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Summary 

Micromolar concentrations of aluminum sulfate consistently stimulated ['H]thymidine incorporation into 
DNA and increased cellular alkaline phosphatase activity (an osteoblastic differentiation marker) in oste
oblast-line cells of chicken and human. The stimulations were highly reproducible, and were biphasic and 
dose-dependent with the maximal stimulatory dose varied from experiment to experiment. The mitogenic 
doses of aluminum ion also stimulated collagen synthesis in cultured human osteosarcoma TE-85 cells, • 
suggesting that aluminum ion might stimulate bone formation in vitro. The effects of mitogenic doses of 
aluminum ion on basal osteocalcin secretion by normal human osteoblasts could not be determined since 
there was little, if any, basal secretion of osteocalcin by these cells. 1,25 Dihydroxyvitamin D3 significantly 
stimulated the secretion of osteocalcin and the specific activity of cellular alkaline phosphatase in the human 
osteoblasts. Although mitogenic concentrations of aluminum ion potentiated the 1,25 dihydroxyvitamin 
D3-dependent stimulation of osteocalcin secretion, they significantly inhibited the hormone-mediated acti
vation of cellular alkaline phosphatase activity. Mitogenic concentrations of aluminum ion did not stimulate 
cAMP production in human osteosarcoma TESS cells, indicating that the mechanism of aluminum ion does 
not involve cAMP. The mitogenic activity of aluminum ion is different from that of fluoride because (a) 
unlike fluoride, its mitogenic activity was unaffected by culture medium changes; (b) nnlike fluoride, its 
mi to genie activity was nonspecific for bone cells; and ( c) aluminum ion interacted with fluoride on the 
stimulation of the proliferation of osteoblastic-line cells, and did not share the same rate-limiting step(s) as 
that of fluoride. PTH interacted with and potentiated the bone cell mitogenic activity of aluminum ion, and 
thereby is consistent with the possibility that the in vivo osteogenic actions of aluminum ion might depend on 
PTH. In summary, low concentrations of aluminum ion could act directly on osteoblasts to stimulate their 
proliferation and differentiation by a mechanism that is different from fluoride. 

Introduction 

Aluminum toxicity to bone and bone cells has been 
widely reported. It has been suggested that alumi
num may be the etiologic agent in the pathogenesis 
of osteomalacia in patients with chronic renal fail
ure [1--4]. Histological studies have shown that alu-

minum-induced osteomalacia is accompanied with 
impaired mineralization and, in some cases, with 
decreased matrix formation [5, 6). It has also been 
suggested that aluminum may act to affect the pro
liferation and/or activity of osteoblasts, since oste
oblasts are responsible for bone matrix synthesis 
[7]. However, recent studies have shown that alu-
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minum administration to normal adult dogs in
duced de novo bone formation (8-10], and that the 
osteogenic action of aluminum appeared to be de
pendent on parathyroid hormone (PTH) (11]. 
Therefore, these findings raise an interesting possi
bility that aluminum ion might have a stimulatory 
effect on osteoblasts, and thereby stimulates bone 
formation. 

Because it has previously been reported that low 
concentrations (i.e., µM) of aluminum ion stim
ulate the proliferation of mouse lens epithelial cells 
and Swiss 3T3K skin fibroblasts (12, 13), we pro
pose that although high concentrations of alumi
num might have toxic effects on the bone mineral
ization process, low concentrations of this ion 
could act directly on osteoblasts to stimulate their 
proliferation and differentiation. In this study, we 
sought to determine· whether aluminum ion act on 
cultured osteoblasts to stimulate proliferation and 
differentiation of these cells. Because aluminum 
ion is known to form tight complexes with fluoride, 
and because fluoride is a bone cell mitogen, we 
determined whether aluminum ion would interact 
with fluoride to stimulate bone cell proliferation. 
In addition, since the in vivo osteogenic effects of 
aluminum in dogs appeared to be dependent on the 
presence of PTH, we examined whether aluminum 
ion interacts with PTH to influence bone cell prolif
eration in vitro. To determine the effects of the 
mitogenic concentrations of aluminum on the oste
oblastic functions, we have also examined the ef
fects of aluminum ion on osteocalcin secretion by 
osteoblasts and on bone collagen ·synthesis by cul
tured human osteoblast-line cells. 

Experimental procedures 

Materials 
Tissue culture supplies were from Falcon (Oxnard, 
CA), Dulbecco's modified Eagle's medium 
(DMEM), collagenase, penicillin, and streptomy
cin from GIBCO Laboratories (Grand Island, 
NY). ['H]Thymidine (48Ci/mmol) was obtained 
from Research Products International (Mount 
Prospect, IL). ['H]Proline (52 Ci/mmol) was prod
uct of New England Nuclear (Wilmington, DE). 

