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AbstrAct

background and purpose: Urinary citrate is an inhibitor of calcium oxalate stone formation. It is reab-
sorbed in the proximal kidney through sodium dicarboxylate co-transporters (NaDc-1, NaDc-3) present in the 
renal tubular epithelium. Lithium (Li) is a known potent inhibitor of these transporters. We investigated the 
effect of lithium carbonate (Lic) and lithium citrate (Licit) in regulating urinary citrate levels and preventing 
nephrolithiasis (NL) in the rat model. Experimental approach: We took 220 Wistar rats and induced neph-
rolithiasis in 130 of them by administering high doses of 5% ammonium oxalate (AmOx) for seven days and 
labeled them as Group b. rest were labeled as Group A. Each group was then divided into 3 subgroups. First 
sub-group acted as control while other two were treated with either lithium carbonate (Lic) or lithium citrate 
(LiCit) for 21 days. Ten rats from each of the six sub-groups were randomly selected for sacrifice on 3rd, 7th and 
14th day and additional 10th and 21st day from Li treated groups. blood and urine samples were collected and 
analyzed on these days. The kidneys of the sacrificed rats were dissected and studied under light microscopy for 
crystal deposition (left kidney) and histological changes (right kidney). Key results: Urinary citrate levels were 
significantly increased in response to either LiC (p<0.001) or LiCit (p<0.001). Increased urinary citrate levels 
resulted in the reduction of calcium oxalate (CaOx) crystal deposition, kidney tubular dilatation and infiltra-
tion of inflammatory cell in the tubulo-interstitium. Conclusions and implications: Use of lithium salts might be 
a potentially useful approach in the prevention of recurrent NL. (Int J Biomed Sci 2009; 5 (3): 215-222)
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INtrODUctION

Citrate is a tricarboxylic (TCA) acid and an intermediate 
in the TCA (Krebs) cycle. It is normally excreted in urine 
and naturally prevents crystallization by complexing with 
calcium (1) and inhibiting crystal growth and aggregation (2, 
3). Hypocitraturia is found as an isolated abnormality in up 
to 10% and secondary to other abnormality in 20% to 60% 
of nephrolithiasis (NL) patients (4-6). Oral administration 

ORIGINAL ARTICLE



usIng lIthIum for preventIng nephrolIthIasIs

September  2009    vol. 5  no. 3    Int  J  Biomed  Sci    www.ijbs.org 216

and local chemolysis using citrate salts have been evaluated 
to treat NL (7). Neither approach has widespread acceptance 
due to high dosing frequency, bitter taste, and GI side effects 
while a need for nephrostomy tube for the latter. 

Hypocitraturia results from reabsorption of citrate in 
the proximal convoluted tubules (PCT) in the kidney (8). 
The glomerulus freely filters citrate, so urinary levels de-
pend primarily on its reabsorption through the PCT. Citrate 
reabsorption across the brush-borders of PCT occurs due 
to the activity of the sodium dicarboxylate co-transporters 
(NaDC-1 and NaDC-3) (9). Plasma citrate is transported by 
sodium-citrate co-transporter (NaCT) into liver, testes and 
brain cells (10). The efficiency of these transporters plays a 
vital role in the regulation of body citrate levels. The exces-
sive re-absorption of citrate from urine may be the underly-
ing mechanism of idiopathic hypocitraturia (11).

We have identified an alternative method of enhancing 
urinary citrate excretion by using lithium. Li impedes the 
normal physiologic reabsorption of citrate in the proximal 
renal tubular epithelium by inhibiting NaDC-1 and NaDC-
3 (12). It also facilitates NaCT, resulting in enhanced 
transport into the liver, brain and testes (10). Hence, Li 
treatment may have pleomorphic effects on serum and uri-
nary levels of citrate. We show the efficacy of LiC or LiCit 
in the regulation of rat urinary citrate levels and demon-
strated that such treatments result in a significant decrease 
in the development of NL (13).

