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Abstract The effects of citrate and dialysed urine (dU)
on the aggregation of hydroxyapatite (HAP) crystals in
solutions with different pH and otherwise with an ion
composition assumed to correspond to that in the distal
part of the distal tubule were studied by spectrophoto-
metric assessment of the rate of crystal sedimentation.
When the concentration of dU was increased from 1%
to 20% we recorded an increased inhibition of HAP
crystal aggregation at pH 6.5. There were no differences
in the inhibition accomplished by 10% dU when the pH
was varied between 5.5 and 7.0, but a lower inhibition
was recorded at pH 7.5. Citrate in the range 0.05-
4 mmol/l had a concentration-dependent inhibitory
effect on HAP crystal aggregation. In the presence of
10% dU the net inhibitory effect of citrate was reduced
at all pH levels. In the pH interval 5.5-7.0 a higher in-
hibition was recorded with 0.5 mmol/l citrate than with
10% dU, but in the presence of dU there was only a
minor additional effect of citrate at concentrations be-
low 0.5 mmol/l. These findings indicate that urinary
macromolecules present in dU strongly inhibit HAP
crystal aggregation under solution conditions corre-
sponding to those in distal tubular urine. At the same
nephron level citrate might have a direct inhibitory in-
fluence on the aggregation of HAP crystals, but in the
presence of normal urinary macromolecules the additive
inhibitory effect of citrate is probably only marginal.
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Introduction

The formation of stones composed of a mixture of cal-
cium oxalate (CaOx) and calcium phosphate (CaP) is a
complex process that apparently requires several risk
factors such as a high supersaturation with respect to the
involved salts, a pH level that favours the crystalliza-
tion, an increased promotion or a reduced inhibition of
nucleation, crystal growth, crystal aggregation and
crystal retention. It has been claimed that an enhanced
CaOx crystal aggregation is thereby one of the most
important factors [15,17,27,29], and it has been shown
that calcium stone formers excrete larger crystals and
crystal aggregates than normal subjects [26, 40].

The influence of citrate and urinary macromolecules
on CaOx crystal aggregation has been thoroughly ex-
amined [2,7,10, 15-18,28,29,36,37]. A direct effect of
citrate on CaOx crystal aggregation in supersaturated
solutions was recorded by Kok and co-workers [15, 17]
as well as by Tiselius and co-workers [37]. It also was
reported that citrate reduced the sedimentation rate of
brushite and hydroxyapatite [36]. Although unable to
demonstrate a direct effect of citrate on the aggregation
of CaOx monohydrate crystals in equilibrated solutions
[7], Hess and co-workers [10] showed that citrate in a
concentration of 3.5 mmol/l converted a highly poly-
merized and aggregation-promoting Tamm-Horsfall
glycoprotein (THP) from stone formers to an inhibitor
of CaOx monohydrate crystal aggregation.

Urinary macromolecules are probably more impor-
tant than citrate in regulating CaOx crystal aggregation
[3,7,14,16,30,33,35] and their crystallization-modify-
ing properties can be augmented or attenuated by phy-
sico-chemical changes [6,9].

Although CaP is a major constituent of most calcium
stones [19, 23], little attention has been directed towards
factors of importance for the aggregation of CaP crys-
tals. In view of the possibility that CaP might be the
primary crystal phase in such stones [13,22,24], an
increased knowledge of how the aggregation of CaP
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crystals is modified might be important for a better
understanding of how to prevent recurrent calcium stone
formation.

It has been shown previously that CaP is the salt that
most easily might form in the distal tubule [11,20] as
well as in the loop of Henle [1,4] and that CaP crystals
can induce nucleation of CaOx in the collecting duct
[13,38,39]. On the basis of these findings this experi-
mental study was undertaken to assess the influence of
citrate, urinary macromolecules and pH on the sedi-
mentation rate of hydroxyapatite crystals in solutions
with an ion composition assumed to correspond to that
in the distal part of the distal tubule.

Materials and methods

To a salt solution (A) that per litre contained 8.34 mmol phos-
phate, 0.08 mmol oxalate and 0.70 mmol citrate, hydroxyapatite
crystals (HAP; Fluka Chemie, Buchs, Switzerland) were added to
give a seed concentration of 1 mg/ml. The pH of solution A was
adjusted to 5.5, 6.0, 6.5, 7.0 or 7.5. The pH was measured with a
pHM 84 pH meter (Radiometer, Copenhagen, Denmark). A pH of
6.5 was assumed to represent the average pH in urine from the
distal part of the distal tubule (DTd) [25]. We also prepared solu-
tions without citrate but otherwise with the same composition as
above. Following adjustment of the pH, the seeded solution A was
placed in an ultrasound bath for 60 min and stored at least over-
night. Another salt solution (B) with 2.08 mmol calcium,
0.82 mmol magnesium and 27.6 mmol sulphate per litre was pre-
pared and pH-adjusted as above.

