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Thiosulfate Reduces Calcium Phosphate Nephrolithiasis
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ABSTRACT

An uncontrolled trial reported that sodium thiosulfate reduces formation of calcium kidney stones in
humans, but this has not been established in a controlled human study or animal model. Using the
genetic hypercalciuric rat, an animal model of calcium phosphate stone formation, we studied the effect
of sodium thiosulfate on urine chemistries and stone formation. We fed genetic hypercalciuric rats
normal food with or without sodium thiosulfate for 18 wk and measured urine chemistries, supersatu-
ration, and the upper limit of metastability of urine. Eleven of 12 untreated rats formed stones compared
with only three of 12 thiosulfate-treated rats (P < 0.002). Urine calcium and phosphorus were higher and
urine citrate and volume were lower in the thiosulfate-treated rats, changes that would increase calcium
phosphate supersaturation. Thiosulfate treatment lowered urine pH, which would lower calcium phos-
phate supersaturation. Overall, there were no statistically significant differences in calcium phosphate
supersaturation or upper limit of metastability between thiosulfate-treated and control rats. In vitro,
thiosulfate only minimally affected ionized calcium, suggesting a mechanism of action other than calcium
chelation. In summary, sodium thiosulfate reduces calcium phosphate stone formation in the genetic
hypercalciuric rat. Controlled trials testing the efficacy and safety of sodium thiosulfate for recurrent
kidney stones in humans are needed.
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Nephrolithiasis is one of the most common disor-
ders of the urinary tract, affecting approximately
12% of men and 6% of women during their life-
times in industrialized countries.! Approximately
80% of kidney stones are composed primarily of
calcium salts. Despite the high prevalence of kidney
stone disease, there has been little progress in devel-
oping new therapies to prevent stone formation,
especially in patients who have formed a kidney
stone and who are at significantly increased risk for
forming additional stones. The lack of progress in
identifying new therapies for nephrolithiasis has
been disappointing to the many patients who expe-
rience recurrent stone formation.

Sodium thiosulfate (STS), Na,S,0;, is a com-
pound with a long history of medicinal use.>?* Cur-
rently, it is used for treatment of cyanide toxicity
and as a neutralizing agent to reduce the toxicity of
cisplatin chemotherapy.*~¢ The effectiveness of STS
in these diseases lies in its antioxidant activity and
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the availability of a sulfur group for donation. In
1985, Yatzidis” reported on using STS as treatment
for recurrent calcium nephrolithiasis. In a 4-yr
study of 34 patients, he reported an 80% reduction
in stone rates, compared with the patients’ own pre-
treatment stone formation rate. Unfortunately, no
follow-up, prospective, controlled trials have been
performed to determine the effectiveness of STS in
preventing recurrent stone formation; however,
anecdotal reports of successful treatment of calci-
phylaxis with STS in patients with end-stage kidney
disease have stimulated interest in this compound
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as a potential therapy for disorders of calcium deposition, in-
cluding stone disease.®~1¢ The mechanism by which STS affects
calcium deposition is not known.

Before pursuing new studies in humans, we chose first to
study this drug in the genetic hypercalciuric stone-forming
(GHS) rats because 40 to 50% of humans with kidney stones
will have hypercalciuria, making it the most common meta-
bolic abnormality. The GHS rat colony has been bred for hy-
percalciuria and now excretes approximately 8 to 10 times
more urine calcium than similarly fed control rats.!” The
pathophysiology of the hypercalciuria seems similar to that in
humans in that it involves intestinal hyperabsorption,'8!° re-
duced renal tubular reabsorption,?° and increased bone min-
eral lability.222 Virtually all of the GHS rats form kidney
stones, whereas control rats have no evidence of stone forma-
tion.2? On a standard rat diet, the kidney stones formed con-
tain only calcium and phosphate.>* Here we report the results
of a controlled trial to determine whether STS reduces stone
formation in an animal model of spontaneous calcium phos-
phate stone formation.