MAtErIALs AND MEtHODs

Animals
We used 220 male Wistar rats as approved by the lo-

cal animal ethics committee. Each subject was housed 

in metabolic cages for collection of urine and controlled 
feeding. These rats were initially divided into 2 groups, A 
and B. Group A rats were fed with normal forage and tap 
water for 7 days to allow them to acclimate to the meta-
bolic cages, while Group B rats were used as our model for 
NL and were instead fed with 5% AmOx mixed forage for 
a week so that they develop CaOx crystals in the kidney. 
Both of these groups were then subdivided into 3 groups 
each. One subgroup acted as control while other two were 
given either 36.4 mg LiC (Sigma-Alorich, USA; Li2CO3) 
or 94 mg LiCit (Sigma-Alorich, USA; Li3C6H5O7·4H2O) 
per day in two divided doses along with normal forage. All 
sub-groups had 30 rats each and were fed for 14 days ex-
cept for Li treated sub-groups in NL model rats (group B2 
and B3) which had 50 rats each and were fed for 21 days. 
(Table 1) All rats had free access to tap water. The LiC and 
LiCit were gavaged twice daily using 18 gauge angio-cath 
sheath directly into the stomach. The experimental dose of 
LiC and LiCit used for rats was determined from human 
clinical dose through pharmacological method. 

sample collection and processing
Ten randomly selected rats from each group were 

sacrificed on day 3, 7, and 14 and additionally on day 10 
and 21 from group B2 and B3. Blood and 24 hour urine 
samples were collected from these rats. Urinary samples 
were processed after adding 0.1 g Thymol and 0.5 ml 12 
N HCl in 100 ml to prevent bacterial digestion of citrate 
(14). Half of the samples (urine and blood) were used for 
citrate and oxalic acid assays while other half was used 
for biochemical parameters such as calcium, uric acid and 
pH.  Both kidneys from sacrificed rats were dissected. The 
right kidney was fixed in 10% formalin for histological 

table 1.  Schema of the experiment

Acclimatisation (7 days) sub-Groups N
          treatment (days)

3 7 10 14 21

Group A Forage Group A1 (Control) 30 Forage

Group A2 (LiC) 30 Forage + 1 ml of 18.2 mg/ml LiC 

Group A3 (LiCit) 30 Forage + 1 ml of 47 mg/ml LiCit

Group B 5% AmOx Forage Group B1 (NL) 30 5% AmOx Forage

Group B2 (NL + LiC) 50 Forage + 1 ml of 18.2 mg/ml LiC

Group B3 (NL + LiCit) 50 Forage + 1 ml of 47 mg/ml LiCit 

Total  220    

Rats were divided into two groups A & B. B group rats served as model for nephrolithiasis and were fed with 5% AmOx mixed forage. 
Samples were collected on day 3, 10 and 14 for groups 1 to 4 while additionally on day 7 and 21 for group 5 and 6. AmOx, Amonium Oxalate; 
NL, Nephrolithiasis; LiC, Lithium carbonate; LiCit, Lithium Citrate.
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examination whereas the left kidney was used for crystal 
deposition examination by light microscopy.

Citrate levels in both plasma and urine were assayed 
with enzymatic methods. A 500 μl sample was filtrated 
through 0.22-μm cellulose filters (Millipore, Bedford, 
MA) before analysis and then 200 μl of it was mixed with 
2 ml buffer solution (50 ml 100 mM Tris, 50 ml 0.2 mM 
ZnSO4, 7 mg NADH and 70 μl MDH (6MU/L)) followed 
by addition of 20 μl citrate lyase 14kU/L (about 1.6 g/L). 
The sample was measured for absorbance with a Spec-
tronic 3000 Array (Milton Roy, NY) UV-vis spectropho-
tometer at 340 nm (15).