Immediately before assessing the crystal sedimentation, the
pH of suspension A was checked and if necessary adjusted, after
which the suspension was subjected to ultrasonication for 30 min.
Following addition of dialysed urine (dU) or citrate, the two so-
lutions A and B were mixed in a cuvette to produce a HAP-DTd
solution with the following ion concentrations (mmol/l): calcium
1.04, magnesium 0.41, phosphate 4.17, oxalate 0.04, sodium 96,
potassium 22.5, sulphate 13.8. The HAP seed concentration was
0.5 mg/ml.

Pooled dialysed bladder urine (dU) from normal men was used
as a source of macromolecules; we ignored the fact that certain
macromolecules might have been added to the urine as a result of
its passage and storage in the lower parts of the urinary system.
Urine was collected between 2200 and 0600 hours with sodium
azide as preservative, and screened to exclude the presence of
bacteria, protein and glucose before inclusion in the pool. The di-
alysis was carried out as described previously [20]. We did not
quantify proteins in the dU, because the purpose of the experiment
was to examine the relative effect that different concentrations of
macromolecules from normal men had on the aggregation of HAP
crystals.

The effect of dU on aggregation of HAP crystals was examined
in HAP-DTd suspensions with citrate in a concentration of
0.35 mmol/l and a pH of 6.5. dU was added to give final concen-
trations of 1%, 2.5%, 5%, 10%, 15% and 20%. How pH in the
range 5.5-7.5 affected the inhibitory properties of urinary macro-
molecules was assessed in HAP-DTd suspensions containing 10%
dU without citrate.

Experiments also were carried out to study the effect of citrate
on HAP crystal aggregation in the presence of 10% dU and in the
absence of dU. To HAP-DTd suspensions without citrate and with
or without dU, citrate was added to give final concentrations of
0.05,0.1,0.2,0.5,0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 3.0 and 4.0 mmol/l.
The sedimentation rate was assessed at pH 5.5, 6.0, 6.5, 7.0 and 7.5.

The aggregation of HAP crystals was derived from the rate of
sedimentation in the HAP-DTd suspension mainly according to the
principles described by Hess and coworkers [7,37]. For this

purpose 1.5-ml aliquots of the sample were transferred to a cuvette
in a spectrophotometer (Perkin-Elmer Lambda 2) in which mag-
netic stirring at a rate of 1100 r.p.m. was started. The absorbance
at 690 nm was recorded during 5 min of continuous stirring. The
inhibition of aggregation (per cent) was calculated by comparing
after 300 s the absorbance in a sample containing the test com-
pound with that in a sample without the test compound (Fig. 1).
The theoretical inhibition of aggregation of 100% thereby corre-
sponded to the initial absorbance.

All experiments were carried out at least in triplicate.

To study the possibility of crystal growth in the supersaturated
DTd solution we recorded the number, volume and size distribu-
tion of crystals in the size interval 2.4-45 pm in a Coulter Multi-
ziser with a 100-pm capillary tube (Coulter Electronic, Luton, UK).
These recordings were made in HAP-DTd suspensions without
citrate and without dU in the pH interval 5.5-7.5. The mean crystal
volume (MCV) was calculated as the quotient between the total
crystal volume and the total number of crystals.

Statistical analysis

Wilcoxon’s rank sum test was used for group comparison.

Results

A statistically significant increase both in the number of
crystals and in the total crystal volume was recorded
when the pH was increased, with the exception that
there was no significant difference between samples with
a pH of 6.5 and 7.0 (Fig. 2). As could be expected there
was pronounced crystallization at the highest pH levels,
but the crystal size distributions were similar with about
95% of the crystals recorded in the size interval 2.4—
4.4 pm and about 5% in the size interval 4.4-10.0 um,
irrespective of the pH. The median MCYV varied from 18
to 22 pm? with the lowest values recorded at pH 6.5 and
7.0. There were, however, no differences between MCV
values at pH 5.5, 6.0 and 7.5.
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Fig. 1 Principles for calculation of the inhibition of aggregation from
the absorbance recorded at 690 nm after 300 s