The radioimmunoassay kit for cAMP was pur
chased from Incstar, Inc. (St. Paul, MN). p-Nitro
phenyl phosphate (PNPP), Folin-Ciocalteu's Phe
nol reagent, and bovine serum albumin were prod
ucts of Sigma Chemical Company (St. Louis, MO). 
Aluminum sulfate, aluminum nitrate, aluminum 
chloride, and sodium sulfate were purchased from 
Fisher Chemical Co. (Los Angles, CA). The hu
man osteosarcoma TE-85 cells were obtained from 
Dr. J. Fogh of the Slone Kettering Institute (New 
York, NY), and were maintained in our laborato
ry. Normal human bone cells were provided by Dr. 
J. Wergedal of Loma Linda University. 1,25 Di
hydroxyvitamin D3 was kindly provided by Dr. Mi
lan R. Uskokovic of Hoffmann-LaRoche, Inc. 
(Nutley, NJ). All other chemicals were of reagent 
grade and were obtained through Sigma Chemical 
Co. 

Cell cultures 
Embryonic chicken calvarial cells were prepared 
by sequential crude collagenase digestions in se
rum-free Dulbecco's modified Eagle's medium 
(DMEM) at 37' C as previously described [14]. The 

• resulting cultures were enriched in osteoblasts and 
osteoblast precursors (14]. Isolated cells were plat
ed at 7,000 cells per well (in 1ml medium) in 24-
well plates in serum-free DMEM for 24 hr. Normal 
human bone cells, which were prepared according 
to Wergedal and Baylink (15], were plated at 
10,000 cells (in 1 ml) per well in 24-well plate in 
DMEM containing 10% bovine calf serum for 
24 hr. These human bone cells were shown to be of 
osteoblastic nature (16]. Human osteosarcoma 
TE-85 cells ( a cell line showing osteoblastic charac
teristics (17]) were routinely maintained by weekly 
passaging in DMEM containing 10% bovine calf 
serum. The TE-85 cells were plated at either 5,000 
cells per well (for DNA synthesis studies) or20,000 
cells per well (for alkaline phosphatase studies) in 
24-well plates in serum-free DMEM for 24 hr. Af
ter plating, each bone cell culture was changed to 
serum-free DMEM and effectors were added half 

• an hour later, either for 20--24 hr (for (3H]thymi
dine incorporation assay) or 48 hr (for alkaline 
phosphatase specific activity measurements). Alu
minum was added in DMEM supplemented with 
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Fig. 1. Stimulation of [3H]thymidine incorporation and cellular alkaline phosphatase activity in cultured embryonic chicken calvarial 
ceJls by aluminum sulfate. The data are shown as percentage of the corresponding no addition controls. The closed circles show the 
[3H]thymidine incorporation; while the closed squares represent the cellular alkaline phosphatase activity. The dashed line indicates 
100% of the corresponding control value, which was 143 cpm incorporated per well for the [3H]thymidine incorporation experiment, 
and 0.178rnU/µg DNA for the cellular alkaline phosphatase experiment. 

0.1 % bovine serum albumin as carrier. Bovine se
rum albumin by itself had no significant effect on 
[
3H]thymidine incorporation nor on cellular alka

line phosphatase activity ( data not shown). 
Cells from embryonic chicken intestine, liver, 

muscle, and heart were also prepared ( according to 
the method for embryonic chicken calvarial cells 
[14]) for determination of cell specificity for mito
genic activity of aluminum ion. 

Cell DNA synthesis assay 
Bone cell mitogenic activity was assayed by° the 
stimulation of incorporation of [3H]thymidine into 
cell DNA. The assay was adapted from the method 
of Gospodarowicz et al. [18] and has previously 
been described [14, 19, 20]. To confirm the assay as 
a measurement of cell proliferation, .the number of 
cells in duplicate wells of TE-85 cells were counted 
after an incubation with or without aluminum ion 
for 48hr in two separated experiments. 

Cellular alkaline phosphatase activity assay 
Cellular alkaline phosphatase activity was deter
mined with 10 mM PNPP in 0.15 M sodium carbon
ate buffer (pH 10.3) in the presence of 1 mM MgCl2 

[21]. One unit of enzyme activity was the amount of 
enzyme that is required to hydrolyze 1 µ, mo! PNPP 
per min at room temperature (25°C). The cellular 
enzyme activity was normalized against DNA con
tent measured by a fluorescent method [22], or 
against cellular protein determined according to 
Lowry et al. [23]. 

Collagen synthesis assay 
The ability of aluminum ion to stimulate bone for
mation was assessed by the stimulation of collagen 
synthesis in monolayer cultures of human osteosar
coma TE-85 cells. The procedure has previously 
been described [24]. 

cAMPassay 
Cellular cAMP production in confluent cultures of 
TE-85 cells was determined as previously described 
[20]. The amount of cellular cAMP was normalized 
against cellular protein. 

