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Abstract The effect of citrate on calcium oxalate 
(CaOx) crystal growth was studied in a system in which 
series of samples containing [45Ca]calcium chloride 
were brought to different levels of supersaturation with 
various concentrations of oxalate. The crystallization 
was assessed by measuring the amount of isotope re- 
maining in solution 30 min after the addition of CaOx 
seed crystals to samples containing citrate in concen- 
trations corresponding to those in final urine. The 
experiments were carried out both in pure salt solu- 
tions and in solutions with dialysed urine. Increased 
concentrations of citrate resulted in a reduced crystalli- 
zation of CaOx in both the presence and absence of 
dialysed urine, but with the lowest rate of crystalliza- 
tion in the samples containing urine. The increased 
concentration of ~SCa remaining in solution reflected 
a reduced crystallization, which could possibly be ex- 
plained both by a reduced supersaturation and by an 
increased inhibition of CaOx crystal growth. The 
direct effects of citrate on CaOx crystal growth 
were assessed by calculating the ion-activity product 
of CaOx (APcaox) at corresponding degrees of crystalli- 
zation. The APcaox recorded at a 30% reduction of 
the amount of isotope in solution increased with 
increasing concentrations of citrate between 1.0 and 
1.5 retool/1 in samples both with and without dialysed 
urine. These findings indicate that citrate has a 
weak direct inhibitory effect on CaOx crystal growth, 
which adds to the reduced growth rate brought 
about by urinary macromolecules and a decreased 
supersaturation. 
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It has been demonstrated that citrate can affect the 
crystallization of calcium oxalate (CaOx) in several 
ways. The formation of strong complexes with calcium 
citrate affects the ion-activity product of both CaOx 
and calcium phosphate (CAP). Studies in seeded meta- 
stably supersaturated solutions showed that citrate, 
even in low concentrations, had an inhibitory influ- 
ence on the growth of both CaOx and CaP crystals 
[17, 21]. Citrate furthermore inhibits the aggregation 
(agglomeration) of CaOx crystals.This effect of citrate 
might be attained both by a direct action on crystal 
aggregation [22] and by enhanced inhibitory strength 
of urinary macromolecules [7]. In addition to their 
effect on CaOx crystal aggregation, urinary macro- 
molecules are powerful ir~hibitors of CaOx crystal 
growth [18, 19], and with the high concentration 
of macromolecules that is encountered in urine it 
has been assumed that the major effect of citrate in 
whole final urine is accomplished by a reduction of 
the CaOx supersaturation. The inhibitory effect of 
citrate on CaOx crystal growth might therefore be 
negligible. 

The present study was undertaken to determine 
whether citrate under physiological conditions has 
a direct inhibitory influence on the growth of 
CaOx crystals apart from the growth reduction that 
results fl'om the effect of citrate on the CaOx super- 
saturation. 

Methods 

Dialysed urine 

Pooled urine collected from normal subjects was dialysed against 
water and 0.15 tool/1 saline in Spectrapore No. 3 dialysis tubings as 
described in detail elsewhere ~16J. During the dialysis any significant 
amounts of calcium (Ca), oxalate (Ox), citrate (Ci) or magnesium 
(Mg) were removed. 
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System for assessment of crystal growth 1 .4  

Ninety millilitres of dialysed urine or 0.15 tool/1 sodium chloride 
solution was carefully mixed with 4 ml of 0.05 mol/1 [~5Ca]calcium 1.2 
chloride and 5 ml 0.15 mol/1 sodium chloride without citrate and 
with citrate necessary for giving concentrations in the final samples 1.0 
between 0.1 and 3.0 mmol/1. Aliquots of 4.9ml of these solutions 
were distributed into two series of nine tubes. Different levels of 
CaOx supersaturation were established by adding 1 ml sodium ~ 0 .8  
oxalate solutions with concentrations between 10 and 80 mmol/1. 
A sample without oxalate was used as a control, r,.) 

A suspension of crystal seed was prepared by mixing 100 mg ~ 0 .6  
CaOx monohydrate (BDH Chemicals, Poole, UK) with 100ml 
water. This suspension was stored for at least 24 h before use in the 0 .4  
experiments. The crystallization was started by adding 1 ml of the 
crystal suspension to each tube in the experimental series. This 
resulted in a final sample volume of 6 ml in which the concentrations 0 .2  
of oxalate thus varied between 0.17 and 1.33 mmol/1. The crystalliza- 
tion was allowed to proceed for 30 min, after which the process was 
interrupted by passing the solution through a Millipore filter (Mols- 0 .0  
heim, France; pore size 0.22 pro). 0 

The isotope concentration remaining in solution was determined 
in a scintillation spectrometer (LKB, Wallac, 1217, Turku, Finland). 
Correction for quenching was made automatically by means of an 
external standard. 