RESULTS

Urine Chemistries

Our goal was to obtain a urine thiosulfate concentration of
approximately 4 mmol/L, similar to that attained in the pa-
tients treated by Yatzidis.” Average urine thiosulfate concen-
trations in the STS-treated rats at weeks 6, 12, and 18, respec-
tively, were 4.15 * 0.32, 3.51 = 0.30, and 3.91 = 0.34 mmol/L
(mean = SEM). Thiosulfate excretion was 0.14 = 0.01,0.11 =
0.01,and 0.12 = 0.01 mmol/d for weeks 6, 12, and 18, respec-
tively. Rats in the control group, which had no added thiosul-
fate, had urine concentrations of thiosulfate below the level of
detection of the assay.

Urine calcium was significantly higher in the STS group
compared with the control group during all three urine collec-
tions, whereas there was no change in urine oxalate (Figure 1, A
and B, respectively). Urine volume was lower in the STS treated
rats compared with the control group during the last collection
period and when all urine volume measurements were com-
bined (Figure 1C). No change in stool consistency was noted
during the study to explain the difference in urine volume, but
a formal quantification of stool volume was not performed.

Urine pH was significantly lower in GHS rats treated with
STS compared with the control group, whereas urine citrate
was significantly lower than the control in all three urine col-
lections (Figure 2, A and B, respectively). This was accompa-
nied by an increase in ammonium excretion (Figure 2C) and
phosphorus excretion (Figure 3A), which strongly suggests
that net acid production was significantly higher in the rats
being treated with STS; however, urinary bicarbonate, needed
to calculate formally net acid excretion, was not measured.
Sulfate excretion was markedly elevated in the STS-treated
rats, suggesting considerable metabolism of thiosulfate to sul-
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Figure 1. Urine calcium and oxalate excretion and urine volume
(mean = SEM) in GHS rats fed a standard diet with (ll) or without
STS (B) added. *Different from control in the same time period,
P < 0.001.

fate (Figure 3B), likely the source of the acid load in the STS-
treated rats. Urine sodium was elevated in the rats treated with
STS as a result of the sodium in this compound (Figure 3C).
Both the acid and sodium loads likely contributed to the in-
crease in urine calcium (Figure 1A).

Urine Supersaturation and Upper Limit of
Metastability
We performed a direct measurement of supersaturation (SS),
instead of calculating a value, because the iterative computer
program Equil 2 commonly used to estimate urine saturation
does not include thiosulfate as an ionic species.?> Results from
the last collection period are not reported for SS and upper
limit of metastability (ULM) because spontaneous crystalliza-
tion of calcium salts occurred in many of the thymol-preserved
urine samples during transport for unknown reasons. The
crystallization occurred in urine from both control and STS-
treated rats.

Calcium phosphate (CaP) SS, as determined by the concen-
tration product ratio (CPR), did not differ in week 6 but was
numerically higher among the STS groups in week 12 and all
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Figure 2. Urine pH and urine citrate and ammonia excretion in
GHS rats fed a standard diet with (M) or without STS () added.
*Different from control in the same time period, P < 0.001;
#different from control in the same time period, P < 0.05.

weeks combined than among the control group for the same
periods; however, the differences were not statistically signifi-
cant (Figure 4A). Calcium oxalate (CaOx) CPR did not differ
in week 6 but was significantly higher in the STS-treated rats in
week 12. The combined data did not show any significant dif-
ference in CaOx CPR (Figure 5A).

The ULM is a measure of the ability of urine to resist crys-
tallization, such that an increase in ULM can offset an elevated
SS and prevent stone formation. Rats treated with STS showed
a trend toward higher CaP CPR at the end point of the ULM
experiment than did control rats in weeks 6, 12, and all weeks
combined (Figure 4B), although the difference did not reach
statistical significance. To judge the net effect of STS on crys-
tallization, we calculated the difference between the urine CaP
ULM and SS. The greater the difference between the ULM and
SS, the lower the risk for crystallization. The difference be-
tween CaP ULM and SS was significantly higher in the STS-
treated rats in week 6 but was not different in week 12 or both
weeks combined (Figure 4C). For CaOx, the ULM did not
differ in week 6 but was significantly higher in the STS-treated
rats in week 12 and all weeks combined (Figure 5B). The dif-
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ference between CaOx ULM and SS was significantly higher in
week 12 and all weeks combined.