Osteocalcin production assay 
Normal human bone cells were plated at 15,000 
cells per well in 1 ml of serum-free DMEM in 24-
well plate. The cell medium was replaced with 1 ml 
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Fig. 2. Stimulation of [3H]thymidine incorporation and cell alka
line phosphatase activity in monolayer cultures of human osteo
sarcoma TE-85 cells (upper panel) and in normal human oste
oblasts (bottom panel) by aluminum sulfate. The data were 
presented as precentage of the corresponding controls. Closed 
squares represent {3H]thymidine incorporation and open circles 
indicate the cellular alkaline phosphatase specific activity. The 
dashed lines indicate 100% of the corresponding control value. 
In the top panel, 100% of [3HJthymidine incorporation was 
3878cpm per well; and that of cellular alkaline phosphatase 
specific activity was 0.16mU/µg DNA. In the bottom panel, the 
100% of control represents 599cpm per well. 

per well fresh DMEM supplemented with 10-8M 
vitamin K 24hr later. Various concentrations of 
aluminum sulfate were then added in the presence 
or absence of 10-sM 1,25 dihydroxyvitamin D3• 

Cells were allowed to incubate for 72 hr at 37° C 
under an atmosphere of 5% CO2 in air. Condi
tioned medium was collected and frozen until as
say. Osteocalcin concentration in the conditioned 
medium was assayed with an RIA specific for the 
mid-molecule of human osteocalcin [26], Cells 
were then extracted with 0.1% Triton X-100, and 
cell extract alkaline phosphatase activity and pro
tein were assayed as described above. 

Statistical methods 
The statistical significance of the differences was 
determined with two-tailed Student's t-test and 

analysis of variance using a MICROSTATcomput
er program. The differences were significant when 
p was < 0.05. The results in this report were pre
sented as mean± S.D. of six replicates. 

Results 

Effects of aluminum ion on bone cell DNA synthesis 
and alkaline phosphatase activity 

Micromolar concentrations of aluminum sulfate 
significantly stimulated the [3H]thymidine incorpo
ration into DNA of the chicken calvarial cells in a 
biphasic, dose-dependent manner (Fig. 1). The 
maximal stimulation was seen between 10--25 µ,M 
of aluminum sulfate. Aluminum sulfate also signif
icantly increased the specific activity of cellular 
alkaline phosphatase in the monolayer chicken cal
varial cells (Fig. 1). The stimulation was also bi
phasic with the maximal stimulation seen at doses 
between 15 and 50 µ,M of aluminum sulfate (Fig. 
1). Other forms of aluminum salt, i.e., aluminum 
nitrate and aluminum chloride, also stimulated cell 
DNA synthesis and cellular alkaline phosphatase 
specific activity in chicken calvarial cells, whereas 
sodium sulfate at the same concentrations was in
effective (data not shown). Thus, the mitogenic 
activities were attributed to the aluminum ion and 
not to its conjugated salt. 

The mitogenic effects of aluminum ion were not 
unique to chicken bone cells, since aluminum 
caused a similar dose dependent stimulation of 
['H]thymidine incorporation and cellular alkaline 
phosphatase activity in a human osteosarcoma 
TE-85 cell line (Fig. 2, top panel), and in normal 
human osteoblasts (Fig. 2, bottom panel). In addi
tion, µ,M concentrations of aluminum ion were also 
mitogenic to chicken intestinal cells, but not to 
chicken liver, heart, or muscle cells (Fig. 3). Thus, 
our results suggest that the mitogenic actions of 
aluminum are not specific to chicken bone cells. 

It should be noted that the increases in ['H]thy
midine incorporation appeared to reflect the stim
ulation of cell proliferation since the increases in 
['H]thymidine incorporation after 24 hr incubation 
with aluminum sulfate corresponded to the increas-
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Fig. 3. Cell specificity of the mitogenic activity of aluminum sulfate. Embryonic chicken intestinal, liver, heart and muscle cells were 
prepared from 16-days-old embryos. The mitogenic activity of aluminum sulfate was measured by the stimulation of [3H]thymidine 
incorporation into cell DNA and is shown as percentage of the corresponding no addition controls. The dashed lines are the 
correponding 100% controls, which represented 1346cpm per well for the intestinal cells, 1455cpm per well for the liver cells, 792cpm 
per well for heart cells, and 613 cpm per well for the muscle cells. As positive control, 1% bovine calf serum was added to each cell 
monolayer cell cultrues, and each gave significant stimulations of [3H]thymidine incorporation ranging from 406% of control for 
intestinal cells to 200% of the control for liver cells. 

es in the number of TE-85 cells after an 48-hr 
incubation (Fig. 4). 