The crystal growth followed the kinetics of a second-order equa- 
tion and as demonstrated in semilogarithmic plots the decrease in 
soluble calcium was linear beyond 30 min. The amount of isotope 
remaining in solution after 30 min thus reflected the rate of crystal 
growth and a comparison of the growth rate in different samples was 
made from the oxalate concentrations, corresponding to a 30% 
reduction in the isotope concentration at this point in time. 

It needs to be emphasized that the corresponding samples with 
and without dialysed urine had the same concentrations of calcium 
and oxalate and the same amount of seed crystals. 

Calculations 

The ion-activity product of CaOx (APcaox) was calculated from the 
ion composition in each sample by means of the EQUIL2 program 
[24J. A comparison was subsequently made between the APcaox 
levels recorded with different concentrations of citrate at a 30% 
reduction of the isotope concentration 30 min after the addition of 
seed crystals. The concentrations of oxalate in the solutions that 
were added to the different samples and the corresponding APcaox in 
the experimental system without citrate are shown in Fig. 1. 

The total inhibition, expressed as a percentage, was calculated 
according to the formula: 

100 • (70 - A)/(100 - A) 

where A is the percentage isotope remaining in solution in the 
control sample at the oxalate concentration resulting in a 30% 
reduction of isotope in the experimental system. 

Results 

Citrate in concentrations up to 3.0 mmol/1 resulted in 
a marked reduction in precipitation of CaOx crystals 
during the first 30 min after addition of the seed crys- 
tals. The effects on crystal growth in saline without 
citrate and with citrate in concentrations of 0.25, 1.0 
and 2.0 mmol/1 (Fig. 2A) clearly demonstrate this effect 
of citrate. As is evident from Fig. 2B, the presence of 
dialysed urine resulted in a slower rate of crystal 
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Fig. 1 Relationship between concentration of added oxalate and 
APcaox in the different samples without citrate 

growth than that observed in the corresponding sam- 
ples without urine. Increments in the citrate concentra- 
tion in the presence of urine brought about a further 
reduction in the rate of CaOx precipitation. In these 
experiments the crystallization was approximately the 
same in samples containing dialysed urine without ci- 
trate as in a urine-free salt solution with citrate in 
a concentration of 1 mmol/1 (Fig. 3). 

At a citrate concentration of 2.0 mmol/1 there ap- 
peared to be a small additional effect of citrate in the 
presence of dialysed urine. The total inhibition of CaOx 
crystal growth - that is the net effect of the driving force 
of the supersaturated solution and the CaOx crystal 
growth rate - is shown for different citrate concentra- 
tions in Fig. 4. Although the total inhibition increased 
up to a citrate concentration of 3 mmol/1, the most 
pronounced effect was observed at the lowest concen- 
trations of citrate. 

The APcaox recorded for a 30% reduction of the 
isotope concentration in saline increased from 
0.40 x 10 .8 to 0.53 x 10 -8 M 2 when the citrate concen- 
tration was increased from 0.10 to 3.0 mmol/1. In solu- 
tions containing urine the corresponding increment in 
APcaox was  f rom 0 . 4 5 x 1 0  - s  to 0 . 5 3 x 1 0  - s M  2. I t  

should be observed, however, that in the concentration 
range of 1.5-3 mmol/1 citrate, the APcaox remained at 
a plateau in both saline and urine (Fig. 5). For citrate 
concentrations up to 1 mmol/1, a slightly higher APcaox 
was necessary to obtain the same extent of crystalliza- 
tion in urine as in saline. 

