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Abstract Various studies have suggested that potassium
depletion leads to acidosis and hypocitraturia. In Northeastern
Thailand, for example, mild hypokalemia and mild hyperox-
aluria are observed in most stone formers. However, there are
limited reports about the direct link between potassium
depletion and the formation of urinary stones, most of which
are calcium oxalate stones. Therefore, we studied the direct
eVect of potassium depletion on the risk factors for calcium
oxalate stone formation. Seventy-two rats were fed a control
diet or a potassium-deWcient diet for 1, 2, or 3 weeks (n = 12
per group). Twenty-four-hour urine collection was done for
the measurement of potassium, calcium, oxalate, glycolate,
citrate, phosphorus, and magnesium. Lactate dehydrogenase
activity was also measured in order to assess renal tubular
damage, and kidneys were harvested for histological exami-
nation. Furthermore, urinary supersaturation of calcium oxa-
late was calculated. With potassium depletion, the urinary
concentrations of potassium, citrate, magnesium, and phos-
phorus decreased rapidly. There was no detectable renal
damage, renal calcium deposition, and no signiWcant increase

of urinary oxalate or calcium. However, the urinary supersat-
uration index of calcium oxalate increased signiWcantly in
rats with potassium depletion. These Wndings indicate that
potassium deWciency may increase the risk of stone forma-
tion through enhanced supersaturation.
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Introduction

Urolithiasis is a very common urologic disease that aVects
10–12% of the population worldwide and has a recurrence
rate of 50% after 10 years and 75% after 20 years in per-
sons who do not receive appropriate treatment [1]. The
prevalence of nephrolithiasis has been increasing steadily
in Thailand [2]. Approximately 80% of nephrolithiasis
patients have calcium stones and the majority of these
stones are primarily composed of calcium oxalate, either
pure or mixed with other components [3, 4].

Urolithiasis has a high prevalence in Northeastern (NE)
Thailand [2]. Bovornpadungkitti et al. [5] showed that the
stone formers had a higher skeletal muscle content of potas-
sium and magnesium when compared with non-stone form-
ers. Studies performed in rats and humans have not
produced consistent Wndings as to whether potassium
deWciency causes renal tubulo-interstitial damage [6, 7].
Furthermore, vegetables with high oxalate content are gen-
erally available in that area. Thus, mild hyperoxaluria and
oxalate stones are frequently found in NE Thai stone
formers. Tosukhowong et al. [8] recently investigated the
chemical composition of urinary stones obtained from
patients in diVerent areas of Thailand and found that
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calcium oxalate was the major component of their renal
calculi, as is the case worldwide.

Urinary oxalate and calcium level are the key determi-
nants of calcium oxalate stone formation, with many
studies suggesting that hyperoxaluria is more important
than hypercalciuria [9]. The etiologies of these stones
involve multiple factors, including genetic factors, environ-
mental factors, and dietary habits [10]. Studies of potas-
sium deWciency have suggested that it may cause
nephrolithiasis in addition to sudden unexplained death and
muscle wasting [22, 23]. However, few studies have
assessed the eVect of potassium depletion on urolithiasis.
Accordingly, we conducted the present study to determine
the direct eVect of potassium depletion on known risk
factors for urinary stone formation in rats.

Materials and methods

Control and potassium-deWcient diets

Laboratory diets were purchased from Nihon Clea Co., Ltd
(Tokyo, Japan). According to the company’s information,
the composition of the control diet and the potassium-
deWcient diet was similar except for the content of potas-
sium (0.95 and 0% potassium content in the control and
potassium-deWcient diets, respectively). No metal substitu-
tion was made.