Stimulation of collagen synthesis in mono/ayer 
human osteosarcoma TE-85 cells by the mitogenic 
concentrations of aluminum 

The effect of the mitogenic concentrations of alu
minum on the stimulation of bone formation in 
vitro was assessed by the ability of the cation to 
stimulate incorporation of ['H]proline into collage
nase digestable proteins. Table 1 shows that alumi
num ion significantly stimulated the incorporation 
of ['H]proline into collagenase-digestable and total 
proteins, suggesting that aluminum ion stimulated 
both the de nova synthesis of total and collagen 
proteins. That the mitogenic concentrations of alu
minum (i.e., 10-25 µ,M) significantly increased the 
relative proportion of collagen indicated that the 
observed stimulation in collagen synthesis was not 
a result of a nonspecific overall stimulation of pro-

tein synthesis. As positive controls, the mitogenic 
doses of fluoride (i.e., 100 µ,M) and insulin 
(0.1 µ,M) [26] were both shown to stimulate colla
gen synthesis in these cells. 

Effects of mitogenic doses of aluminum on 
osteocalcin production 

The actions of mitogenic concentrations of alumi
num sulfate on the secretion of osteocalcin by nor
mal human osteoblasts were examined. The human 
osteoblasts under basal conditions secreted little, if 
any, osteocalcin into their conditioned medium 
(i.e., undetectable by our assay), and mitogenic 
concentrations of aluminum did not stimulate its 
secretion, or the effect was masked by the insensi
tivity of the assay (Fig. 5, top panel). However, µ,M 
aluminum ion significantly increased cellular alka
line phosphatase specific activity in the same cells 
(Fig. 5, bottom panel). High concentrations of alu
minum appeared to be toxic to these cells, since 
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200 µ,M aluminum sulfate reduced the specific ac
tivity of alkaline phosphatase to the undetectable 
level, and since the cells also looked very un
healthy. 

Because it has been suggested that 1,25 dihy
droxyvitamin D3 is required for the activation of 
osteocalcin synthesis by osteoblasts [27], the effect 
of aluminum ion on the 1,25 dihydroxyvitamin D,
stimulated osteocalcin release by these cells was 
also evaluated. 1,25 dihydroxyvitamin D3 (10-8M) 
stimulated osteocalcin secretion, and mitogenic 
doses of aluminum ion significantly potentiated the 
release of osteocalcin by human osteoblasts. How
ever, it is not clear as to why there were two appar
ent 'peaks' of stimulation. Nonetheless, the stim
ulation by aluminum was confirmed in two sep
arate experiments. In contrast, aluminum ion in
hibited the 1,25 dihydroxyvitamin D3-dependent 
stimulation of alkaline phosphatase specific activ
ity in a d~se-dependent manner. This finding in
dicates that the effects of aluminum on these two 
1,25 dihydroxyvitamin D3-dependent events were 
different; and raises the possibility that they might 
act through different mechanisms. 

Effect of medium change on the mitogenic activity of 
aluminum ion 

Aluminum is known to form tight complexes with 
fluoride (28], which was shown to be a bone cell 
mitogen [29, 30]. Because no attempt to remove 
contaminating fluoride from reagents aud glass
ware was made in this study, one might argue that 
the observed mitogenic actions of aluminum could 
be due to fluoride. To rule out this possibility, the 
mitogenic activity of aluminum was compared to 
that of fluoride. We previously showed that the 
osteogenic actions of fluoride were abolished by 
medium changes, and that the mitogenic activity of 
fluoride depended on the coexistence of growth 
factors in conditioned medium [26, 31, 32]. In this 
regard, we found that removal of endogenous 
growth factors by medium change immediately be
fore the addition of aluminum, unlike fluoride, did 
not abolish the stimulatory effects of aluminum ion 
on the ['H]thymidine incorporation into cell DNA 
(Fig. 6, top panel) or on cellular alkaline phospha
tase activity (Fig. 6, bottom panel). Analyses of 
variances indicate that the stimulations of both 
['H]thymidine incorporation and of cellular alka
line phosphatase activity were significantly higher 
in the group without medium change than that with 
medium change (p < 0.00001 for ['H]thymidine 
incorporation; and p < 0.0027 for cell alkaline 

Table 1. Aluminum ion stimulates collagen synthesis in human osteosarcoma TE-85 cells in vitro. TE-85 cells were plated at 50,000 per 
well of 24-well plates in 1ml of DMEM containing 10% bovine calf serum for 24hr. Cells were then changed to 0.5ml serum-free 
DMEM containing 50 µglml ascorbate. The cells were then incubated for 48 hr. After the incubation, a solution of2 µ, Ci {3H]proline (52 
Ci/mmol) and 25 µglml .fl-aminoproprionitrile were added and the cells were further incubated for 4 hr. The amount of collagen and total 
protein synthesis were determined as previously described [25J. The results are reported in mean ± S.D., n = 6. Statistical significance 
was determined by com~aring the effector-treated cells to the 'no addition control' cells using a two-tailed Student's t-test. 