When the concentration of dU was increased in
HAP-DTd suspensions with a pH of 6.5 and 0.35 mmol/
1 of citrate, an increased inhibition of crystal aggregation
was recorded with concentrations of dU above 5%
(Fig. 3). The median (range) inhibition of crystal ag-
gregation in the presence of 1%, 2.5% and 5% dU was
4.5 (3.71-19.5), 7.9 (5.69-19.8) and 12.0 (3.34-19.5),
respectively (P > 0.05). Neither was there any statisti-
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Fig. 2 The relationship between the pH and the 10 log crystal
number (filled squares) and volume (open squares) in hydroxya-

patite—distal tubule (HAP-DTd) suspensions without citrate and
dialysed urine (dU)
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Fig. 3 The inhibition of crystal aggregation recorded at different
concentrations of dU; *P < 0.05 when 10% dU was compared with
1%, 2.5%, 5% and 20% dU; P < 0.05 when 15% dU was
compared with 1%, 2.5%, 5% and 20% dU; °P < 0.05 when 20%
dU was compared with 1%, 2.5%, 5%, 10% and 15% dU
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cally significant difference between the inhibition re-
corded in the presence of 10% and 15% dU [median
(range): 36.0 (25.1-47.6) and 45.0 (38.8-54.5), respec-
tively; P > 0.05]. The inhibition recorded with 10% and
15% dU was, however, significantly higher than that in
samples with 1%, 2.5% and 5% dU (P < 0.05) and
significantly lower than the inhibition of 56.0 (47.5-71.9)
recorded with a dU concentration of 20% (P < 0.05).

The presence of citrate in HAP-DTd suspensions
without dU brought about an increased inhibition of
HAP crystal aggregation (Fig. 4). This increase was
most pronounced with concentrations of citrate up to
2 mmol/l. At citrate concentrations between 0.05 and
0.2 mmol/l there was only a small effect on the inhibiting
activity when pH was varied between 5.5 and 7.0. In the
concentration range from 0.05 to 1.5 mmol/l the inhi-
bition recorded in samples with a pH of 7.5 was signif-
icantly lower (P < 0.05) than that observed at the other
pH levels. For samples containing citrate in concentra-
tions between 0.75 and 4.0 mmol/l the inhibition of
crystal aggregation increased when the pH was reduced
from 7.0 to 6.0 (P < 0.05). The inhibition of HAP
crystal aggregation thus apparently increased with in-
creased concentrations of citrate. There was a similar
pattern in terms of citrate effects in the pH range 6.0—
7.0, but at pH 7.5 the values were significantly lower for
citrate in concentrations up to 1.5 mmol/l.

The addition of 10% dU to HAP-DTd suspensions
without citrate (Fig. 5) resulted in an inhibition of HAP
crystal aggregation of between 29% and 41%, with a
significantly lower inhibition at pH 7.5 than at 5.5-7.0.
Whereas the inhibition of HAP crystal aggregation
varied between 48% and 57% in solutions without dU,
at a citrate concentration of 0.5 mmol/l and a pH of
5.5-7.0, the presence of 10% dU resulted in an inhibition
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Fig. 4 The inhibition of crystal aggregation recorded in samples

without dU but with different concentrations of citrate at pH 5.5
(squares), 6.0 (triangles), 6.5 (diamonds), 7.0 (crosses) and 7.5 (circles)
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Fig. 5 The inhibition of crystal aggregation recorded in HAP-DTd
suspensions without dU at different pH levels and with citrate in
concentrations of: 0.05 mmol/l (filled squares), 0.1 mmol/l (open
squares), 0.2 mmol/l (filled triangles), 0.5 mmol/l (open triangles),
1 mmol/l (filled circles), 2 mmol/l (open circles); and in HAP-DTd-
suspensions without citrate and 10% dU (crosses). *P < 0.05
difference between citrate-free samples with 10% dU at pH 7.5 and
samples with pH 5.5-7.0
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Fig. 6 The inhibition of crystal aggregation recorded in samples with
10% dU and with different concentrations of citrate at pH 5.5
(squares), 6.0 (triangles), 6.5 (diamonds), 7.0 (crosses in squares) and 7.5
(circles)

between 55% and 65% (Fig. 6). This result should be
considered in light of the inhibition of between 32% and
41% achieved with solutions containing 10% dU but no
citrate. The net effect of citrate in solutions also con-
taining dU was thus only 23-24% as compared with 48—
57% in the dU-free solutions. In solutions with a pH of
7.5 the inhibition recorded with either 10% dU alone or

10% dU together with citrate in concentrations up to
1.5 mmol/l was much lower than in solutions with lower
pH levels (Figs. 4,6). In the presence of dU, together
with citrate in concentrations above 2.0 mmol/l, no
important effects of pH on the inhibition of aggregation
were demonstrated.