Plasma Lithium and other biochemical markers were 
measured by using Auto Biochemical Analysis Appara-
tus (SYNCHRON CX7 Beckman Coulter). The pH values 
were measured by a pH meter (Mettler Toledo 320-S, sensi-
tivity 0.01). To analyze crystalluria, freshly collected urine 
samples were transferred to a Malassez cell and examined 
under a polarizing microscope (CX31-P, Olympus).

crystal deposition evaluation
Dissected left kidneys were evaluated under light mi-

croscopy for crystal deposition and was graded as follows: 
0 = no crystal deposits; 1 = a small quantity of crystal de-
posits sporadically in the renal medullae; 2 = a moderate 
quantity of crystal deposits in the renal medullae and the 
papilla; 3 = a large quantity of calculi plaque in the renal 
medullae, the papilla and the cortex; 4 = a large quantity of 
calculi plaques complicated with hydronephrosis or renal 
abscess formation.

Pathological examination
The renal cortex was stained with periodic acid-Schiff. 

2μm paraffin sections were examined using light micros-
copy. The pathological alterations were graded as 0 = no 
visible lesions, 1 = mild dilation of tubules, tubulo-inter-
stitial inflammatory infiltration, lesion area <20%; 2 = 
dilation of tubules, tubulo-interstitial inflammatory in-
filtration, lesion area <40%; 3 = severe dilation tubules, 
massive tubulo-interstitial inflammatory infiltration, le-
sion area >40%.

statistical analysis
The data was analyzed using the SPSS 13.0 software. 

The variables were compared using one-way analysis of 
variance (ANOVA) and turkey post-tests. Urinay and plas-
ma citrate levels in Group B were analysed using two-way 
ANOVA with Bonferroni post-tests. A value p<0.05 was 
considered statistically significant. 

rEsULts

Evaluation of citrate levels
After three days of gastric gavage, urinary citrate lev-

els were found to be fourfold [2.4 mmol/L (p<0.001)] and 
fivefold [3.0 mmol/L (p<0.001)] higher in group A rats 
treated with LiC (Group A2) and LiCit (Group A3) respec-
tively when compared to control (Group A1). No further 
increase was observed with treatment time (Figure 1). In 
the rat model of AmOx induced NL (Group B), there was 
one week delay in the lithium-induced enhancement of uri-
nary excretion of citrate (Figure 2), though otherwise the 

Figure 1. Urinary citrate Levels after administration of LiC 
and LiCit in group A rats. Urinary Citrate levels are increased 
with administration of LiC and LiCit as compared to untreated 
controls.

Figure 2. Urinary Citrate Levels after administration of LiC 
and LiCit in group B rats. Urinary Citrate levels increased sig-
nificantly after 3 days of administration of LiC and LiCit com-
pared to untreated NL model rats.
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magnitude of increase in citraturia was same as in group 
a rats (p<0.001). Further, the greater increase in urinary 
citrate levels in LiCit treated sub-groups was significant 
when compared to LiC sub-groups. (P<0.001, Group B2 
vs. B3; Group A2 vs. A3).

To better characterize the lithium-induced perturba-
tions in citrate handling, plasma concentrations of citrate 
was measured. The trends in plasma citrate were similar 
to their urinary levels. In Group A rats, plasma citrate in-
creased immediately for both Li treated sub-groups (Fig-
ure 3). Though the levels were lower in animals treated 

with LiC (Group A2) as compared to LiCit (Group A3), 
they both demonstrated a statistically significant increase 
in plasma citrate (p<0.001). Similarly, Li treated group B 
rats (Group B2 and B3) demonstrated a week delay in el-
evations of plasma citrate (Figure 4), consistent with the 
delay in its urinary excretion. The increase, though less 
in NL+LiC as compared to NL+LiCit sub-group, was still 
statistically significant (p<0.001). These results suggest a 
link between urinary and plasma citrate handling. 

Plasma Lithium Levels  
Clinically, lithium is titrated to efficacy and serum 

measurements are monitored to prevent toxicity. While, 
the serum levels of 0.8-1.2 mmol/L are therapeutic, levels 
>1.5 mmol/L are considered toxic (16). In these rat stud-
ies, the plasma level of lithium never exceeded 1 mmol/L 
(Figure 5). Plasma lithium levels were significantly cor-
related with the treatment dose of LiC or LiCit, however 
no obvious further increase was observed after the initial 
seven days of treatment.