Study protocol

The study protocol was approved by the Ethics Committee
of the University of the Ryukyus. Seventy-two male Wistar
rats weighing 180–200 g were acclimatized for one week at
the university animal center on the standard diet. The rats
were randomly divided into six groups (n = 12 per group),
after which the three control groups were fed the control
diet for 1, 2, or 3 weeks, while the three potassium-depleted
groups were fed the potassium-deWcient diet for 1, 2, or
3 weeks. Water was provided ad libitum. A 24-h urine
specimen (with 20% hibitane (chlorhexidine gluconate) as
the preservative) was collected on the day before the exper-
iment and 1, 2, or 3 weeks after starting the experiment.
The animals were then anaesthetized and midline laparot-
omy was done. Next, blood samples were collected for the
measurement of serum creatinine (SRL, Tokyo, Japan). The
kidneys were removed, immersed immediately in 20% for-
malin solution, and later embedded with paraYn. Histologi-
cal evaluation was done after staining with hematoxylin
and eosin (SRL, Tokyo, Japan) or with the von Kossa tech-
nique for investigation of calcium deposits in the kidneys.
Tissue samples were observed under light microscopy and
polarized light microscopy.

Urine pH and volume were measured by standard meth-
ods and samples were stored at ¡80°C until further investi-
gation. The detailed method of determining urinary oxalate,
citrate, and glycolate were mentioned elsewhere [11].
BrieXy, urinary samples were thawed and acidiWed at
pH < 2. The acidiWed samples were Wltered and diluted
accordingly for oxalate determination, while the non-acidiWed
urine samples were Wltered and diluted accordingly for
citrate and glycolate determinations. Urinary oxalate was
determined by high performance capillary electrophoresis
(HPCE, Hewlett-Packard, Germany) using a pH 7.7 HPCE
buVer solution (Fluka Chemika, Switzerland), while uri-
nary glycolate and citrate were measured by using a pH 5.6
HPCE organic buVer (Agilent Technologies, USA). Uri-
nary levels of calcium, potassium, phosphorus, and magne-
sium were determined by inductively coupled plasma
spectrophotometry (ICPS-7000, Shimadzu, Kyoto, Japan).
Urinary creatinine was determined with JaVe’s reaction and
urinary lactate dehydrogenase activity was measured by an
enzymatic method (SRL, Tokyo, Japan).

Analytical grade standards for oxalate, citrate, glycolate,
calcium, magnesium, and potassium were obtained from
Wako Pure Chemicals (Osaka, Japan). The standard for
measuring phosphorus by ICPS was obtained from Kanto
Chemical (Tokyo, Japan). PuriWed de-ionized water was
prepared with a Milli Q system from Millipore (USA).

Calculations

In order to determine the risk of calcium oxalate stone for-
mation, the relative supersaturation index for calcium oxa-
late (SS(CaOx)) was calculated with Finlayson’s EQUIL 2
computer program [12]. Creatinine clearance was calcu-
lated as the product of urine volume and urinary creatinine
divided by the serum creatinine concentration and time.

Statistical methods

Statistical analysis was performed with the SPSS 12.0 pro-
gram (Chicago, IL, USA). The Mann–Whitney U test was
employed to make comparisons among experimental
groups. Multiple regression analysis was done to assess risk
factors, including the urine volume, urine pH, and urine
levels of citrate, calcium, magnesium, potassium, phospho-
rus, creatinine, LDH, glycolate, and oxalate. DiVerences
were considered signiWcant at P < 0.05.

Results

The body weight of both groups of rats increased steadily
over time. However, the weight gain of potassium-depleted
rats was signiWcantly less than that of control rats throughout
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the experiment (Fig. 1a). The creatinine clearance of the
potassium-depleted groups was signiWcantly lower than
that of the control groups. There was also a signiWcant
diVerence of creatinine clearance between the week 1 and
week 3 potassium-depleted groups (Fig. 1b).

The most striking change observed was a rapid decrease
of urinary citrate in the potassium-depleted groups by
between 2 and 27-folds. Decreases of urinary potassium,
and phosphorus were also seen in the potassium-depleted
group, while magnesium decreased in potassium-depleted
group and the Wrst week of control group (Table 1). A sig-
niWcant decrease of urinary pH was observed in the week 2
and week 3 potassium-depleted groups compared with their
respective baseline values, as well as in the week 3 potas-
sium-depleted rats compared with the controls (6.52 § 0.14
vs. 6.22 § 0.35 (P < 0.01) for control and potassium-
depleted rats, respectively). SS(CaOx) showed a signiWcant
increase in the potassium-depleted groups compared with
control rats (Fig. 2). In comparison with baseline values, a
signiWcant increase of SS(CaOx) was also observed in potas-
sium-depleted rats over time (Fig. 2b). In contrast, there

was no signiWcant change of SS(CaOx) in the control group
(Fig. 2a).