Effector 

Control 
10 µ,M A12(S0 4) 3 

25 µ,M Al2(S0 4) 3 

50 µ,M Al2(S0 4) 3 

75 µ,M Al2(S0 4) 3 

100 µ,M Al2(S0 4) 3 

100µ,MF 
0.1 µM Insulin 

Total protein 

(cpm/well) 

3845.2± 692.0 
12708.3 ± 3718.5 
11695.9 ± 1776.1 
10190.9 ± 2379.9 
10293.8 ± 3561.9 
10357,3± 1980.0 
13062.3 ± 2574.5 
13234.0 ± 2484.2 

p 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

Collagen 

(cpm/well) p % Collagen p 

140.2± 45.23 3.59 ± 0.67 
812.0 ± 180.8 <0.001 6.53 ± 0.77 <0.001 
546.8 ± 75.9 <0.001 4.82± 1.32 <0.050 
480.0 ± 117.7 <0.001 4.63± 1.10 n.s. 
368.9 ± 147.8 <0.001 3.55 ± 0.62 n.s. 
465.0 ± 89.4 <0.001 4.50 ± 0.43 <0.020 
648.5 ± 76.4 <0.001 5.05 ± 0.62 <0.010 
689.4 ± 160.5 <0.001 5.25± 0.90 <0.010 
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Fig. 4. Stimulation of the proliferation of human osteoblastic 
TE-85 ceUs by aluminum ion. TE-85 cells were plated at 5,000 
cells per well in 1 ml serum-free DMEM for 24 hr. After plating, 
the cells were changed with fresh serum-free DMEM, and effec
tors were added half an hour later. In one set of the experiment, 
the thymidine incorporation was determined after an 24-hr in
cubation (panel A); and in a duplicate set of the exp;.riment, the 
number of cells per well was counted after an 48-hr incubation 
using a hemocytometer. Results were presented as percentage 
of the no effector controls. The dashed lines are the correspond
ing 100% controls. The error bars indicate the standard devia
tion of the mean of 6 replicates. The 100% of control in panel A 
was the incorporation of 4576cpm per well; and that in panel B 
was 4,055 cells per well. 

phosphatase activity), suggesting that there were 
interactions between aluminum and the endoge
nous growth factors in the stimulations of these two 
parameters, even though the effects of aluminum 
ion did not require the presence of growth factors. 

Interaction of fluoride and aluminum on bone cell 
proliferation 

If aluminum acts via the formation of aluminum 
fluoride, then addition of fluoride should shift the 
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Fig. 5. Effects of aluminum ion on basal and 1,25 dihydroxy
vitamin Drstimulated osteocalcin secretion and cellular alka
line phosphatase specific activity in normal human osteoblasts. 
The top panel shows the effects of aluminum ion on the secre
tion of osteocalcin by normal human bone cells. The open 
symbols represent the amount of osteocalcin in the conditioned 
medium after an 24-hr incubation in the absence of 
1,25(OH)2D3 (but in the presence of the ethanol vehicle con
trol). The closed symbols indicate those in the presence of 
10-3 M 1,25(OH)zD3• The detection limit of the osteocalcin RIA 
was 30 pg/well. The bottom panel shows the effects of aluminum 
ion on the specific activity of the cellular alkaline phosphatase in 
the same experiment. The open symbols are the cells incubated 
for 24 hr without 1,25(OH)zD3; and the closed symbols are those 
in the presence of l,25(OH)zD 3• 