Discussion

It needs to be emphasized that the DTd solutions used in
these experiments will reflect only roughly the solution
environment in the distal part of the distal tubule. Our
knowledge of the average composition of DTd urine is
incomplete and furthermore most certainly subject to
considerable intraindividual and interindividual varia-
tion. dU, which was used as a source of macromolecules
in our system, was prepared from bladder urine and no
attention was paid to the fact that some macromolecular
species might thereby have been added to the urine at
levels below the distal tubules during its passage and
storage. We made the probably oversimplified assump-
tion that macromolecules of importance for the aggre-
gation of CaP crystals appeared in the dU sample at
relative concentrations corresponding to those in the
distal tubule. The activity and composition of the
urinary macromolecules in the dU might also have been
affected by the preparation technique [29]. Without
knowledge of which macromolecule or macromolecules
are of importance for CaP crystal aggregation there is,
however, no easy way to address this problem. There is
presently a considerable amount of knowledge emerging
on the role urinary proteins, glycoproteins and glycos-
aminoglycans in calcium salt crystallization, and it is
likely that the future will provide us with better tech-
niques for isolation of the most relevant macromolecules
in this respect.

Our DTd solutions were also supersaturated with
CaP. The perfect experimental condition for isolated
measurement of crystal aggregation is undoubtedly a
solution at equilibrium as used by Hess and co-workers
[10]. Such a system also will reflect the in vivo situation
provided the crystals move through the nephron in the
same urine bolus in which they were nucleated. We as-
sume, however, that crystals might be retained and thus
move at a slower speed than the urine and, if so, the
equilibrated solution does not reflect the crystallization
conditions met in the distal tubule. The drawback of
using a supersaturated DTd solution is the obvious risk
of having a growth process simultaneous with the ag-
gregation. If this occurs to a significant extent conclu-
sions regarding crystal aggregation will be incorrect.

Approximately 90% of the crystal sedimentation was
completed within the first 100 s and it is not likely that
crystal growth, which is a fairly slow process, started so
rapidly that it would have affected the sedimentation
rate, at least not in samples with a pH below 7.0. Al-
though the risk of growth cannot be neglected at pH
levels as high as 7.5 or 7.0, analysis of the crystal size



distribution suggested that new crystal formation (nu-
cleation) rather than crystal growth accounted for the
pH-related increment in total crystal volume in the most
alkaline samples. Definitive proof is, however, difficult
to provide because of our inability to detect crystals with
a diameter below 2.4 pm. Our preliminary data (un-
published) on the rate of crystallization in seeded DTd
solutions as measured with an isotope technique gave
support to our assumption that the crystallization of
CaP was a slow process under the experimental condi-
tions we used. Although some degree of crystal growth
cannot be excluded, we believe that crystal aggregation
was the major process accounting for the observations
described in this paper and that the designation “‘inhi-
bition of aggregation” was therefore appropriately used.
Commercial HAP crystal might behave differently
from CaP crystals formed in urine and this should be
kept in mind when the results are interpreted. The rea-
son for not using CaP crystals produced in urine, as was
done previously [38, 39], was a desire to have a standard
batch of seed crystals that was unaffected by differences
in the concentration of solutes and macromolecules.
Our experiments show that urinary macromolecules
strongly reduce the sedimentation rate of HAP crystals
in solutions with a composition similar to that in the
distal tubule and thus might act as important inhibitors
of aggregation. In a recent study with volume reduction
by evaporation technique, we found that increased
concentrations of urinary macromolecules (dialysed ur-
ine) at pH 6.45 under conditions similar to those in the
distal tubule resulted in an increased number of small
crystals, but there was no difference between the results
obtained with 10% and 20% dU [11]. In the present
study, however, we found a significant increase in the
inhibitory effect on the aggregation of HAP crystals in
the DTd solution when the concentration of dU was
increased from 10% to 20%. The effect of volume re-
duction on the urinary macromolecules might to some
extent explain this, inasmuch as the evaporation process
resulted in a much higher concentration of dU and a
much higher ion strength in the solutions, particularly in
the most concentrated samples. It has previous been
shown that the effect on CaOx crystal aggregation of
nephrocalcin and Tamm-Horsfall protein (THP) is af-
fected by such physico-chemical changes [7,31,32].
When solutions with an ion composition assumed to
correspond to that in the distal tubule were evaporated,
a pH reduction from 6.45 to 5.8 resulted in an increased
number of small crystals [12]. This is in accordance with
the present results, where an increased inhibitory effect
of citrate was observed when pH was reduced from 6.5
to 6.0 at citrate concentrations above 0.50 mmol/l. This
also was found in the concentration range of citrate
between 0.1 and 0.5 mmol/l when the pH was reduced
from 6.5 to 5.5. There was no important difference in the
inhibitory effect of 10% dU when the pH was reduced
from 6.5 to 6.0 or 5.5, whereas a pH increment to 7.5
resulted in a statistically significant decrease in the in-
hibitory effect of 10% dU. Following volume reduction
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of solutions containing 20% dU, a pH increase from
6.45 to 7.28 also generated a greater mean crystal vol-
ume [12].