Stone Formation

Radiologic examination of kidneys dissected from the GHS
rats revealed 11 of 12 rats in the control group and only three
of 12 rats in the STS group (P < 0.002) formed kidney stones.
(Figures 5 and 6, left). When each kidney was assessed sepa-
rately, 15 of 24 kidneys in the control group and three of 24
kidneys in the STS group developed kidney stones (P < 0.001;
Figure 6, right). In addition, the number and size of the stones
were much less in the STS-treated rats than in the control
group. There were no significant differences in urine chemis-
tries between the STS-treated rats that formed stones and
those that did not form stones.

Effect of Anions on lonized Calcium

Ionized calcium decreased modestly as the concentration of
sulfate and thiosulfate increased up to 9 mM at both pH 5.7
and 7.2 (Figure 7). Sulfate lowered ionized calcium slightly
more than did thiosulfate at both pH levels. In contrast, ci-
trate, which is known to be an effective calcium-complexing
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Figure 3. Urine phosphorus, sulfate, and sodium excretion in
GHS rats fed a standard diet with (l) or without STS (&) added.
*Different from control in the same time period, P < 0.001.
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Figure 4. Urine CaP concentration product ratio, ULM and the
difference of ULM and SS. #Different from control in the same
time period, P < 0.05.

agent, was significantly more effective in lowering ionized cal-
cium than either sulfate or thiosulfate.

DISCUSSION

We chose to investigate the efficacy of STS to prevent stone
formation in the GHS rat for a number of reasons. First, the
dietary and environmental factors of these rats housed in met-
abolic cages for the entire study can be completely controlled.
Second, the rats form stones over the course of months, which
allowed us to use stone formation as a primary end point;
prospective, controlled pharmacologic trials to prevent stones
in humans generally require 3 yr of follow-up.26-3° Third, the
GHS rats are a model of spontaneous CaP stone formation.
Because there has been considerable focus on the role of CaP
plaque as the initial nidus of stone formation in humans?! and
the apparent efficacy of STS in treating calciphylaxis,®'¢ which
is also a CaP mineralization disease, we believed an animal
model of CaP stone disease would provide significant insights
into the effect of STS on cap crystallization. We found that STS
significantly reduced kidney stone formation in the GHS rats.

J Am Soc Nephrol 20: 1246-1253, 2009

www.jasn.org | BASIC RESEARCH

The initial report of STS in the treatment of calcium kidney
stones was by Yatzidis in 1985.7 Thirty-four patients with re-
current calcium nephrolithiasis were treated with STS ata dos-
age of 10 mmol orally twice per day for an average of 4 yr. The
number of CaOx versus CaP stone formers in the study was not
reported. The author reported a reduction in stone rate from
0.98 to 0.11 stones per patient per year with the drug compared
with the pretreatment control period. The patients were not
chosen on the basis of any metabolic subtype, but, as expected,
18 of the 34 patients had hypercalciuria. No changes in serum
or urine calcium, phosphorus, or magnesium were noted dur-
ing treatment with STS compared with baseline. Urinary thio-
sulfate excretion averaged 4.2 mmol/d during therapy; thus,
21% of the oral dose was excreted via the kidney. Unfortu-
nately, urine oxalate, citrate, uric acid, and pH were not re-
ported, so a complete assessment of urine risk factors was not
possible. The only other report of STS therapy in kidney stone
disease was a case report in 1994 of a patient with renal tubular
acidosis and nephrocalcinosis, which improved with oral STS
therapy.3? No other studies either supporting or refuting the
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Figure 5. Urine CaOx CPR, ULM, and the difference of ULM and
SS. *Different from control in the same time period, P < 0.001.

Thiosulfate Reduces Kidney Stones 1249



BASIC RESEARCH | www.jasn.org

Figure 6. (A through D) Representative x-rays of the kidneys from four rats, two (A and B) in the control group with no STS therapy
and two (C and D) that were treated with STS. Three of the four kidneys in the control group contain kidney stones; no stones are seen

in the rats treated with STS.
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Figure 7. Effect of anions on ionized calcium. Citrate (M) at increasing concentration lowers ionized calcium to a much greater extent
than either sulfate (A) or thiosulfate (@) in acetate buffer at pH 5.7 (left) or HEPES buffer at pH 7.2 (right).

effectiveness of this therapy in kidney stone disease have been
published.