bone cell mitogenic dose-dependent curve of alu
minum to the left (i.e., lower optimal doses) with
out altering its maximal stimulation. Furthermore, 
if fluoride and aluminum act through the same 
biochemical mechanism (i.e., through the forma
tion of aluminum fluoride), there should be no 
interaction between the two mitogenic activities. 
Accordingly, we tested the effects of several doses 
of fluoride on the stimulation ofTE-85 cell prolifer
ation by aluminum sulfate (Fig. 7). There were two 
noteworthy observations: (a) fluoride did not sig
nificantly shift or alter the dose-dependent cruves 
of aluminum; and (b) fluoride potentiated the stim-
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Fig. 6. Evidence that the stimulation of [3H]thymidine incorpo
ration (upper panel) and of cellular alkaline phosphatase specif
ic activity (lower panel) of aluminum on human osteosarcoma 
TE-85 cells is not dependent on a factor(s) in conditioned medi
um. The osteogenic effects of aluminum sulfate were deter
mined in human osteosarcoma cells in conditioned medium, 
i.e. 1 no medium change, and in fresh medium, i.e., with medium 
change. Conditioned medium had been conditioned by over
night incubation with TE-85 cells. Fresh medium indicates re
placement of conditioned medium with fresh unconditioned 
DMEM half an hour before the addition of aluminum sulfate. 
The results are presented as the percentage of the untreated 
control value. Values for untreated controls (indicated by the 
dashed lines) reflected [3H]thymidine incorporation or the cel
lular alkaline phosphatase specific activity in the absence of 
aluminum. The 100% control value of [3H]thymidine incorpora
tion for the conditioned medium group and the fresh medium 
group was 276cpm and 359cpm incorporated per well, respec
tively. The 100% control value of cellular alkaline phosphatase 
specific activity for the conditioned medium group and the fresh 
medium group was 0.468Uiµg DNA and 0.218U/µg DNA, 
respectively. 

ulation of ['H]thymidine incorporation by alumi
num, i.e., the maximal stimulation was higher 
when both effectors were present than each alone. 
To further determine whether fluoride interacted 
with aluminum, the data of Fig. 7 was replotted in a 
manner analogous to the Lineweaver-Burk kinetic 

plot, i.e., 1/(stimulation of ['H]thymidine incorpo
ration) vs 1/[aluminum sulfate] (Fig. 8). This plot 
indicates that the maximal stimulation (i.e., analo
gous to 'V m~') by aluminum in the presence of 
fluoride was greater than that by aluminum alone, 
and that the presence of fluoride had no effect on 
the dose of aluminum that was required to produce 
half maximal stimulation (i.e., analogous to 'Km'). 
This non-competitive type of interaction, which 
indicates that fluoride indeed interacted with alu
minum, is consistent with the interpretation that 
the rate-limiting steps for the mitogenic actions of 
fluoride and aluminum are different . 

Effects of aluminum on cAMP production 

Aluminum fluoride is a potent stimulator of adeny
late cyclase (through its action on the G-proteins) 
[33,34], and cAMP has been shown to bean impor
tant cellular regulator. Consequently, the effect of 
aluminum ion on the cAMP production in TE-85 
cells was also measured. Table 2 shows that mito
genic concentrations of aluminum did not signif
icantly increase the cellular cAMP production in 
these cells. PTH and 10 mM fluoride both signif
icantly stimulated the cellular cAMP production in 
these cells, indicating that the adenylate cyclase 
system in these cells was reponsive to stimulations. 

Interaction of the mitogenic action of aluminum ion 
with PTH 

Because the in vivo osteogenic effects of aluminum 
in dogs appeared to require PTH [11], and because 
physiological doses of PTH stimulated osteoblast 
proliferation in vivo [35] and in vitro [36, 37], we 
investigated whether there was an interaction be
tween aluminum and PTH to stimulate osteoblast 
proliferation. Table 3 indicates that 1 ng/ml PTH 
alone significantly stimulated the ['H]thymidine in
corporation in TE-85 cells. When this dose of PTH 
was added together with the mitogenic concentra
tions of aluminum, the stimulation of ['H]thymi
dine incorporation was more than additive, sug
gesting a synergistic interaction between PTH and 
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Fig. 7. Interaction of the mitogenic activity of aluminum and fluoride on human osteosarcoma TE-85 cells. Various concentration of 
sodium fluoride [i.e., 0 (closed circles), 50 (closed triangles), 100 (open triangles), and 200 µM (open circles)] potentiated the bone cell 
mitogenic activity of aluminum sulfate. The results were presented as percentage of the no addition control (i.e., no aluminum nor 
fluoride). The 100% of the control value (indicated by the dashed line) was 4891 cpm incorporated per well. 

aluminum in the stimulation of the proliferation of 
human osteoblasts. 

Discussion 

The present study demonstrates that low (i.e., t.tM) 
concentration of aluminum stimulated prolifera
tion (e.g., the incorporation of ['H]thymidine into 
cell DNA) and differentiation (e.g., cellular alka
line phosphatase activity, a recognized marker of 
osteoblastic differentiation [38]) of osteoblast-line 
cells of chicken and human. The stimulations were 
highly reproducible (i.e., observed in every experi
ment). However, the extent of stimulation and the 
optimal dose varied from experiment to experi
ment. For example: The stimulation of [3H]thymi
dine incorporation by aluminum in some experi
ments was as high as 300% of control, but in others 
was as low as 150% of controls. The optimal doses 
of aluminum also varied (i.e., from 10 to 75 t.tM). 
The cause for this variation is unknown. However, 

it should be noted that aluminum is one of the most 
abundant elements in the Earth, and is a major 
contaminant found in reagent chemicals, culture 
media, and laboratory glasswares. Our experi
ments did not take into account the amount of 
contaminating aluminum. Thus, the amount of alu
minum added exogenously did not necessarily rep
resent the actual concentration of aluminum in 
each incubation, which was likely to be varied from 
experiment to experiment, depending on the 
amount of the contaminating aluminum in the re
agents and media. 