There were no signiWcant diVerences of renal histology
among all groups (data not shown). In addition, no calcium
or calcium oxalate deposits were observed in any of the von
Kossa-stained specimens (data not shown). Consistent with
the histological results, there was no signiWcant increase of
LDH activity in any of the groups (Table 1).

Discussion

Depletion of potassium causes disorders of the neuromuscu-
lar and cardiovascular systems, as well as the derangement
of various tissues and malfunction of organs. A recent study
by Youngjermchan et al. [13] reported that hypocitraturia,
deWned as urinary citrate excretion less than 250 mg/day
(100%) and hypokaliuria, deWned as urinary potassium excre-
tion lower than 30 mEq/day (79.4%) were greatly higher
among renal stone formers in central Thailand than healthy
subjects (normal value of urinary potassium excretion is

Fig. 1 Body weight (a) and creatinine clearance (b) of rats fed the control diet or potassium-depleted diet (9P < 0.05)

Fig. 2 Supersaturation index for calcium oxalate (SS(CaOx)) before and after feeding the control diet (a) or the potassium-depleted diet (b)
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40–60 mEq/day). In NE Thailand where urinary stones are
endemic, potassium deWciency is considered to be one of the
Wve major abnormalities responsible for nephrolithiasis.
A previous study suggested that the major causes of potas-
sium deWciency in NE Thailand were low dietary intake and
excessive loss due to sweating [14]. Many authors have
investigated the eVect of potassium deWciency on various
diseases, including sudden death [6, 7, 15, 16]. However,
there have been few investigations into the eVect of potas-
sium depletion on urolithiasis. To the best of our knowledge,
the present study is the Wrst time to demonstrate an eVect of
potassium deWciency on nephrolithiasis and to show that
potassium depletion signiWcantly increases the risk of cal-
cium oxalate stone formation over time.

There is growing evidence that acidic urine or hypokale-
mia is problematic in patients with urinary stones [17].
Generally, potassium depletion results in rapid changes of
the body’s acid/base balance. After chronic acidosis and
intracellular acidosis have developed, urinary citrate
resorption is increased via Na/citrate co-transport. This
causes hypocitraturia, which aVects 18–40% of renal stone

formers [18]. Urinary citrate is one of the most important
inhibitors of nephrolithiasis. Citrate forms soluble com-
plexes with calcium as well as inhibiting other steps of
stone formation, including crystal growth and agglomera-
tion [19]. Recent studies by Domrongkitchaiporn et al. [20]
and Stitchantrakul et al. [21] showed the positive correla-
tion between urinary citrate and urinary potassium in idio-
pathic calcium stone formers and recurrent stone formers in
Thailand. In the present study, we found that urinary citrate
was decreased signiWcantly after one week of potassium
depletion, although the urinary pH (luminal pH) remained
normal. These results may demonstrate renal sensitivity in
detecting intracellular changes of the acid/base balance.
Moreover, potassium depletion may alter the citrate clear-
ance directly through an unknown mechanism in citrate
transport. Therefore, marked resorption of citrate will occur
rapidly in persons with potassium depletion. The study per-
formed by Levi et al. [15] in Spargue–Dawley rats also
showed that urinary potassium and citrate were decreased
signiWcantly while urine volume was increased after 1 week
of potassium depletion.

