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Male Wistar-strain rats which had been fed a glycolic-acid diet developed severe nephro-
calcinosis with urinary calculi within 4 weeks. Rats fed the same diet with citrate salts added
had, however, either slight or no nephrocalcinosis without any stones in the urinary system.
Nephrocalcinosis intermediate between those in the citrate groups and the glycolic-acid
group, with some urinary calculi, was observed in the citric-acid group. During the experiment,
the urinary oxalate concentration increased markedly and was higher in the citrate and
citric-acid than in the glycolic-acid group. The urinary citrate concentration was significantly
higher in the citrate groups and lower in the citric acid and glycolic-acid groups.

Therefore, citrate salts can be concluded to inhibit nephrocalcinosis and calculi formation
as a result of decreased urinary saturation by means of increase in urinary citrate, in spite

of a slight increase in the urinary oxalate.
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INTRODUCTION

Citrate has been reported to be an in
vitro inhibitor of the crystallization of
stone-forming calcium salts”. The clinical
usefulness of potassium citrate for renal
stone-disease has also been reported®, but
there have been few reports on its effect
in animal (non-human) experiments®. Pre-
viously, we demonstrated that a 5% pyru-
vate salt-containing glycolic-acid diet (cal-
cium-oxalate lithogenic diet) inhibited
nephrocalcinosis  and stone formation®.
Adequate inhibitory activity of citrate
would be obtained at a similar concentra-
tion. Therefore, we investigated whether
or not potassium citrate is superior to
sodium citrate and whether or not citric
acid has any effect in preventing nephro-
calcniosis and stone-formation.

MATERIALS AND METHODS

Male Wistar-strain rats (ca 150 g) were

acclimated 1 week and then randomly
divided into 4 groups, each group consist-
ing of 5~6 rats; the -calcium-oxalate
lithogenic diet (a glycolic-acid diet) was
MM-1 (Funabashi Farms, Japan) contain-
ing 3% glycolic acid (GC group)®, and the
glycolic acid diet containing 5% sodium
citrate (Na citrate+GC group) or an equi-
molar level of potassium citrate (K citrate
+GC group) or citric acid (citric acid+
GC group). All the diets were fed in
powder form, and the rats had access to
drinking water ad libitum. Rats were weighed
weekly. Pooled 24-hour urine samples
from each group were collected weekly by
using metabolic cages in two-some and
three-some fashion; they were collected at
0 week from rats on the basal diet (MM1).
Immediately thereafter the experimental
diets were started. They were collected in
flasks containing 100 ¢l of 20% chlorohexi-
dine gluconate®, and their volumes and pH
were measured; they were then acidified
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to a pH lower than 2.0” and subsequently
stored at —40°C until analysis. At the end
of the fourth experimental week, all the
rats were killed. All the urinary tracts
were examined for calculi-formation and
nephrocalcinosis, the latter of which was
expressed in 4 grades (nil—, slight +,
moderate 4+, and severe i) in accordance
with the criteria of Hasegawa et al®. Half
of the right kidneys were weighed and
homogenized in 5ml of 2N HC! by means
of a disintegrator (Bio-mixer). The super-
natant was deproteinized with an equal
portion of 6% sulfosalicylic acid and then
diluted 100-fold with deionized distilled
water for the oxalate determination by
ion-chromatography®. The urine samples
were also analyzed for oxalate and citrate
by ion-chromatography after a 100-fold
dilution and!® for calcium and magnesium
by atomic-absorption spectrophotometry
after 100-fold and 1,000-fold dilutions
respectively. The Bonferroni method was
used to test the statistical significance
between groups, while paired t tests were
used to test the responses of the same
animals to each treatment over time!®.

RESULTS

Within four weeks, the body weight
increased in the sodium-citrate and potas-
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The 24-hour urinary oxalate concentra-
tion (mean+SE) was high in all groups
during experiment. It increased over
time in the potassium-citrate group and
was significantly higher in the potassium
citrate group than in the other three
groups (p<{0.01). It was highest at the
first, second, or third experimental week
and decreased at the fourth week in
the latter three groups.

