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Summary. The nucleating effect of hydroxyapatite 
(HAP) and the inhibitory effect of pyrophosphate 
(PPi) on calcium oxalate crystallization have been 
studied at different pH's  in solution metastabely 
supersaturated with respect to calcium oxalate but 
saturated with respect to HAP. Crystallization was 
monitored by a decrease of calcium in the supernatant 
and formation products were calculated. At a pH 
above 6.0 already minimal HAP concentrations pro- 
ved to be a suitable substrate for heterogeneous 
nucleation and growth of calcium oxalate. PPi showed 
a pronounced inhibitory effect on spontaneous as well 
as on HAP induced crystallization of calcium oxalate, 
this effect being highly pH dependent. HAP was found 
to neutralize the inhibitory effect of PPi in a molar ratio 
of 10: 1. 
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Introduction 

The pathogenesis of calcium oxalate stones can not 
exclusively be explained by calcium oxalate crystalliza- 
tion in the pyelocalical system. Since the rate of crystal 
growth is slow, crystals do not reach dimensions large 
enough to obstruct collecting ducts or the pyelourete- 
ral junction. Therefore they may not be trapped in the 
upper urinary tract during normal urinary transit time 
[3]. Already in the 1930's Randall postulated fixed 
particle growth on kidney calcifications as a possible 
mechanism for stone formation [8]. Epitactical growth 
of calcium oxalate on hydroxyapatite (HAP), the most 
frequent form of tissue calcification, has been demon- 
strated by several studies [4-6]. Pyrophosphate (PPi) is 
an important inhibitor of secondary nucleation and 

growth of HAP accounting for more than 50% of 
urinary inhibitor activity when tested with respect to 
small crystal concentrations in urine [1, 2]. The aim of 
this study was to examine the influence of HAP and of 
physiological concentrations of PPi on the crystalliza- 
tion of calcium oxalate at different pH's. 

Material and methods 

In order to obtain stock solutions saturated with respect to HAP, 
10mg/ml commercially available crystals of HAP (Merck) were 
dissolved in 150mmol/1NaC1 buffered with sodium cacodylate at 
pH 7.4, 6.5 and 6.0 respectively. The final calcium concentration was 
kept between 0.9-1.4mmol/1 by the initial addition of 1.2mmol/1 
calcium to the solution buffered at pH7.4 and of 1.0mmol/1 
phosphate to the solutions buffered at pH 6.5 and 6.0 respectively. 
Equilibration was performed at 37°C until pH and calcium concen- 
tration were stable. After equilibration, the solutions were centrifu- 
ged at 2,140 g and filtred (Millipore 0.45 ~tM). 

One part of the stock solutions was used to prepare a crystal 
suspension of 10mg/ml HAP stirred and aged for at least 1 week. 
From these stock solutions, series of solutions with constant calcium, 
pH, PPi and crystal content were prepared and gradually supersa- 
turated with respect to calcium oxalate by the addition of increasing 
amounts of sodium oxalate. The series were then incubated in a 
shaking water bath at 37°C during 24 h and centrifuged at 9,950 g. 
Crystallization was monitored by a decrease of calcium in the 
supernatant, which was a linear function of the initial oxalate 
concentrations in the specimen (Fig. 1). From linear calcium 
decrease, the maximal oxalate concentration without measurable 
crystallization was extrapolated and the formation product 
(Ca)-(Ox) for calcium oxalate crystallization was calculated. Stu- 
dent's t-test was used for statistical analysis. 

Results 

Figure 1 shows the results of  an experiment performed 
at pH 7.4 with and without the addition of  0.075 mg/ml 
HAP crystals and/or  25 ~tM PPi, the latter being in the 
range of  urinary concentration found in healthy con- 
trois [9]. Spontaneous nucleation and growth of cal- 
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Fig. 1. Calcium versus oxalate concentration in HAP saturated 
solution at pH 7.4 after 24 h incubation with 25 ~tM PPi (*), 25 ~tM 
PPi and 0.075 mg/ml HAP (I), without any additives (•) and with 
0.075 mg/ml HAP (A) 
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Fig. 3. Formation products for HAP-induced calcium oxalate cry- 
stallization at pH 7.4 with (A) and without (•) PPi plotted versus 
HAP-concentration. • = 25 ~tM PPi; • = control 
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Fig.2. Formation products for spontaneous and HAP-induced 
calcium oxalate crystallization at different pHs (~ _ 2SE) 

cium oxalate started with the addition of 0.24 mmol/1 
oxalate. The critical oxalate concentration was reduced 
in the presence of HAP. HAP proved therefore to be a 
nucleator of calcium oxalate crystallization. The addi- 
tion of 25 pM PPi more than doubled the critical 
oxalate concentration for spontaneous crystallization. 
This increase was partially abolished by the simultane- 
ous addition of 0.075 mg/ml HAP. 