The mechanism by which thiosulfate reduces pathologic
crystallization is not known. Yatzidis suggested that thiosulfate
complexed calcium, because calcium thiosulfate is much more
soluble than either CaOx or calcium phosphate; however, the
solubility of a salt does not indicate the ability of a one mole-
cule to complex another. Our measurements of the effect of
thiosulfate on ionized calcium suggest that thiosulfate is not a
significant calcium-complexing agent (Figure 7). At dosages
achieved in urine, the effect is minimal and easily dwarfed by
that of citrate at 1 to 3 mM, concentrations typically found in
human urine.?? The urine data presented in this article also do
not support a significant role for thiosulfate complexation of
calcium. The increased urine calcium and phosphate and de-
creased urine citrate excretion are offset by a decrease in urine
pH, making it hard to predict the effect of thiosulfate on urine
saturation. If STS prevented stones by complexing calcium,
then we would have expected a lower CaP CPR value in the
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treated animals, which we did not find. The CaP ULM was
slightly higher in the STS-treated rats, and the CaP ULM to SS
difference was significantly higher in week 6 and but not in
week 12 in the STS-treated rats. Interestingly, there was a sig-
nificant increase in the CaOx ULM and the ULM to SS differ-
ence, suggesting an inhibition of CaOx crystallization; how-
ever, the GHS rats were fed in a manner that would cause CaP
stones to form. Whether STS therapy will increase CaOx ULM
and prevent CaOx stone formation in the setting of hyperox-
aluria will need to be tested in a separate experiment. In total,
these findings may indicate some direct inhibitory effect on
crystallization by thiosulfate, the elevated urine sulfate, or
some other metabolic effect of thiosulfate. Perhaps proteins
released from acid-induced bone dissolution affected CaP
crystallization. Thiosulfate is also a powerful reducing agent,
which provides another potential mechanism, although not
specifically tested here. Whatever the mechanism of action,
STS clearly reduced stone formation in this well-controlled
experimental model.

J Am Soc Nephrol 20: 1246-1253, 2009



Although the rat model showed significant reduction in
stone rates, we do need to recognize potential differences be-
tween rats and humans in interpreting results. A much higher
dosage of STS was required to obtain the desired level of urine
thiosulfate because only 6% of the thiosulfate administered to
the rats was excreted in the urine as compared with 21% for
humans. The higher dosage led to a significant sodium and
acid load with the predictable outcome of worsening the urine
calcium excretion in the rats. Yatzidis in his study reported that
urine calcium was stable throughout the experiment, but the
sodium load was much lower adjusting for the size difference
between humans and the GHS rats.” Yatzidis did not report
urine pH, citrate, or ammonium, so we cannot tell whether an
acidosis was induced in the humans. Two case studies of STS in
calciphylaxis reported patients’ developing a mild metabolic
acidosis during therapy'®!%; other case reports make no men-
tion of acid-base abnormalities. It is unlikely that the acidosis
was responsible for preventing stone formation by lowering
urine pH, because a previous study?* of the effect of acid load-
ing in GHS rats did not show a reduction in CaP stone forma-
tion despite consistently lowering urine pH below 5.6, signifi-
cantly lower than the urine pH attained in this study.

STS has a long history of medicinal use in disorders other
than nephrolithiasis.>? Currently, the major clinical uses of
STS are for treatment of cyanide toxicity and to reduce the
toxicity of cisplatin chemotherapy.*-¢ There has been a surge
of interest in the use of STS to treat calciphylaxis in patients
with end-stage kidney disease. There are multiple case reports
showing improvement in pain, healing of skin ulcers, and ra-
diographic evidence of resolution of metastatic calcifica-
tion.®-16 In these reports, STS was given intravenously, orally,
and even intraperitoneally. There has also been a case report of
successful treatment of gadolinium-induced nephrogenic sys-
temic fibrosis using STS.3>