Effects of Lic or Licit 
Urinary oxalic acid (OA) and calcium levels (Ca++) 

were significantly higher in all group B rats irrespective of 
the lithium treatment while the plasma OA levels (data not 
shown) were unchanged. In B1 rats, the mean urinary OA 
was 0.65 ± 0.05 mmol/L (p<0.001 vs. control) while mean 
urinary Ca++ was 3.44 ± 0.05 mmol/L (p<0.001 vs. con-
trol). (Table 2) Crystal deposits that were seen in the renal 
medulla and papilla in 100% of NL model rats (Group B) 
on day 7 were left in just 10% of the Lithium treated rats 
(Group B2 and group B3) on day 14 (p<0.05). By day 21, 

Figure 3. Plasma citrate levels when LiC and LiCit were given 
in Group A rats. Plasma citrate levels are significantly increased 
with administration of LiC or LiCit.

Figure 4. Plasma citrate levels in NL model rats (Group B). 
Plasma citrate levels increased after a week of Lithium therapy 
in both Group B2 and B3.

Figure 5. Plasma Lithium levels corresponding to 36.9 mg/d and 
94 mg/d of LiC and LiCit respectively as compared to control.
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none of the Li treated rats had crystal deposits (Table 3), 
although oxaluria and crystalluria, crucial factors in NL 
development, remained higher when compared to control 
during the course of the treatment (p<0.01). Further, grade 
2 to grade 3 pathologic alterations that were observed in 
group B1 (NL) rats were reversed by day 14 in group B2 
(NL+LiC) and group B3 (NL+LiCit) (Tables 4, Figure 6). 

Urinary pH values were increased significantly dur-
ing and after the treatment with LiC (Group A2) or LiCit 
(Group A3). Their mean pH value was 7.42 ± 0.02 (p<0.001 
vs. controls) and 7.08 ± 0.06 (p<0.001 vs. controls) respec-
tively (Table 2). Lithium may also affect PCT uric acid 
handling (17) and hence we investigated its impact on uric 
acid (UA) excretion. Urinary UA levels in these rats were 
not significantly increased in any group as compared to 
the control (Table 2).

DIscUssION

The high incidence and prevalence of NL warrants de-
velopment of new and improved medical therapies. Ad-
vances in technology have enabled the treatment of most 
urinary stone disease without open surgery. Hypocitratu-

ria is the most frequently encountered risk factor, in the 
development of calcium oxalate stones, accounting for 
over 60% percent of all NL patients (8). Citrate is a natural 
inhibitor of NL and multiple studies have demonstrated 
the utility of citrate supplementation in preventing recur-
rent stone disease; however, current formulations of citrate 

table 2. Metabolic changes in Serum uric acid (UA) and Urine oxalic acid (OA),  
pH and calcium (Ca) of animals treated with LiC and LiCit

Item con (A1) Lic (A2) Licit (A3) NL (b1) NL+Lic (b2) NL+Licit (b3)

UA (mmol/L) 

3d 3.10 ± 0.85 3.12 ± 0.47 3.11 ± 0.49 3.09 ± 0.59 3.08 ± 0.61 3.06 ± 0.49

7d 3.11 ± 0.66 3.37 ± 0.88 3.23 ± 0.62 3.21 ± 0.69 3.42 ± 0.84 3.27 ± 0.64

14d 3.19 ± 0.75 4.29 ± 1.66 4.59 ± 1.12 3.97 ± 1.14 4.50 ± 1.56 4.79 ± 1.29

OA (mmol/L) 