Fig. 1.

sium-citrate groups (60.1+24.1g, mean=+
SE, and 106.0+8.7 g respectively); growth
was retarded somewhat in the glycolic-acid
group (25.2+9.5g) and was retarded mar-
kedly in the citric-acid group (—3+9.5g).
The urinary volume was higher in the
glycolic-acid and sodium-citrate groups
than in the potassium-citrate and citric-
acid groups. Throughout the experiment,
the 24-hour urinary excretion of oxalate
was extremely high in all 4 groups compar-
ed weih that reported in a basal diet
group. The 24-hour urinary excretion of
oxalate was highest in the first or second
week in all but the potassium citrate group,
and then decreased toward the fourth
experimental week. The 24-hour urinary
oxalate concentration (Fig. 1) was persi-
stently higher in the citrate groups and
was significantly higher in the potassium
citrate-group than in the glycolic-acid
group. In the citrate groups, the 24-hour
urinary excretion of citrate increased mar-
kedly; the 24-hour urinary excretion of
citrate stayed low in the glycolic-acid
group and decreased in the citric-acid
group. The 24-hour urinary citrate con-
centration (Fig. 2) was consistently high
in the citrate groups (being highest at the
fourth week) and was consistently lowest
in the glycolic-acid and citric-acid groups.
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The 24-hour urinary citrate concentra-
tion (mean=+SE) was high in the citrate-
salt groups throughout experiment. It
was consistently high in the citrate
groups (p<0.05), was highest at the
second or third week, and then decreased
at the fourth week. it was consistently
lowest in the citric-acid and glycolic-
acid groups (p<{0.05).
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Fig. 3. The 24-hour urinary calcium concentra-
tion (mean+SE) was highest in the
potassium-citrate group and was lowest
in the glycolic-acid group during experi-
ment, but differences were not statisti-
cally significant.
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Fig. 4. The 24-hour urinary magnesium con-
centration (mean+SE) was highest at
the first week in the citric-acid group
(p<0.05). Overall, there was no definite
trend in the urinary magnesium con-
centration during experiment.

The 24-hour urinary excretion of calcium
was higher in the citrate groups than in
the citric-acid and glycolic-acid groups;
the 24-hour urinary calcium concentration
was also higher in the citrate groups than
in the citric-acid and glycolic-acid groups
(Fig. 3). However, there was no statisti-
cally significant difference between any
two groups in urinary calcium concentra-
tion; therefore, the urinary calcium con-
centration was not affected by the various
diets. There was no significant difference
between any two groups in the 24-hour
urinary - excretion of magnesium. There
was no significant difference in the 24-hour
urinary magnesium concentration - in
(Fig. 4) between any two groups. The 24-
hour urinary pH (Fig. 5) was consistently
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Fig. 5. The 24-hour urinary pH (meanz+SE)
was consistently lowest in the glycolic-
acid group. It was significantly higher
in the citrate-salt groups than in the
acid groups at the first experimental
week (p<0.0l). Although it increased
toward the end of the experiment in
the citric-acid group, this trend was not
statistically significant.
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Fig. 6. Effects of sodium citrate, potassium citrate, and citric

acid on incidence of urolithiasis.

Almost no gross

calculi were observed in the citrate groups, although
there were a few in the citric-acid group. Marked
calculi deposits were observed in the glycolic-acid

group.
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Fig. 7. Mean oxalate concentrations (meanz=
SE) of the renal tissue at the fourth ex-
perimental week. There were significant
differences in renal oxalate concentra-
tion between the glycolic-acid group and
the alkali salt groups (p<{0.05). There
was no significant difference between
the sodium-citrate and potassium-citrate
groups.

lower in the glycolic-acid and citric-acid
groups, and there was a significant differ-
ence between the citrate groups and the
acid groups. The 3% glycolic-acid diet was
a potent calculi-former; nephrocalcinosis
and urinary calculi were observed in the
kidneys of all 5 rats in the glycolic-acid
group (Fig. 6). The urinary calculi were
identified by means of infrared-spectro-
photometry as being composed of calcium
oxalate. Sodium and potassium citrate
eliminated nephrocalcinosis and urinary
calculi to a similar extent. The oxalate
concentrations of the kidney tissue (Fig.
7) reflected the degree of nephrocalcinosis.
At the same equimolar level, the inhibitory
activity of potassium citrate was the same
as that of sodium citrate (p<{0.05), based
on the oxalate tissue level and the degree
of nephrocalcinosis. There was a significant
difference in the renal oxalate level and
the degree of nephrocalcinosis between,
on the one hand, the sodium citrate group
and the potassium citrate group and, on
the other hand, the glycolic-acid group

(p<0.05).