The Food and Drug Administration recognizes STS as a
GRAS compound (generally recognized as safe). In all human
studies of STS, only minimal adverse effects have been re-
ported. For treatment of cyanide toxicity in adults, 12.5 g (79
mmol) of STS is infused without adverse effect; in fact, up to
25 g has been infused without toxicity in humans.* In studies of
long-term use in end-stage kidney disease, no significant ad-
verse events have been reported. When used orally in the kid-
ney stone population, Yatzidis reported the only adverse effect
to be foul-smelling stools but noted no patient stopped the
medication as a result of adverse effects.” One potential con-
cernis the acid load we found during STS treatment in the GHS
rats. If humans also have a significant increase in acid produc-
tion with STS therapy, then there is a risk for bone demineral-
ization during long-term therapy. This is particularly worri-
some in hypercalciuric stone formers, who have an increased
risk for fracture and reduced bone mineral density. In addi-
tion, patients with CaP stones and distal renal tubular acidosis
may be particularly unsuited for STS therapy, because they
would not be able to excrete the acid load and could develop a
significant metabolic acidosis.
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Overall, our results support the hypothesis that STS is an
effective therapy to prevent CaP kidney stones. That STS seems
to be safe and well tolerated makes this an interesting thera-
peutic alternative. The mechanism of action may involve an
increase in the cap ULM to SS difference, but it seems to be
other than that of simple calcium complexation. Typical urine
risk factors would not be adequate to assess the efficacy of STS
therapy, so other markers would need to be identified to guide
treatment if it is to be used in humans. Further studies in hu-
mans are needed to define the metabolic effects and safety of
long-term STS ingestion and to test the hypothesis that STS
would reduce stone formation.

CONCISE METHODS

All rats were housed in metabolic cages at University of Rochester
Vivarium, according to federal standards (OLAW Assurance No.
A1807-01 and University of Rochester PHS Assurance No. A-3292-
01). Rats were seen frequently by veterinary staff of this Association
for Assessment of Laboratory Animal Care-approved facility.

Twenty-four GHS rats, approximately 190 g each, were equally
divided into two groups; both groups were fed 13 g of standard rat
chow (1.2% calcium, 0.65% phosphate) for the first 12 wk and 15 g for
the last 6 wk (dietary needs increase as a result of growth) and kept in
metabolic cages for the duration of the study. The STS treatment
group had 500 mg/d STS pentahydrate added to their chow, which
was increased to 580 mg/d STS after week 12. At 6, 12, and 18 wk, four
consecutive 24-h urine samples were collected. Two collections (first
and third) were in 0.5-ml concentrated HCI for the measurements of
calcium, magnesium, phosphorus, ammonia, creatinine, potassium,
sodium, oxalate, and citrate. Two collections (second and fourth)
were in the presence of thymol for the measurements of pH, sulfate,
thiosulfate, and the ULM and SS experiments (run on urine samples
from day 2 only). The data from days 1 and 2 and days 3 and 4,
respectively, were combined to provide two complete sets of 24-h
calculations.

All urine samples were collected by technicians at University of
Rochester and sent to Litholink via overnight Federal Express after
days 2 and 4 of each set of urine collections. After the 18th week, each
rat was killed; the kidneys, ureters, and bladder were dissected en
block; and x-rays of the urinary system were performed. Calcifications
were counted in each kidney by D.A.B., who was blinded to the treat-
ment status of the rats.

Urine Chemistries
Calcium, magnesium, phosphorus, ammonia, and creatinine were

measured spectrophotometrically using the Beckman CX5 Pro auto-
analyzer (Beckman Instruments, Brea, CA). Potassium and sodium
were measured by ion-specific electrodes on the Beckman CX5. Urine
pH was measured using a glass electrode.

Thiosulfate, oxalate, citrate, and sulfate were measured by ion
chromatography using a Dionex ICS 2000 system (Dionex Corp.,
Sunnyvale, CA). Samples were loaded into a 25-ul loop using an au-
tosampler and injected onto an AG-11 guard column and AS-11 an-
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alytical column in series, with KOH as the mobile phase. Ion peaks
were detected using a conductivity meter with the eluent background
conductivity suppressed using an anion self-regenerating suppressor.
Sulfate and thiosulfate were measured in the unacidified urine speci-
mens because thiosulfate is stable in urine at ambient pH but decays in
acidified urine samples.