3d 0.19 ± 0.09 0.18 ± 0.05 0.19 ± 0.06 0.59 ± 0.21 0.62 ± 0.26 0.71 ± 0.28

7d 0.21 ± 0.11 0.17 ± 0.04 0.22 ± 0.08 0.69 ± 0.23 0.65 ± 0.19 0.66 ± 0.23

14d 0.20 ± 0.11 0.20 ± 0.10 0.21 ± 0.10 0.66 ± 0.22 0.68 ± 0.24 0.63 ± 0.22

pH

3d 5.60 ± 0.52 7.43 ± 0.40 7.11 ± 0.54 6.06 ± 0.81 6.08 ± 0.55 7.05 ± 0.46

7d 5.52 ± 0.50 7.42 ± 0.55 7.12 ± 0.56 6.17 ± 0.73 6.05 ± 0.45 7.32 ± 0.61

14d 5.50 ± 0.50 7.40 ± 0.35 7.02 ± 0.56 6.17 ± 0.73 7.42 ± 0.44 7.14 ± 0.66

ca (mmol/L) 

3d 2.36 ± 0.50 2.46 ± 0.61 2.51 ± 0.37 3.38 ± 0.38 3.61 ± 0.29 3.46 ± 0.52

7d 2.47 ± 0.46 2.46 ± 0.61 2.44 ± 0.38 3.47 ± 0.41 3.55 ± 0.34 3.39 ± 0.47

14d 2.61 ± 0.32 2.58 ± 0.46 2.43 ± 0.51 3.47 ± 0.41 3.55 ± 0.34 2.79 ± 0.72

There were no significant changes in Serum UA levels among different groups. OA and Ca++ were significantly higher in all NL model rats 
(Group B). pH was higher than controls in Li+  treated groups.

table 3. The occurrence ratio of crystalluria and crystal  
deposits in rat kidney in different groups

Group N
crystalluria (%) crystal Deposits (%)

 3d  7d 10d 14d 21d 3d 7d 10d 14d 21d

  A1 (Con) 30 0 0 0  0 0 0  

  A2 (LiC) 30 0 0 0  0 0 0  

  A3 (LiCit) 30 0 0 0  0 0 0  

  B1 (NL) 30 80 100 100  20 100 100  

  B2 (NL+LiC) 50 80 100 100 100 100 20 100 30 10 0

  B3 (NL+LiCit) 50 80 100 100 100 100 20 100 30 10 0

All rats in Group B had crystalluria by day 7.  No crystal deposits 
were observed by day 21 in rats treated with Lithium while they 
persisted in untreated rats (Group B1). Note: all values are in per-
centage.
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supplements are poorly tolerated leading to low compli-
ance (18).

Recently, the physiological regulators of citrate trans-
port have been investigated and characterized (9). These 
transporters include NaDC-1 and NaDC-3, which regulate 

citrate reabsorption in the proximal tubules and NaCT 
which transports citrate into the liver. NaDC-1 exhibits low 
affinity for its dicarboxylate substrates. The physiological 
function of NaDC-1 is to absorb Krebs cycle intermedi-
ates in the intestine and kidney (19) and is up-regulated in 
experimental models of NL (20). NaDC-3 is also a Na+-
coupled dicarboxylate transporter and exhibits relatively 
high affinity for its substrates compared to NaDC-1 (13). 
NaDC-3 is expressed primarily in the basolateral mem-
branes of the epithelial cells in the kidney and intestine 
(13). In the kidney, NaDC-3 is involved in generating the 
driving force for the organic anion transporter1 (OAT1) to 
facilitate the active entry of organic anions into the tubular 
cells across the basolateral membrane (21). NaCT, a new 
member of this transporter family is a Na+-coupled citrate 
transporter (13). It is expressed predominantly in the liver 
and to a lesser extent in the testes and brain. NaCT is the 
first plasma membrane transporter described in mammals 
that functions primarily in the cellular uptake of citrate 
(13). Interestingly, the sodium binding sites in all these 
transporters can be competitively bound by lithium. In the 
case of NaCT this results in enhanced transport activity 
from the plasma to the liver; however, in the case of the re-
nal tubular transporters, this potentially may result in the 
inhibition of citrate reabsorption or in effect a urinary “ci-
trate leak” (22). This concept prompted the current study 
and suggests an entirely new approach of augmenting uri-
nary citrate excretion using lithium.