This and previous studies [12, 13] show that the 
mitogenic action of aluminum, unlike fluoride [29, 
30, 32], was not specific for bone cells, suggesting 
that it, unlike fluoride is probably not an oste
oblast-specific mitogen. That the mitogenic con
centrations of aluminum also influenced the 1,25 
dihydroxyvitamin D3-dependent stimulation of os
teocalcin secretion (an index of osteoblastic func
tion [39, 40]) by human osteoblasts and that these 
concentrations of aluminum stimulated collagen 
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Fig. 8. Analysis of interaction between fluoride and aluminum 
with a plot analogous to the Lineweaver-Burk kinetic plot. The 
results of Fig. 7 are plotted as 1/stimulation of [3H]thymidine 
incorporation (i.e., difference in the cpm incorporated/well of 
the treated group and that of the no addition control) vs 1/ 
aluminum sulfate concentration. Closed circles are for the no 
fluoride; open circles are for 100 ,uM fluoride; and the open 
triangles are for the 200 µM fluoride. 

synthesis in human osteoblast-line cells provided 
str.ong evidence that aluminum affects the activity 
of human osteoblast-line cells directly. Conse
quently, this study can be considered as the first in 
vitro evidence that aluminum ion acts directly on 
human osteoblasts to stimulate their proliferation 
and differentiation. 

An important observation with respect to the in 
vivo osteogenic action of aluminum in dog is the 
apparent dependency of PTH [11]. The reason for 
this apparent dependency is unclear. However, this 
study shows that aluminum ( a relatively weak bone 
cell mitogen compared to growth factors) became a 
much more potent bone cell mitogen in the pres
ence of PTH. Hence, it is possible that the apparent 

synergistic interaction between PTH and alumi
num could explain, at least in part, the apparent 
requirement of PTH for the osteogenic effects of 
aluminum in vivo. 

The mechanism(s) by which aluminum stimu
lates osteoblastic proliferation and differentiation 
is unknown. It has been suggested that aluminum 
might act through the activation of G proteins [33, 
34, 41]. (G proteins have been implicated to be key 
regulators of cellular signal transduction mecha
nism [42), an important initial step in the cell prolif
eration and differentiation processes). However, 
our results indicate that mitogenic concentrations 
of aluminum did not stimulate cAMP production in 
TE-85 cells (G proteins are known to influence the 
activity of adenylate cyclase). Furthermore, a re
cent study showed that agents which affected the 
adenylate cyclase activity through the interaction 
with G proteins would significantly inhibit the 1,25 
dihydroxyvitamin D3-dependent stimulation of os
teocalcin production [43). We, on the other hand, 
found that aluminum, not only not inhibited, but 
significantly enhanced the 1,25 dihydroxyvitamin 
D3-dependent stimulation of osteocalcin produc
tion by normal human osteoblasts. Hence, these 
findings provide indirect arguments against the 
possible involvement of G proteins in the mitogen
ic action of aluminum. Nevertheless, we should 
emphasized that G proteins have other function, 
e.g., activation of phospholipase C and the phos
phoinositide pathway [44), and that aluminum has 
been shown to stimulate phosphoinositide break
downs in fibroblasts [45]. Thus, the possibility that 
G proteins may involved in the ostecigenic actions 
of aluminum cannot be discarded entirely. 

Fluoride has been shown to be a bone cell mito
gen [29, 30). We recently presented evidence sup
porting the possibility that the osteogenic actions of 
fluoride are mediated through the inhibition of an 
osteoblastic acid phosphatase-like phosphotyrosyl 
protein phosphatase [32). Because aluminum is 
known to form tight complexes with fluoride [28), 
and because aluminum has previously been shown 
to be a potent inhibitor of bone acid and alkaline 
phosphatases [46], we reasoned that it is possible 
that aluminum and fluoride could act through the 



Table 2. Effect of the mitogenic concentrations of aluminum on 
cAMP production in TE-85 cells. Confluent TE-85 cell cultures 
were treated with effectors in fresh serum.free DMEM contain
ing 1 mM isobutylmethylxanthine at room temperature for 
15 min. cAMP content in the cell extract after extraction with 
ether to remove trichloroacetic acid was measured with a com
mercial RIA kit. The results are presented in mean± S.D. of 6 
replicates 