The decreasing effect of HAP on the formation 
product of calcium oxalate was tested at different pHs 
and was found to be statistically significant at pH 7.4 
and pH 6.5 but not at pH 6.0 (Fig. 2). At pH 7.4 HAP 
induced nucleation was already visible with the addi- 
tion of only 0.02 mg/ml HAP and was almost indepen- 
dent from the seed concentration up to 0.2 mg/ml HAP 
(Fig. 3). 
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Fig. 4. Formation products for HAP-induced calcium oxalate cry- 
stallization at pH 6.0 with (A) and without (0) PPi plotted versus 
HAP concentration. • = 25 ~tM PPi; • = control 

Figure 3 also demonstrates the influence of different 
HAP concentrations on the inhibitory effect of 25 gM 
PPi. Already 0.02 mg/ml HAP were able to reduce the 
inhibitory effect of PPi which was nearly abolished by 
the addition of 0.15mg/ml HAP. A similar effect of 
HAP on PPi inhibited crystallization was observed at 
pH 6.0 where again about 0.15 mg/ml HAP supressed 
the inhibitory effect of 25 gM PPi (Fig. 4). The 
neutralization of PPi by HAP was also studied at fixed 
HAP but variable PPi concentrations at pH 6.0 (Fig. 
5). Comparison of the two curves of the formation 
products obtained with and without HAP revealed that 
0.075 mg/ml HAP neutralized about 15 ~tM PPi. 

The inhibitory effect of different concentrations of 
PPi on HAP-induced calcium oxalate crystallization 
was tested at pH 7.4 and 6.0 (Fig. 6). The figure clearly 
shows that alkalinization of the solution from pH 6.0 
to 7.4 doubled the inhibition on the whole range of PPi 
being studied. At both pHs a linear dose/response 
curve was found. 
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Fig. 5. Formation products for spontaneous (0) and HAP-induced 
(A) calcium oxalate crystallization at pH6.0 plotted versus PPi 
concentration. • = control; A = 0.075 mg/ml HAP 
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Fig. 6. Formation products for HAP-induced calcium oxalate cry- 
stallization (0.075 mg/ml HAP) at pH 6.0 and 7.4 plotted versus PPi 
concentration 

Discussion 

This study confirmed that at a pH above 6.0 HAP is a 
suitable substrate for heterogeneous nucleation and 
growth of calcium oxalate, which has been demonstra- 
ted by several kinetic tests in equimolar solutions of 
calcium and oxalate [4-6]. Our test system determines 
formation products and does not allow kinetic analy- 
sis. But it has the advantage that measurements can be 
performed at low oxalate concentrations and more or 
less physiological calcium/oxalate ratios. Under these 
conditions a nucleating effect was already detected at 
the lowest HAP concentration used. Contrary to the 
findings of others [5], this nucleating effect could not 
be raised by the increase of the HAP concentration. 

Under our test conditions, PPi showed a pronoun- 
ced inhibitory effect on the spontaneous as well as on 
the HAP induced crystallization of calcium oxalate. 
This inhibitory effect was extremely pH dependent. An 
alkalinization of the solution from pH6.0 to 7.4 
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doubled the inhibitory activity with respect to sponta- 
neous as well as to heterogeneous nucleation and 
growth. This observation may serve as a further 
explanation for the therapeutic effect of alkalicitrate in 
the metaphylaxis of calcium oxalate stones, which has 
partially be attributed to an increase of urinary inhibi- 
tor activity [7]. 

The inhibitory effect of PPi on calcium oxalate 
crystallization was supressed in the presence of HAP, 
which has been found to neutralize PPi in a molar ratio 
of about 10: 1. This neutralizing effect was almost 
independent from pH, probably because HAP and PPi 
have similar dissociation constants. From Fig. 4 some 
conclusions might also be drawn for the calcium oxalate 
stone formation. The figure shows that at a pH of 6.0 
which is most often found in urine of stone formers [1], 
small amounts of HAP are already able to destabilize a 
solution which with respect to calcium oxalate is 
metastabely supersaturated and inhibited by PPi. A 
similar effect may be postulated for kidney calcifica- 
tions in the urine of calcium oxalate stone formers. 
However, crystallization experiments in urine are 
required to give further evidence for this hypothesis. 
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