We investigated the efficacy of LiC and LiCit in regu-
lating rat urinary citrate levels and preventing NL devel-
opment in an animal model of NL. A variety of methods 
exists for ensuring calcium based stone formation in the 
rat. We chose to use administration of high doses of am-
monium oxalate (OA, 5%) daily, as it produces a very high 
oxalate load in the urine and uniformly results in renal 
tubular deposition easily evaluable under standard polar-
ized microscopy (23, 24). Crystal deposition in renal pa-
renchyma is closely related to kidney stone formation in 
physiological conditions. Randell’s plague described by 
Randell in 1937 was hypothesized to be a nidus for stone 
formation. This finding was further concurred by Low and 
Stroller in 1997 who found that papillary plagues were 
present in 74% of stone formers as compared to 43% of 
control subjects. 

We observed that NL model rats that were treated with 
Li salts had a week delay in elevation of urinary citrate 
levels which correlated with their plasma levels. There 
could be multiple potential reasons for this effect. For in-
stance, this delay could represent a delay in bioavailability 

table 4.  Pathological changes observed in rat kidney on day 14

Group N
Dilation of  

renal tubules
Infiltration of  

inflammatory cells

0+ 1+ 2+ 3+ 0+ 1+ 2+ 3+

  A1 (Con) 10 10 0 0 0 10 0 0 0

  A2 (LiC) 10 10 0 0 0 10 0 0 0

  A3 (LiCit) 10 10 0 0 0 10 0 0 0

  B1 (NL) 10 0 0 3 7 0 2 4 4

  B2 (NL+LiC) 10 7 2 1 0 7 1 2 0

  B3 (NL+LiCit) 10 8 2 0 0 9 1 0 0

More injury was observed in Group B rats and this kind of damage 
was markedly alleviated by LiC or LiCit treatment.

Figure 6. Renal morphological alterations of experimental 
nephrolithiasis in rats (A), Normal kidney (×200). (B), Renal 
morphological alterations of rats at 14th day after 5% AmOx 
contained forge administration, showing obviously dilated 
renal tubules and marked inflammatory cell infiltration in the 
tubulointerstitium (×200). (C) and (D), Renal morphological 
alterations of rats of experimental NL after LiC or LiCi treat-
ment for 7 days, displaying mildly dilated renal tubules and 
less inflammatory cells infiltration (×200). (E) and (F), Renal 
morphological alterations of experimental NL rats treated 
with LiC or LiCi for 14 days respectively, displaying above 
mentioned lesions caused by AmOx administration were fur-
ther alleviated.
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due to the method of induction of the CaOx stones (i.e. 
from gastro-intestinal binding of the lithium salt to the 
AmOx solution) or it may be a consequence of the actual 
nephrolithiasis causing a changes in citrate salts and hence 
producing deceivingly lower levels of citrate in our essays 
for initial one week. It should also be noted that the rela-
tionship between plasma citrate and urinary citrate levels 
revealed in this study is counter-intuitive. If the excretion 
of citrate is increased by lithium, then we would have pre-
dicted that plasma levels of citrate would decrease propor-
tionally, not increase as is observed experimentally. The 
increase is modest, but does reach statistical significance. 
Such a paradoxical finding suggests increased urinary 
excretion of citrate is not just a consequence of inactiva-
tion of the sodium dicarboxylate co-transporters, but also 
a consequence of higher plasma levels of citrate. While 
the citrate present in the lithium citrate salt formulation 
may have accounted for some of this pronounced effect, its 
presence in the lithium carbonate arm indicates that this is 
not just an artifact of increased citrate load. Presumably, 
the higher citrate levels may also occur because of other 
lithium sensitive dicarboxylate co-transporters located 
in other areas. Both urinary and plasma citrate levels in 
rats treated with LiCit are higher than that with LiC when 
given an equivalent molar Lithium ion doses, respectively. 
Since the Lithium ion is thought to be the physiological 
regulator of citrate transport (22), these differences likely 
represent the inherent differences in absorption, biodistri-
bution, and bioavailability between the different formula-
tions of the lithium salts.