Discussion 

Citrate is of crucial importance for the crystallization of 
calcium salts. By complex formation the activity of 
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Fig. 3 Percentage 4SCa remaining in solution 30 min after the addi- 
tion of calcium oxalate seed crystals to sampIes with different levels 
of calcium oxalate supersaturation (concentrations of oxalate).The o 100 

out urine but with citrate in concentrations of 1 mmol/1 (E]) and 
"~ t ~ - - - ~ ' ~ ' ~  B samples were prepared without urine and without citrate(A) with- 
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with citrate in concentrations of 1 mmol/1 (11) and 2 mmoi/1 (0) 
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Fig. 2 A Percentage 4Sea remaining in solution 30 min after the 20 J r 
addition of calcium oxalate seed crystals to urine-free samples with / 
different levels of supersaturation, without citrate (IS]) and with 
citrate concentrations of 0.25mmol/1 (11), 1 mmol/l (0) and 
2 mmol/l (O). B Percentage 45Ca remaining in solution 30 min after 
the addition of calcium oxatate seed crystals to samples containing 
dialysed urine without citrate (A) and dialysed urine together with 
citrate in concentrations of 1 mmol/1 (x) and 2 mmol/1 (+). The 
isotope remaining in solution in a sample without both dialysed 
urine and citrate is shown (O) 
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Fig. 4 Total inhibition of CaOx crystal growth at increasing concen- 
trations of citrate in 0.15 mol/I saline ([]) and dialysed urine (11). For 
a detailed explanation of the calculation, see "Methods" 

calcium ions and thereby the supersaturation with 
CaOx as well as with CaP are reduced [21]. The 
inhibition of growth of CaOx and CaP crystals has 
been clearly demonstrated in systems without urine 
[12, 21]. Furthermore citrate inhibits the aggregation 
of CaOx and CaP [-4, 9, 21]. In the presence of urinary 
macromolecules citrate might influence the stucture of 
Tamm-Horsfall protein [7] and in this way affect the 

aggregation. Because of the several ways in which ci- 
trate can thus affect the different components of the 
crystallization of CaOx, it is experimentally difficult to 
assess its relative contribution to the crystallization 
brought about by a reduced supersaturation [11, 15], 
an increased inhibition of aggregation [-3, 12] and a di- 
rect inhibitory effect on crystal growth [12, 15]. 
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Fig. 5 The APcaox required for a 30% precipitation of calcium at 
different concentrations of citrate in samples with (J} and without 
(K]) dialysed urine 

Whereas the inhibitory properties of citrate on crys- 
tal growth and crystal aggregation can be fairly easily 
measured in samples of diluted urine, this is definitely 
not so for whole urine. Low concentrations of citrate 
inhibit CaOx crystal growth in metastably super- 
saturated solutions [22], but the inhibitory role in the 
presence of macromolecules is far from clear [23]. In 
order to overcome this problem we used a series of 
samples with a calcium concentration and an ion- 
strength approximately corresponding to that in whole 
urine. Dialysed urine was used as a possible source of 
macromolecules to add to the crystallization system in 
whole urine concentrations without adding any small 
ions. The ion composition was thus similar in the 
systems with and without urine. The crystallization was 
started by adding seed crystals to solutions with differ- 
ent concentrations of oxalate and citrate. 

Attributable to the crystallization kinetics under 
these experimental conditions, the decreased concen- 
tration of [~SCa] remaining in solution 30 min after the 
addition of seed crystals was considered to reflect the 
growth rate of CaOx in samples both with and without 
urinary macromolecules. The recorded rate of crystalli- 
zation is, however, the net effect of a decreased driving 
force attributable to a reduced APcaox, a direct inhibi- 
tion of the crystal growth and possibly an increased 
rate of crystal growth resulting from an increased inhi- 
bition of crystal aggregation. A reduced aggregation 
results in a greater surface area and therefore an in- 
creased rate of growth. A discrimination between these 
two effects was not possible in our experiments and the 
recorded reduction of growth is therefore the net effect 
of a direct inhibition of citrate on the growth rate 
probably by citrate adsorption to growth sites on the 

crystal surface, and an increased growth rate attribu- 
table to the increased inhibition of aggregation. The 
latter effect might thus obscure the direct inhibition of 
CaOx crystal growth. 

One way to assess whether citrate causes a direct 
inhibition on CaOx crystal growth is to determine the 
APcaox for corresponding degrees of 4SCa precipitation 
at different concentrations of citrate. Citrate in whole 
urine concentrations markedly retarded the consump- 
tion of calcium during the first 30 min after addition of 
CaOx seed crystals, and higher APcaox levels were 
required to obtain the same extent of calcium precipita- 
tion when the citrate concentration was increased from 
low to normal levels. This observation indicates that 
citrate, in addition to the effect on CaOx supersatura- 
tion, also directly inhibits crystal growth, even though 
the latter effect appears to be weak. 