The dissociation of citrate increases with increasing
pH and it has been demonstrated that the inhibition
of CaOx crystal growth increased when the pH was
increased [34]. An increased inhibition of aggregation
would thus be expected when the pH is increased. In
contrast a slightly higher inhibition was recorded with
citrate at the lower pH levels. With the exception of the
results recorded at pH 7.5 the differences were generally
small and probably without clinical significance. They
can probably be explained at least to some extent by a
slight HAP crystal dissolution at the lower pH levels due
to decreased CaP supersaturation.

The inhibitory effect of citrate on HAP crystal ag-
gregation was less pronounced in the presence of 10%
dU, but it should be noted that 10% dU resulted in a
considerable inhibition. The fact that citrate had a more
pronounced inhibitory effect on the aggregation in the
lower concentration range up to 0.5 mmol /I in dU-free
solutions compared with solutions containing dU might
be due to competition between citrate and urinary
macromolecules for binding sites on the HAP crystals.
Inasmuch as the concentration of 10% dU resulted in a
pronounced inhibition of HAP crystal aggregation, low
concentrations of citrate may therefore have a negligible
effect in the presence of normal macromolecular inhib-
itors of aggregation. These findings are in accordance
with the effect of citrate and dU on the aggregation of
CaOx crystals reported by Tiselius and co-workers [37].

There was no major difference in the inhibitory effect
on HAP crystal aggregation of dU and citrate in the
pH interval between 5.5 and 7.0. Raising the pH to 7.5,
however, resulted in a pronounced reduction in the
inhibition brought about by both dU and citrate. The
lower inhibition recorded at pH 7.5 can probably be
explained by a nucleation of CaP at this pH level. Such a
crystallization makes comparison with the aggregation
at other pH levels impossible. In a previous study on the
effect of THP on CaOx crystal aggregation Hess and co-
workers [7] found that the inhibitory effect of THP was
reduced when the pH was decreased from 7.2 to 5.7. In
our experiments we used dU as a source of urinary
macromolecules, and although THP is one of the main
macromolecules in urine and also a strong inhibitor of
CaOx crystal aggregation [7], there is no doubt that
urinary macromolecules other than THP play a great
role in modifying the crystallization of both CaP and
CaOx [5].

The normal concentration of citrate in the distal
tubule can be assumed to be around 0.35 mmol/I [20],
and the concentration of urinary macromolecules would
correspond to a dU concentration of approximately 10—
20%. Citrate apparently does not play a large role in the
inhibition of CaP in the distal tubule provided the
concentration and function of urinary macromolecules
are normal. It has, however, been shown that urinary
macromolecules might be structurally and functionally
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abnormal in recurrent stone formers [8, 21]. Hess and co-
workers [10] found that citrate in a concentration of
3.5 mmol/l could change abnormal aggregation-pro-
moting THP to inhibitory THP. Citrate therefore pos-
sibly has a more important role in distal tubular urine of
stone formers with abnormalities in their aggregation-
protective macromolecules. From a therapeutic point of
view it seems reasonable to increase a low concentration
of citrate to a level that exceeds 0.5 mmol/l in the distal
tubule, inasmuch as it had an additive inhibitory effect
to that of dU on CaP crystal aggregation when the
concentration was increased above 0.5 mmol/l. This ci-
trate concentration in DTd would roughly correspond to
a citrate concentration of 3 mmol/l in final urine. If we
assume that CaP is the primary nucleus in the develop-
ment of mixed calcium stones it thus might be of value
to raise the citrate concentration in the distal tubule, to
counteract the aggregation of CaP crystals and in that
way get smaller CaP crystals that can easily dissolve or
pass before heterogeneous nucleation of CaOx is in-
duced. At a pH of 7.5 nucleation of CaP might coun-
teract the beneficial effect on the aggregation inhibition
brought about by a higher citrate excretion. How this
influences the further course of calcium stone formation
is not known, but an extreme alkalinization probably
should be avoided.

The experimental findings reported above suggest
that urinary macromolecules in dU act as efficient in-
hibitors of HAP crystal aggregation. Although a direct
effect on crystal aggregation was recorded also with
citrate, the latter effect is probably marginal in the
presence of normal macromolecular inhibitors.
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