Effector 

No a_ddition control 
10 l'M Al2(SO4) 3 

30 l'M AI,(SO4) 3 

50 l'M Al(SO,) 3 

100 l'M Al2(SO4) 3 

150 l'M Al(SO4) 3 

10 mM fluoride** 
l00nMPTH 

Cellular cAMP 
Concentration 
(pmol/mg cell protein) 

46.12 ± 15.06 
76.98 ± 30.37 
56.85 ± 17.83 
86.30 ± 43.27 

58.80± 17.68 
70.58 ± 39.09 
82.15 ± 23.93 

208.82 ± 135.31 

p' 

n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
<0.020 
<0.050 

* Statistical significance was determined by comparing the effec
tor-treated cells to the 'no addition control' cells. One way of 
Analysis of Variance evaluation indicates that there was no 
significant dose-dependent stimulation of cAMP by aluminum 
ion (p = 0.2563). 
** Fluoride, at millimolar concentrations, is known to stimulate 
adenylate cyclase. Thus, lOmM fluoride was included in this 
study as a positive control. 
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same mechanism to stimulate the proliferation and 
differentiation of osteoblasts. 

We have previously demonstrated that the mito
genic actions of fluoride and another phosphate 
transition state analog, vanadate, require the pres
ence of growth factors whose receptor is a tyrosyl 
protein kinase [26, 31, 32]. The requirement of the 
co-presence of growth factors for the mitogenic 
action of fluoride was established by the findings: 
(a) the removal of endogenous growth factors by 
replacing the conditioned medium with fresh un
conditioned medium completely abolished the mi
togenic effects of fluoride [26, 31]; and (b) the 
addition of a growth factor that would stimulate 
tyrosyl kinase activity, e.g., insulin or IGF-1, in the 
fresh medium restored the mitogenic activity of 
fluoride [26, 31]. Our findings that the osteogenic 
effects of aluminum ion could not be abolished by 
medium change, indicating that the actions of alu
minum, unlike that of fluoride, were independent 
of bone cell growth factors. Our conclusion that the 
mechanism of action of aluminum is different from 
that of fluoride was further supported by the fol
lowing observations: ( a) unlike fluoride, aluminum 
is not a bone cell specific mitogen; (b) addition of 

Table 3. Interaction between PTH and aluminum sulfate on [3H]thymidine incorporation in human TE-85 osteosarcoma cells. 
Thymidine incorporation was measured during the last two hr of the 24-hr incubation with the effectors by adding 1.5 µ, Ci carrier-free 
['H]thymidine (48 CUmmol) into each well of the 24-well plates. (Mean± S.D., n = 6) 

Effector 

No addition control 
PTH' 
10 l'M Al2(SO4) 3 

30 l'M Al2(SO4) 3 

50 l'M Al2(SO4) 3 

100 l'M Al2(SO4), 

PTH + 10 µM Al2(SO4), 

PTH + 30 l'M Al2(SO4) 3 

PTH + 50 l'M Al2(SO4) 3 

PTH + 100 l'M Al2(SO4), 

*The concentration of 1-34 PTH was 1 nglml. 

[3H]Thymidine incorporation 

cpm 

Mean S.D. 

329 21 
554 27 
284 18 
468 46 

1013 174 
455 36 
360 59 

1609 124 
1979 74 
549 164 

(% Control) 

Mean 

100 
168 
86 

142 
307 
138 
109 
488 
601 
167 

** p < 0.001 when compared to the corresponding doses of aluminum sulfate without P1H. 
*** p = n.s, when compared to the corresponding doses of aluminum sulfate without PTH. 

S.D. 

6 
8 
6 

14 
53 
11 
18 
38 
22 
50 

p 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
n.s.** 
<0.001** 
<0.001** 
<0.010*** 

Two way Analysis of Variance analysis reveals that P1H significantly (p = 0.0) potentiate the mitogenic action of aluminum ion. 
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fluoride did not appreciably alter the dose depend
ent curve of aluminum in the stimulation of human 
osteoblast proliferation; (c) addition of fluoride 
potentiated the maximal mitogenic actions of alu
minum; and (d) the interaction between fluoride 
and aluminum appeared to be noncompetitive, in
dicating that the two osteogenic agents each have 
different rate-limiting step(s). 

We have not yet determined the mechanism of 
the osteogenic actions of aluminum ion. A recent 
preliminary report using mouse MC3T3-El cells 
suggested that the mitogenic action of aluminum 
might involve protein kinase C [47]. This finding 
needs to be further examined and comfirmed. Nev
ertheless, regardless of what mechanism by which 
aluminum stimulates bone cell proliferation and 
differentiation, this study clearly demonstrates that 
low (JLM) concentrations of aluminum could di
rectly act on human osteoblast-line cells to stim
ulate their proliferation and differentiation by a 
mechanism that is different from fluoride. 
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