It is well known that urinary macromolecules such as 
glycosaminoglycans [1, 2, 13], glycoproteins [8] and 
Tamm-Horsfall protein [5, 25] are inhibitors of CaOx 
crystal growth. This effect is most certainly accomp- 
lished by a binding or adsorption of these macro- 
molecules to the surface of the crystals. The inhibitory 
effect observed with citrate is probably also the result of 
a binding to growth sites on the CaOx crystals [101. In 
a system which like urine contains both citrate and 
macromolecules, it is thus reasonable to assume that 
these two constituents compete for the same binding 
sites. We have not carried out any experiments to assess 
any differences between citrate and macromolecules in 
their affinity to the CaOx crystals, but it is evident from 
our experiments that citrate even in the presence of 
dialysed urine caused an inhibition of CaOx crystal 
growth. 

A comparison between samples with and without 
urine in terms of APcao~ cannot easily be made, because 
the effects of macromolecules on the ion activities [14] 
have not been accounted for in our calculations with 
the EQUIL2 program. It was assumed, however, that 
the relative effect of macromolecules on supersatura- 
tion was the same in all samples containing dialysed 
urine. 

It has previously been shown that citrate might inter- 
fere with urinary macromolecuAes in terms of inhibition 
of CaOx crystal aggregation [17]. In the concentration 
range of citrate between 0 and 1 mmol/1 there appeared 
to be an additive effect of citrate and macromolecules 
on the inhibition of CaOx crystal growth (Fig. 5), an 
effect that was not observed with higher concentrations 
of citrate. The hypothesis of possible competition be- 
tween citrate and macromolecules for the same binding 
sites was further supported by the fact that the super- 
saturation required for the same degree of CaOx pre- 
cipitation approached that of pure citrate solutions 
when the citrate concentration was increased from 1.5 
to 3.0 mmol/1. 

The clinical importance of an interaction between 
macromolecules and citrate is difficult to predict from 
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these exper imenta l  results, inasmuch as the amoun t  of 
crystals as well as the APcaox differs f rom that  in whole 
urine. Al though ur inary macromolecules  were present  
in whole urine concentrat ions,  there were no small 
molecular  weight inhibitors present  except citrate. 
There  appeared  to be an op t imal  concent ra t ion  of 
citrate above  which a further increment  of the citrate 
concent ra t ion  did not  result in any addi t ional  growth 
inhibition. This effect is, however,  de termined by the 
size of the crystal surface area and the a m o u n t  of  seed 
crystals. In our  exper imenta l  system the concentra t ions  
of calcium oxalate m o n o h y d r a t e  crystals and oxalate 
in solut ion at the beginning of the crystall ization 
cor responded to a total  oxalate concentra t ion  of 
1.3-2.4 mmol/1, which is unphysiological .  It  therefore 
stands to reason that  any clinical impor tance  of a re- 
duced growth inhibi t ion only might  occur at low con- 
centrat ions of citrate. 

In view of the possible interact ion between citrate 
and macromolecules  in the calcium salt crystall ization 
process [20, 211, it appears  impor t an t  to determine the 
opt imal  physiological  concent ra t ion  of citrate at differ- 
ent levels of the nephron  in order  to obta in  a basis for 
the mos t  efficient design of prevent ive t rea tment  with 
alkaline citrate. With  the smaller  area of crystals for- 
med in the nephron  and  the much  lower concent ra t ion  
of macromolecules  in tubular  urine, where the initial 
C a O x  crystal l ization mos t  likely takes place, it is pos- 
sible that  the growth-inhibi t ing effect of citrate is more  
impor t an t  than our  measurements  indicate. In a situ- 
at ion where the macromolecu la r  inhibit ion is either 
quanti tat ively inferior or structurally inefficient [6], it 
is thus possible that  the role of citrate becomes more  
impor tant .  An increased concent ra t ion  of citrate then 
to some extent might  compensa te  for or correct  such 
deficiencies and  exert a prevent ion  of CaOx  crystalliza- 
tion, by adding a direct growth- inhibi t ion to the effects 
on supersa tura t ion  and aggregation.  

The effect of citrate on C a O x  crystal  g rowth  that  was 
recorded in this series of experiments  gives further 
suppor t  to the impor tance  of a low citrate concentra-  
t ion as a risk factor  for C a O x  stone fo rmat ion  and  to 
the potent ia l  usefulness of  citrate in t reat ing of patients  
with hypoci t ra tur ic  C a O x  stone disease. 
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