented with aluminum and citrate and 
injected (ip) 24 h previously with desferrioxamine (DFO) or 
saline. Values are means f SEM (n = 8, except for Al-Cit, n 
= 7). Means without a common superscript letter differ 
significantly (p < 0.05). 

centration (r = 0.699, p < 0.0005), tibia aluminum 
concentrations (r = 0.701, p < 0.0005), and kidney 
aluminum concentrations (r = 0.576, p < 0.005) in rats 
treated with DFO but only with tibia aluminum con- 
centrations (r = 0.561, p < 0.01) in rats treated with 
saline. 

Serum aluminum concentrations were greater among 
rats fed the Al-Cit diet than among rats fed the other 
two diets after the saline injection (Figure 2). The DFO 
injections appeared to sharpen differences among di- 
etary treatments. Twenty-four hours after the DFO 
injection, serum aluminum concentrations were signifi- 
cantly greater among rats fed the Al diet than among 
rats fed the basal diet and were significantly greater 
among rats fed the Al-Cit diet than among rats fed the 
basal or Al diet. 

The effect of the dietary treatments on tissue alumi- 
num concentrations varied with the tissue. Rats fed 
supplemental aluminum with or without citrate had 
higher concentrations of aluminum in bone than rats fed 
the basal diet (Figure 3). Rats fed the Al-Cit diet 
accumulated even more aluminum in bone than rats fed 
the Al diet. 

The rats fed aluminum without citrate accumulated 
more aluminum in their kidneys than rats fed the basal 
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Table 1. Urinary Excretion of Protein and Hydroxyproline of Rats Fed Semipurified Diets Supplemented with 
Aluminum and Citrate 

basal diet Al diet Al-Cit diet 

2 months of age 11.5 f 0.5d 9.5 f 0.7d 21.4 f O.gb 
6.5 months of age 19.8 f 1.5& 17.4 f l.lh 31.9 f 1.3a 

urine volumea (muday) 

urine proteina (mg/day) 
2 months of age 38 f 2c 39 f 3" 44 f 2" 
6.5 months of age 128 f lEib 147 f Eb 206 f 23a 

2 months of age 4.77 f 0.17b 4.73 f 0.18b 6.11 f 0.27a 
6.5 months of age 2.32 f 0.10" 2.11 f 0.06" 2.28 f 0.21" 

urine hydroxyprolinea (umoVday) 

a Means f SEM (n = 16). Means for a variable without a common superscript letter differ significantly (p < 0.05). 

Table 2. Tissue Iron Concentrations and Hematocrits of Rats Fed Semipurified Diets Supplemented with Aluminum 
and Citrate 

basal diet Al diet Al-Cit diet 
serum Fea (umol/L) 124 f 14 132 f 14 
liver Fea (nmoVg of wet wt) 
kidney Fea @moVg of wet wt) 
ulna Feu (umoVg of wet wt) 
hematocrit" (%) 51.6 f 0.9 51.4 f 0.4 
urinary Feb (nmol of Feh) 

2.95 f 0.18 
2.53 f 0.11 
0.47 f 0.02 

2.90 f 0.16 
2.69 f 0.15 
0.44 f 0.01 

DFO injection 52.5 f 2.2b 53.2 f 2.1ab 
saline injection 12.2 f 2.4c 11.8 f 1.gC 

injections, n = 7). Means for a variable without a common superscript letter differ significantly. 
Means f SEM (n = 16, except for Al-Cit, n = 15). No significant differences. Means f SEM (n = 8, 
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Figure 3. Tissue aluminum concentrations of rats fed semi- 
purified diets supplemented with aluminum and citrate. Data 
from rats treated with saline and DFO are combined. Values 
are means f SEM (n = 16, except for AI-Cit, n = 15). Means 
without a common superscript letter differ significantly ( p  < 
0.05). 

diet. The rats fed aluminum with citrate accumulated 
more aluminum in muscle than rats fed the basal or Al 
diet. DFO had no significant effects on tissue aluminum 
concentrations, so only average concentrations (i.e., 
saline and DFO treatments combined) are reported in 
Figure 3. Among the aluminum concentrations for the 
various tissues (tibia, kidney, liver, muscle), only tibia 
and muscle aluminum concentrations were correlated 
(r = 0.457, p 5 0.01). 

Rats in block A fed the basal, Al, and Al-Cit diets 
consumed 0.03, 3.35, and 3.43 g of aluminum, respec- 
tively, in 178 days and rats in block B consumed 0.04, 
4.10, and 4.10 g of aluminum, respectively, in 208 days. 
Neither tissue nor urinary aluminum concentrations 
with and without DFO treatments differed between the 
two blocks. This indicates that the extra 30 days of 
exposure to oral aluminum had no measurable effects 
on the amount of aluminum accumulated in tissues. 