In our rat model of NL, we observed massive crystal 
deposition in the renal medulla and the papilla, resulting 
in dilated renal tubules and marked inflammatory cell in-
filtration in the tubulo-interstitium after 7 days of admin-
istration of AmOx. These lesions were gradually allevi-
ated after LiC or LiCit administration (Table 2 and Table 
3) indicating increased citrate level in urine may actually 
reverse established crystal deposition as well as effec-
tively inhibit the precipitation process. The net effect is 
a reduction in renal crystal deposition and prevention of 
downstream effects such as dilation of renal tubules and 
inflammatory cell infiltration. These findings suggest that 
there may be benefits to this strategy even in those patients 
with recalcitrant, recurrent stone disease.

Lithium salts have been widely used clinically for bi-
polar-affective disorder and have a well established safety 
profile. The doses of lithium used in our study resulted in 
serum levels of < 0.9 mmol/L, which is the lower normal 
therapeutic serum level for bi-polar disorder. At these se-

rum Li levels we observed a 400% to 500% increase in 
urinary citrate levels after 3 days of administration. There 
have been several studies determining that the difference 
in the urinary citrate levels among recurrent stone form-
ers and normal subjects range from approximately 20% to 
80% (8, 25-29). This suggests that only a fraction of the 
dose of Li used for mania would be needed to convert a 
hypocitraturic recurrent stone former to a normocitraturic 
individual and thus preventing recurrent nephrolithiasis. 
We can hence conclude that for treating NL, Li would 
have a wider clinical utility with little likelihood of side 
effects.

In conclusion, we describe a new strategy for the medi-
cal treatment of NL. Our data indicates that lithium can 
significantly increase urinary citrate levels, while de-
creasing NL development in an experimental rat model. 
It inhibits AmOx induced renal tubular impairment, re-
duce kidney CaOx crystal accumulation and alleviate the 
downstream renal tubular injury inherent in stone disease. 
Given the choice between the two formulations, our stud-
ies would suggest that lithium citrate would be the pre-
ferred drug as it results in the higher urinary excretion of 
citrate. These data support the need for clinical trials for 
the evaluation of the effect of lithium supplementation in 
preventing recurrent NL.

AcKNOWLEDGEMENts

We are indebted to Wasim Chowdhury and Grace Lin 
(Johns Hopkins University School of Medicine) for help-
ing us with the graphs and statistical analysis and editing 
the manuscript.

rEFErENcEs

1. Meyer JL, Smith LH. Growth of calcium oxalate crystals. II. Inhibi-
tion by natural urinary crystal growth inhibitors. Invest Urol. 1975; 
13 (1): 36-39.

2. Kok DJ, Papapoulos SE, Bijvoet OL. Excessive crystal agglomeration 
with low citrate excretion in recurrent stone-formers. Lancet. 1986; 1 
(8489): 1056-1058.

3. Nicar MJ, Hill K, Pak CY. Inhibition by citrate of spontaneous pre-
cipitation of calcium oxalate in vitro. J. Bone Miner Res. 1987; 2 (3): 
215-220.

4. Menon M, Mahle CJ. Urinary citrate excretion in patients with renal 
calculi. J. Urol. 1983; 129 (6): 1158-1160.

5. Levy FL, Adams-Huet B, Pak CY. Ambulatory evaluation of nephro-
lithiasis: an update of a 1980 protocol. Am. J. Med. 1995; 98 (1): 50-59.

6. Pak CY. Citrate and renal calculi: an update. Miner Electrolyte Metab. 
1994; 20 (6): 371-377.

7. Spector DA. Principles of ambulatory medicine. 7th ed, ed. Fiebach 
NH, et al. Philadelphia: Lippincott Williams & Wilkins. 2007; 762-765.

8. Domrongkitchaiporn S, Stitchantrakul W, Kochakarn W. Causes of 



usIng lIthIum for preventIng nephrolIthIasIs

September  2009    vol. 5  no. 3    Int  J  Biomed  Sci    www.ijbs.org 222

hypocitraturia in recurrent calcium stone formers: focusing on urinary 
potassium excretion. Am. J. Kidney Dis. 2006; 48 (4): 546-554.