DISCUSSION

Citrate has been shown i vitro to inhibit
the crystallization of calcium oxalate and
calcium phosphate'®, the two of which sub-
stances together constitute more than 70%
of urinary-tract stones. In urine, citrate
complexes calcium, reducing the free cal-
cium-ion activity. This effect is pH-depen-
dent, with maximum complex formation
at or above pH 6.5. By decreasing the
free calcium-ion activity, the state of uri-
nary saturation for both the calcium-
oxalate and calcium-phosphate-crystal sy-
stems is reduced. The second role of
citrate is as a specific inhibitor of crystal
growth” and aggregation, although aggre-
gation has been less well studied. Citrate
is one of the major inhibitors of calcium-
phosphate-crystal growth. In the calcium
oxalate system, its effect is thought to be
small and pH-dependent. Although phos-
phocitrate and citrate-metal complexes are
potent inhibitors of the calcium-oxalate!®
and calcium phosphate-crystal-growth sys-
tems, none of these substances have been
demonstrated to occur in urine, so their
biological importance is not established.
Based on these theories, Pak and his asso-
ciates conducted a long-term clinical trial
with potassium citrate®. This treatment
produced a significant increase in urinary
pH and citrate and also a significant
clinical improvement for hypocitraturic
calcium nephrolithiasis and uric acid
lithiasis with or without calcium stones.
Our present results, however, are not in
complete agreement with their clinical
results: citrate salts inhibit experimental
urolithiasis in the rat by increasing the
urinary citrate concentration, with a slight
increase in the urinary oxalate concentra-
tion; potassium citrate would seem to be
advantageous over sodium citrate in in-
creasing the urinary citrate concentration,
although the diffesences in inhibitory acti-
vity were not significant. More studies
are needed to clarify the latter problem.
In our experimental model, the inhibitory
activity is defined on the bases of the
renal tissue level of oxalate and the de-
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gree of nephrocalcinosis. Tissue oxalate
probably involves multiple factors, but it
may correlate with the degree of nephro-
calcinosis and calculi formation. Moreover,
the doses of the inhibitory substances
administered to rats were 100 times as
high as those administered to humans.
Therefore, it is difficult to relate the
findings obtained in animal studies to
clinical conditions. However, any sub-
stances .which eliminate nephrocalcinosis
and stone formation in rats may possibly
inhibit stone formation in humans.

Increased urinary oxalate concentration
during long-term treatment with potassium
citrate was reported not to be significant
by Pak and his associates. Our present
experiment in the rat has confirmed that
urinary oxalate is increased significantly
at the 4th week, much as in the case of
pyruvate salts. Even if this phenomenon
reflects the true feature of citrate-salt
treatment, the wurinary calcium-oxalate
saturation decreases, therefore, nephrocal-
cinosis and stone formation are inhibited.

Urinary calcium was reported by Sak-
haee and his associates to decrease during
short-term treatment with potassium cit-
rate’®, However, Pak and his assoclates
reported that urinary calcium did not
change significantly on a long-term basis¥.
Our present findings have also confirmed
that there are no significant differences in
urinary calcium between potassium-citrate
and sodium-citrate treatments.

Citric acid has been shown by our pre-
sent experiment to have no inhibitory
effect on lithogenicity nor to increase
urinary citrate. This suggests that there is
no advantage in administering citrate in
an acid form in order to increase urinary
citrate. We also reported this previously
for pyruvic acid. Recent advancements in
renal physiology have demonstrated that
systemic acid-base changes cause striking
changes in citrate clearance and meta-
bolism. Any organic acid, causing acidosis
in rats, naturally decreases urinary citrate
excretion and does not actively inhibit
stone formation.

In summary, our present experiment

using glycolate-induced calcium-oxalate
lithiasis has shown that citrate administra-
tion increases the urinary citrate concent-
ration and also the urinary oxalate con-
centration, without exerting any significant
effect on the urinary concentrations of
calcium and magnesium. Therefore, so-
dium and potassium citrate salts can be
concluded to inhibit nephrocalcinosis and
urinary calculi formation in rat experi-
mental lithiasis as a result of the reduced
urinary saturation caused by the urinary
citrate increase, in spite of a slight increase
in the urinary oxalate.
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