Kidney Function. The ingestion of the Al-Cit diet 
had negative effects on the kidney function of the rats 
as judged by urinary volume and urinary protein 
excretion (Table 1). Urinary volume was affected by the 

Al-Cit diet very rapidly. Rats fed the Al-Cit diet 
excreted more urine than rats fed the basal and Al diets 
a t  2 months of age as well as a t  6.5 months of age. At 
2 months of age, rats, after being fed the three diets for 
less than a week, excreted similar amounts of protein 
in urine. At 6.5 months of age, the rats fed Al-Cit diet 
excreted more protein in urine than rats fed the basal 
or Al diet. However, at 8 months of age, blood urea 
nitrogen concentrations of rats fed the basal, Al, and 
Al-Cit diets did not differ (10.7 f 0.3, 10.7 f 0.5, and 
11.5 f 0.4 mmoVL, respectively). 

Bone Metabolism. The excretion of hydroxyproline 
in urine decreased as rats matured from 2 to 6 months 
of age (Table 1). At 2 months of age, rats fed the Al-Cit 
diet excreted significantly more hydroxyproline than 
rats fed the basal and Al diets, but the treatments did 
not significantly affect hydroxyproline excretion at  6.5 
months. 

At 8 months of age, the dietary treatments had no 
effect on the size of ulnas or tibias or the calcium 
concentration in ulnas. Rats fed the basal, Al, and Al- 
Cit diets had 4.81 f 0.11,4.95 f 0.07, and 4.82 f 0.08 
mmol of Cdg of bone, respectively. Indices of bone 
metabolism (i.e., calcium concentrations, hydroxyproline 
excretion) were not correlated to aluminum intake or 
any measure of aluminum accumulation. 

Iron Utilization. When the rats were injected with 
DFO, they excreted 4-fold more iron in urine than when 
injected with saline (Table 2). The dietary treatments 
had no effect on urinary iron excretion after saline 
injections. However, when rats were injected with DFO, 
those fed the Al-Cit diet excreted more iron than those 
fed the basal diet. Ingestion of neither aluminum nor 
aluminum with citrate had any effect on the rats' serum, 
liver, kidney, or ulna iron concentrations or hematocrits. 
Urinary iron excretion was correlated to several indices 
of aluminum accumulation, i.e., urinary aluminum 
excretion (r = 0.482, p < 0.05), tibia aluminum concen- 
trations (r = 0.597, p < 0.005), and serum aluminum 
concentration (r = 0.419, p < 0.05) in rats treated with 
DFO but not in rats treated with saline. 
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(Greger and Powers, 1992). Hewitt et al. (1990) sug- 
gested that bone aluminum concentrations of greater 
than 200 pg of AVg (7 pmol of AVg) are associated with 
osteomalacia in dialysis patients. Although these rats 
experienced renal stress, their kidney function was still 
adequate, as judged by BUN concentrations. Thus, 
renal synthesis of 1,25-dihydroxy-vitamin D was prob- 
ably adequate to  maintain bone mineralization. 

Anemia is a symptom of aluminum toxicity among 
renal patients (Driieke et al., 1986; Hewitt et al., 1990). 
However, rats in this study fed aluminum for 6-7 
months were not anemic and did not have reduced 
tissue iron stores. This may be because the rats were 
past their period of most rapid growth and were fed 
~ 0 . 8 5  pmol of Fe/g of diet, i.e., the amount suggested 
by the American Institute of Nutrition (1977). Previ- 
ously, Greger and Powers (1992) noted that weanling 
rats fed similar amounts of aluminum and iron had 
reduced hematocrits but no reductions in tissue iron 
concentrations. 

In summary, we predicted on the basis of DFO tests 
that rats fed aluminum with citrate accumulated 1.5- 
fold greater body loads of aluminum than rats fed 
similar amounts of aluminum without citrate. The 
calculated body loads of aluminum based on tissue 
aluminum analyses were fairly consistent with the DFO 
estimates. Rats fed moderate aluminum (40 pmol of 
AVg of diet) with citrate for 6-7 months exhibited few 
side effects except for increased renal stress. 

DISCUSSION 

A man consuming 100 mg of aluminum daily in food 
(0.5 kg of dry weighuday) would ingest about 7.4 pmol 
of AVg of dry diet; a man ingesting 1000 mg of 
aluminum in antacids daily would ingest about 74 pmol 
of AVg of dry diet. Thus, the amount of aluminum (40 
pmol of AVg of dry diet) fed rats in this study was 
severalfold higher than typical human intakes of alu- 
minum in food but consistent with moderate intakes of 
antacids (Greger, 1993; Lione, 1983). 