Table 1 Twenty-four hour urinary variables at baseline and after feeding the control or the potassium depleted diet for 1, 2, and 3 week(s)

Values are the median (SD)

* P < 0.05 when compared with baseline, ** P < 0.05 when compared with control group

Parameters Baseline 
(Week 1)

Baseline 
(Week 2)

Baseline 
(Week 3)

After feeding 
(Week 1)

After feeding 
(Week 2)

After feeding 
(Week 3)

Control group

Volume (ml) 24.50 (9.94) 25.00 (14.91) 22.75 (7.42) 24.50 (24.07) 21.50 (12.19) 27.50 (11.42)

pH 6.51 (0.30) 6.55 (0.24) 6.63 (0.48) 6.59 (0.16) 6.43 (0.21) 6.52 (0.14)

Creatinine (mg/dL) 25.80 (9.69) 26.62 (10.04) 26.16 (12.45) 29.92 (14.54)* 40.03 (12.02)* 36.11 (20.20)*

LDH (IU/gCr) 23.27 (14.36) 21.76 (14.37) 17.59 (12.55) 16.25 (13.07) 14.71 (10.02)* 13.93 (3.48)

Oxalate (mM) 0.16 (0.11) 0.13 (0.07) 0.15 (0.20) 0.10 (0.10) 0.10 (0.05) 0.14 (0.03)

Citrate (mM) 6.90 (9.46) 6.15 (5.42) 2.74 (11.12) 3.24 (4.31) 3.75 (3.13) 3.73 (2.31)

Glycolate (mM) 0.25 (0.39) 0.31 (0.10) 0.20 (0.13) 0.19 (0.15) 0.27 (0.15) 0.25 (0.65)

Potassium (M) 0.30 (0.12) 0.32 (0.10) 0.33 (0.12) 0.32 (0.15) 0.34 (0.10) 0.35 (0.15)

Calcium (M) 0.001 (0.02) 0.001 (0.002) 0.0009 (0.003) 0.0007 (0.0004) 0.0009 (0.002) 0.0009 (0.002)

Magnesium (M) 0.006 (0.03) 0.006 (0.003) 0.005 (0.009) 0.003 (0.002)* 0.004 (0.003) 0.045 (0.004)

Phosphorus (M) 0.079 (0.36) 0.075 (0.027) 0.076 (0.039) 0.063 (0.035) 0.085 (0.030) 0.085 (0.039)

Potassium depleted group

Volume (ml) 25.75 (11.42) 22.25 (8.57) 23.25 (9.41) 32.75 (15.52) 24.75 (9.69) 32.50 (18.98)

pH 6.41 (0.27) 6.72 (0.30) 6.72 (0.20) 6.65 (0.24) 6.49 (0.14)* 6.22 (0.35)*,**

Creatinine (mg/dL) 19.97 (9.97) 22.65 (6.63) 22.45 (12.13) 22.09 (10.98) 29.19 (9.39)* 23.58 (8.83)**

LDH (IU/gCr) 23.82 (12.84) 18.20 (14.81) 20.53 (11.74) 14.21 (7.61)* 14.37 (4.17)* 16.05 (4.93)*

Oxalate (mM) 0.11 (0.15) 0.09 (0.16) 0.09 (0.27) 0.13 (0.08) 0.070 (0.14) 0.11 (0.08)

Citrate (mM) 6.85 (7.89) 6.72 (11.29) 3.36 (9.77) 0.26 (0.16)*,** 0.31 (0.23)*,** 1.71 (2.47)*

Glycolate (mM) 0.22 (0.13) 0.29 (0.22) 0.21 (0.31) 0.18 (0.10) 0.18 (0.10)* 0.41 (1.10)

Potassium (M) 0.28 (0.14) 0.34 (0.10) 0.36 (0.17) 0.007 (0.005)*,** 0.003 (0.004)*,** 0.00009 (0.10)*,**

Calcium (M) 0.002 (0.002) 0.0008 (0.002) 0.0007 (0.003) 0.0007 (0.0005)* 0.002 (0.0009) 0.002 (0.0011)

Magnesium (M) 0.008 (0.004) 0.003 (0.006) 0.004 (0.015) 0.001 (0.001)*,** 0.001 (0.001)*,** 0.002 (0.001)*,**