Urine SS

Urine specimens had gentamicin (0.02 mg/ml) added to prevent bac-
terial growth. Thirty milligrams of brushite (CaP) or CaOx crystals,
for determination of CaP and CaOx saturation, respectively, was
added to a 5-ml aliquot of urine, which had been warmed to 37°C.
Specimens were continuously stirred, and the pH of each sample was
measured at 24 and 48 h and maintained at the original pH by addi-
tion of either HCl or KOH as needed; the change in volume from
added acid or base was <1%. The urine samples were then centri-
fuged at 3000 rpm for 5 min; the supernatant was collected and spun
through a 0.2-uwm filter tube at 10,000 rpm for 5 min. One milliliter of
filtrate was acidified with 50 ul of 4 N HCI, and the final calcium and
phosphorus concentrations were measured for CaP saturation or cal-
cium and oxalate concentration measured for CaOx saturation.

The CaP CPR was calculated as the molar product of [calcium X
phosphorus] at the baseline divided by the [calcium X phosphorus] at
the end of incubation.?®3” The CaOx CPR was determined in the same
manner except oxalate replaces phosphorus in the calculation. A value
of 1 is the saturation point of the urine, whereas >1 indicates that the
urine is supersaturated and <1 that the urine is undersaturated.

Upper Limit of Metastability
The ULM defines the level of SS required for crystallization of a salt. It

is quantified by increasing the calcium concentration (for CaP ULM)
or oxalate concentration (for CaOx ULM) of a urine sample until
precipitation occurs, identified as an increase in turbidity of the urine
sample. Urine samples collected in thymol were used for the ULM
measurements, and gentamicin was added to 5-ml aliquots of each
urine sample (final concentration of 0.02 mg/ml) to prevent bacterial
growth during the experiment. The pH was then adjusted to 6.4 for
cap ULM measurement, which ensures crystallization of cap when
calcium is added to the urine. For CaOx ULM, the urine samples were
adjusted to pH 5.7. Urine samples were then centrifuged at 3000 rpm
for 5 min and warmed for 30 min at 37°C in an incubator. Two
milliliters of the urine sample was placed in a cuvette of a Beckman
DU 650 Spectrophotometer (Beckman Instruments). The analytical
absorbance was set to 620 nm, and the background was set to 250 nm.
The spectrophotometer is equipped with a water bath set at 37°C and
cuvette stirring capabilities. Every 3 min, 5 ul of CaCl, for CaP ULM
or sodium oxalate for CaOx ULM was added to the cuvette. When the
OD reading increased 0.1 U from the baseline, crystallization had
occurred and the final ligand concentration, either calcium or oxalate,
required to induce crystallization was calculated.

Effect of Anions on lonized Calcium
To determine the effect of STS on ionized calcium levels, we com-

pared equimolar concentrations of STS, sodium sulfate, and sodium
citrate. Tonized calcium was measured using a calcium electrode
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(Thermo Electron Corp., Beverly, MA) in combination with a silver/
silver chloride reference electrode. The electrode was calibrated using
CaCl, standards of 1 and 10 mM in 150 mM of NaCl to maintain
constant ionic strength. The study was performed at pH 5.7 in 5 mM
of sodium acetate and 150 mM of NaCl buffer and at pH 7.2 in 5 mM
of HEPES and 150 mM NaCl buffer. The electrode was calibrated in
the same buffer used in the solutions to be tested. Each anion was
studied at concentrations varying from 1 to 9 mM. All ionized calcium
measurements were performed in triplicate.

Statistical Analysis

Statistical analysis was performed using SYSTAT 12 Software (Systat
Software, San Jose, CA). Results are expressed as means = SEM. Com-
parison between control and STS groups was done using  tests with
Bonferroni correction used for multiple comparisons. Kidney stone
formation rates were analyzed using the nonparametric Mann-Whit-
ney test.
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