Body Aluminum Loads and the DFO Test. We 
calculated the average body aluminum loads of rats 
using the analyzed aluminum concentrations in tibias, 
muscles, livers, and kidneys and the estimates of 
Pierson et al. (1978) that bone and muscle constituted 
5% and 41%, respectively, of a healthy adult rat. On 
this basis we estimated that rats fed the basal, Al, and 
Al-Cit diets accumulated body loads of 3.95, 4.35, and 
6.53 pmol of aluminum, respectively. Thus, rats fed the 
Al and Al-Cit diets appeared to accumulate 1.1- and 1.7- 
fold as much aluminum, respectively, as rats fed the 
basal diet. 

Three-fourths of the calculated body aluminum loads 
of rats in this study was in muscle regardless of the 
treatment. Bone accounted for about one-fifth of the 
body aluminum load. 

Urinary excretion of aluminum after DFO injection 
by rats fed the Al-Cit diet was 1.5-fold greater than of 
rats fed the Al diet (2.5 vs 1.7 nmol of Al/h); similarly 
estimated body aluminum loads among rats fed the Al- 
Cit diet were 1.5-fold greater than among rats fed the Al 
diet (6.53 vs 4.35 pmol of Al). "his suggests that urinary 
excretion of aluminum after an injection of DFO can be 
used to compare relative body aluminum loads among 
treatments. This is consistent with the hypotheses of 
Milliner et al. (1984) and Nebeker et al. (1986) that DFO 
tests could be used to estimate tissue aluminum stores. 

Toxic Sequelae to Oral Aluminum Administra- 
tion. Many investigators have demonstrated that 
patients and animals with renal impairment accumu- 
late aluminum more rapidly than those with normal 
renal function (Ecelbarger and Greger, 1991; Ganrot, 
1986; Hewitt et al., 1990; Ittel et al., 1987). Less has 
been published on the effects of aluminum accumulation 
on kidney function. Previously, Ecelbarger and Greger 
(1991) and Braunlich et al. (1986) have observed de- 
creased kidney function in rats injected with aluminum. 
However, in short-term ( ~ 3 0  days) studies Ecelbarger 
and Greger (1991) noted that ingestion of aluminum did 
not affect kidney function. 

The current study suggests that long-term (6 or 7 
months) exposure to  oral aluminum and citrate does 
lead to renal stress, i.e., larger urine volume and urinary 
protein excretion. However, renal stress was not cor- 
related to kidney aluminum concentrations. The rats 
fed the Al diet had significantly elevated concentrations 
of aluminum in their kidneys and the rats fed the Al- 
Cit diet did not, but the latter group exhibited renal 
stress. 

In this study, except for a transient increase in 
hydroxyproline excretion by rats fed the Al-Cit diet, no 
changes in bone metabolism were noted among rats fed 
the Al or Al-Cit diet. These animals were probably less 
prone to alterations in bone metabolism than dialysis 
patients for several reasons. Although bone aluminum 
concentrations were elevated in our rats fed aluminum, 
the aluminum concentrations were much lower than 
those observed in animals injected with aluminum 

ACKNOWLEDGMENT 

This research was supported by College of Agricul- 
tural and Life Sciences Project 2623, by NIH Project DK 
41116, and by the Food Research Institute. 

LITERATURE CITED 

American Institute of Nutrition. Report of the ad hoc commit- 
tee on standards for nutritional studies. J. Nutr. 1977,107, 
1340-1348. 

Braunlich, H.; Fleck, C.; Kersten, L.; Stein, G.; Laske, V.; 
Muller, A.; Keil, E. Renal effects of aluminum in uraemic 
rats and in rats with intact kidney function. J.  Appl. Toxicol. 
1986, 6,  55-59. 

Brown, T. S.; Schwartz, R. Aluminum accumulation in serum 
liver and spleen of Fe-depleted and Fe-adequate rats. Biol. 
Trace Elem. Res. 1992,34, 1-10. 

Domingo, J. L.; Gomez, M.; Llobet, J. M.; Corbella, J. Influence 
of some dietary constituents on aluminum absorption and 
retention in rats. Kidney Znt. 1991,39, 598-601. 

Driieke, T. B.; Lacour, B.; Touam, M.; Jucquel, J. P.; Plachot, 
J. J.; Cournot-Witmer, G.; Galle, P. Effect of aluminum on 
hematopoiesis. Kidney Znt. 1986,29, 545-548. 

Ecelbarger, C. A.; Greger, J. L. Dietary citrate and kidney 
function affect aluminum, zinc and iron utilization in rats. 
J .  Nutr. 1991, 121, 1755-1762. 