Phosphorus (M) 0.07 (0.03) 0.071 (0.018) 0.064 (0.043) 0.034 (0.013)*,** 0.038 (0.029)*,** 0.022 (0.020)*,**
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We found that the body weight and creatinine clearance of
the potassium-depleted groups were signiWcantly lower com-
pared with those of the control groups. Moreover, we
observed a lesser body mass gain in the potassium-depleted
groups. Since creatinine reXects the body’s skeletal muscle
mass, the lower body weights and creatinine clearance may
have been caused by the loss of skeletal muscle. The study by
Thongboonkerd et al. [22] showed that the prolonged potas-
sium depletion caused alterations in various muscle proteins
in mice which related with several metabolic mechanisms of
bioenergetics. Moreover, the study of vastus lateralis muscle
of potassium-depleted cadaveric subjects showed several
altered proteins responsible not only for the bioenergetics but
also for acid–base regulation, oxidative stress response, and
muscle contractility [23]. Napradit et al. [16] reported that
polyuria occurred in potassium-depleted rats, and they sug-
gested that this might be caused by polydipsia or by defective
renal concentration of urine. Lack of a signiWcant diVerence
in urine volume may be due to the diVerent diets used in this
study (K = 0% in the potassium-depleted diet) comparing to
the diets used in the other studies.

Calcium phosphate precipitate is one of frequently asso-
ciated events with calcium oxalate stone formation [24]. Pre-
vious study reported a trend of higher excretion of calcium
and phosphate in calcium oxalate and magnesium ammo-
nium phosphate stone formers in Thailand [13]. Moreover,
our recent study showed that, in Thailand, calcium oxalate
mixed with calcium phosphate stone (47.66%) was more
prevalent than pure calcium oxalate stone (21.09%) [8]. Sig-
niWcant decrease (two- to three-folds) of phosphate was
observed throughout this study. Our Wnding is similar to the
previous Wndings of decreased urinary phosphate excretion
in renal stone formers in the NE Thailand [14]. The latest
study by Breusegen et al. [25] reported that dietary potas-
sium deWciency causes phosphaturia in rats through the
decrease in BBM abundance of the sodium/phosphate
co-transporters. Further studies are required to conWrm it.

Calculation of the supersaturation index for calcium
oxalate showed that there was a linear trend for an
increased risk of stone formation after potassium deple-
tion (y = 0.6335x + 0.2744, r = 0.9996, P < 0.01). SS(CaOx)

increased over time due to the severity of potassium
depletion as well as the changes in the urinary levels of
inhibitors and promotors (Fig. 2). Although various fac-
tors inXuence the risk of forming stones, the prime fac-
tors for potassium-depleted rats observed in this study
were low citrate, low pH, and low potassium. There is no
doubt that high calcium and high oxalate are considered
to be core factors for calcium oxalate stone formation,
however, we found no signiWcant changes of either uri-
nary oxalate or calcium. This result suggested that there
might not be any direct eVect of potassium deWciency
on calcium or oxalate levels. A study by Tosukhowong et al.

[14] also found that non-stone formers with hypokalemia
and hypokaliuria might have a high risk of stone formation
when challenged with high oxalate (or oxalate precursors)
and a high calcium diet. Due to the lack of a signiWcant
change of urinary pH during the Wrst week of potassium
depletion, we hypothesized that the initial increase of
SS(CaOx) may be secondary to the decrease of urinary
citrate.

Many studies have indicated that potassium depletion
causes renal tubular injury [7, 26, 27]. However, we found
no signiWcant histological abnormalities, although possible
minor changes may not have been detected. Urinary LDH
activity reXects the renal cell damage and its level also,
showed no signiWcant changes. This may have been due to
the time constraints of the present study.

We acknowledge the limitations in this study. The study
was conducted only in male Wistar rats and for a short
duration. The results, therefore, are limited to the urine bio-
chemical changes only. The eVect of potassium depletion
on renal tissue may require longer duration. Moreover, as
demonstrated in this study that potassium depletion
increases the SS(CaOx), a long-term study with addition of
hyperoxaluric groups may provide conclusive evidence
regarding the eVect of potassium deletion on kidney stone
formation.

In conclusion, the present study was the Wrst to demon-
strate that potassium depletion causes an increase in
SS(CaOx) which may, consequently, increase the risk of uri-
nary calcium oxalate stone formation over time by reducing
the urinary pH, citrate, magnesium, and potassium.
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