9. Pajor AM. Molecular properties of sodium/dicarboxylate cotransport-
ers. J. Membr. Biol. 2000; 175 (1): 1-8.

10. Wada M, Shimada A, Fujita T. Functional characterization of Na+ 
coupled citrate transporter NaC2/NaCT expressed in primary cultures 
of neurons from mouse cerebral cortex. Brain Res. 2006; 1081 (1): 
92-100.

11. Hamm LL, Hering-Smith KS. Pathophysiology of hypocitraturic neph-
rolithiasis. Endocrinol Metab. Clin. North Am. 2002; 31 (4): 885-893, 
viii.

12. Burckhardt BC, et al. The renal Na (+) dependent dicarboxylate trans-
porter, NaDC-3, translocates dimethyl- and disulfhydryl-compounds 
and contributes to renal heavy metal detoxification. J. Am. Soc. 
Nephrol. 2002; 13 (11): 2628-2638.

13. Inoue K, Zhuang L, Ganapathy V. Human Na+ coupled citrate trans-
porter: primary structure, genomic organization, and transport func-
tion. Biochem. Biophys. Res. Commun. 2002; 299 (3): 465-471.

14. Aruga S, et al. Chronic metabolic acidosis increases NaDC-1 mRNA 
and protein abundance in rat kidney. Kidney Int. 2000; 58 (1): 206-215.

15. Tompkins D, Toffaletti J. Enzymic determination of citrate in serum 
and urine, with use of the Worthington “ultrafree” device. Clin. Chem. 
1982; 28 (1): 192-195.

16. Muzina DJ. Bipolar spectrum disorder: differential diagnosis and 
treatment. Prim. Care. 2007; 34 (3): 521-550, vi.

17. Weder AB. Red-cell lithium-sodium countertransport and renal lith-
ium clearance in hypertension. N. Engl. J. Med. 1986; 314 (4): 198-201.

18. Koff SG, et al. Comparison between lemonade and potassium citrate 

and impact on urine pH and 24-hour urine parameters in patients with 
kidney stone formation. Urology. 2007; 69 (6): 1013-1016.

19. Ho HT, et al. Generation and characterization of sodium-dicarboxylate 
cotransporter-deficient mice. Kidney Int. 2007; 72 (1): 63-71.

20. He Y, et al. Sodium dicarboxylate cotransporter-1 expression in renal 
tissues and its role in rat experimental nephrolithiasis. J. Nephrol. 
2004; 17 (1): 34-42.

21. Hagos Y, et al. Regulation of sodium-dicarboxylate cotransporter-3 
from winter flounder kidney by protein kinase C. Am. J. Physiol. 
Renal. Physiol. 2004; 286 (1): F86-93.

22. Yusufi AN, Christensen S, Dousa TP. Effect of chronic lithium treat-
ment upon the Na(+)-coupled cotransporters in renal brush border 
membranes. Kidney Int. 1993; 43 (5): 1074-1080.

23. Khan SR. Animal models of kidney stone formation: an analysis. 
World J. Urol. 1997; 15 (4): 236-243.

24. Kumar S, et al. A new model of nephrolithiasis involving tubular dys-
function/injury. J. Urol. 1991; 146 (5): 1384-1389.

25. DeFoor W, et al. Urinary metabolic evaluations in normal and stone 
forming children. J. Urol. 2006; 176 (4 Pt 2): 1793-1796.

26. Ratan SK, et al. Urinary citrate excretion in idiopathic nephrolithiasis. 
Indian Pediatr. 2002; 39 (9): 819-825.

27. Conway NS, Maitland AI, Rennie JB. The urinary citrate excretion in 
patients with renal calculi. Br. J. Urol. 1949; 21 (1): 30-38; Disc 39-46.

28. Welshman SG, McGeown MG. Urinary citrate excretion in stone-
formers and normal controls. Br. J. Urol. 1976; 48 (1): 7-11.

29. Hodgkinson A. Citric acid excretion in normal adults and in patients 
with renal calculus. Clin. Sci. 1962; 23: 203-212.