Froment, D. P.; Buddington, B.; Miller, N. L.; Alfrey, A. C. 
Effect of solubility on the gastrointestinal absorption of 
aluminum from various aluminum compounds in the rat. 
J .  Lab. Clin. Med. 1989, 114, 237-242. 

Ganrot, P. 0. Metabolism and possible health effects of 
aluminum. Environ. Health Perspect. 1986, 65, 363-441. 

Goverde, B. C.; Veenkamp, F. J. N. Routine assay of total 
urinary hydroxyproline based on resin-catalyzed hydrolysis. 
Clin. Chim. Acta 1972, 41, 29-40. 

Greger, J. L. Aluminum content of the American diet. Food 
Technol. 1986, 9, 73, 74, 76, 78-80. 

Greger, J. L. Aluminum metabolism. Annu. Rev. Nutr. 1993, 
13, 43-63. 



2224 J. Agric. Food Chem., Vol. 42, No. IO, 1994 

Greger, J. L.; Powers, C. F. Assessment of exposure to 
parenteral and oral aluminum with and without citrate 
using a desferrioxamine test in rats. Toxicology 1992, 76, 
119- 132. 

Greger, J .  L.; Snedeker, S. M. Effect of dietary protein and 
phosphorus levels on the utilization of zinc, copper, and 
manganese by adult males. J .  Nutr. 1980,110,2243-2253. 

Greger, J .  L.; Gum, E. T.; Bula, E. N. Mineral metabolism of 
rats fed various levels of aluminum hydroxide. Biol. Trace 
Elem. Res. 1986, 9, 67-71. 

Hewitt, C. D.; Savory, J.; Wills, M. R. Aspects of aluminum 
toxicity. Clin. Toxicol. 1990, 10, 403-422. 

Ittel, T. H.; Buddington, B.; Miller, N. L.; Alfrey, A. C. 
Enhanced gastrointestinal absorption of aluminum in ure- 
mic rats. Kidney Int. 1987, 32, 821-826. 

Lione, S. E. The prophylactic reduction of aluminum intake. 
Food Chem. Toxicol. 1983,21, 103-109. 

Milliner, D. S.; Nebeker, H. G.; Oh, S. M.; Andress, D. L.; 
Sherrard, D. J.; Alfrey, A. C.; Slatopolsky, E. A.; Coburn, J. 
W. Use of desferrioxamine infusion test in the diagnosis of 
aluminum-related osteodystrophy. Ann. Znt. Med. 1984,101, 
775-780. 

Nebeker, H. G.; Andress, D. L.; Milliner, D. S.; Ott, S. M.; 
Alfrey, A. C.; Slatopolsky, E. A.; Sherrard, D. J.; Coburn, J. 
W. Indirect methods for the diagnosis of aluminum bone 
disease: plasma aluminum, the desferrioxamine infusion 
test, and serum iPTH. Kidney Int. 1986,29, S96-S99. 

Ecelbarger et al. 

Pennington, J .  A. T.; Jones, J. W. Dietary intake of aluminum. 
In Aluminum and Health: A Critical Review; Gitelman, H. 
J., Ed.); Dekker: New York, 1988; pp 67-100. 

Peterson, G. L. Simplification of protein assay method of Lowry 
et al., -which is more generally applicable. Anal. Biochem. 
1977,83,346-356. 

Pierson, R. N.; Price, D. C.; Wang, J.; Jain, R. K. Extracellular 
water measurements: organ tracer kinetics of bromide and 
sucrose in rats and man. Am. J .  Physiol. 1978,235, F254- 
F264. 

Quartley, B.; Esselmont, A.; Taylor, A.; Dobrota, M. Effect of 
oral aluminum citrate on short-term tissue distribution of 
aluminum. Food Chem. Toxicol. 1993,31, 543-548. 

SAS Institute Inc. SAS ISTAT Guide for Personal Computers, 
6th ed.; SAS Institute: Cary, NC, 1985, pp 183-260. 

Slanina, P.; Frech, W.; Bernhardson, A,; Cedergren, A.; Matts- 
son, P. Influence of dietary factors on aluminum absorption 
and retention in the brain and bone of rats. Acta Pharmacol. 
Toxicol. 1985, 56, 331-336. 

Slanina, P.; Frech, W.; Ekstrom, L. G.; Loof, L.; Slorach, S.; 
Cedergren, A. Dietary citrate enhances absorption of alu- 
minum in antacids. Clin. Chem. 1986, 32, 539-541. 

Received for review February 22, 1994. Revised manuscript 
received June 13, 1994. Accepted July 11, 1994.@ 

@ Abstract published in Advance ACS Abstracts, Sep- 
tember 1, 1994. 


