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Abstract Urocalun®, a herbal medicine prepared from an
extract of Quercus salicina Blume/Quercus stenophylla
Makino (QS extract), has been clinically used for the treat-
ment of urolithiasis in Japan since 1969. In the present
study, the effects of QS extract on oxalate-induced cell
injury and NADPH-induced superoxide anion (O,”) pro-
duction in the injured cells were investigated. Oxalate-
induced cell injury was assessed by mitochondrial reduc-
tion of 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyltetrazolium
bromide and leakage of lactate dehydrogenase into the
extracellular fluid. When NRK-52E cells were injured by
exposure to oxalate for 24 h, QS extract prevented the
injury in a dose-dependent manner. In addition, QS extract
suppressed the increase in NADPH-induced O, produc-
tion, or NADPH oxidase activity, in the homogenate of
cells injured by oxalate exposure. These findings suggest
that the reduction in oxalate-induced O, production con-
tributes to the cytoprotective effect of QS extract.
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Introduction

Urolithiasis is a multifactorial disorder caused by metabolic
abnormalities that influence the composition of body fluids
and urine. Since about 80% of stones are composed of cal-
cium oxalate and calcium phosphate, an increase in urinary
oxalate levels as well as phosphate levels plays an impor-
tant role in the formation and recurrence of stones [1].

Since the rate of stone recurrence is quite high, about
50% at 10 years and 75% at 15 years when no treatment at
all is given [2], dietary advice to reduce the risk seems to be
important. No pharmacological treatment is available for
the prevention of stone formation.

In Japan, Urocalun®, a herbal medicine extracted from
the twig leaves of Quercus salicina Blume/Quercus steno-
phylla Makino (QS), a tall evergreen tree belonging to the
family Fagaceae, has been clinically used for a long time in
the treatment of urolithiasis as a medicine which facilitates
the spontaneous expulsion of ureteral stones. In a rat ure-
teral stone model, QS extract promoted stone discharge [3]
and had a diuretic effect [4]. In addition, QS extract has
been reported to dissolve calcium phosphate crystals and to
prevent crystal growth at a silk thread nucleus in the rat
bladder [5].

There is experimental evidence for the accumulation of
radicals in the kidneys of experimental urolithiasis rats fed
a diet containing ethylene glycol [6]. Oxalate is considered
to induce membrane injury mediated by lipid peroxidation
through oxygen free radicals in LLC-PK, (porcine renal
proximal tubular) cells and MDCK (Madin-Darby canine
kidney) cells [7] and to facilitate the deposition of calcium
oxalate crystals after its incorporation into kidney stones
[8-10].

It has recently been demonstrated that the free-radical
scavenger vitamin E [11] and the antioxidant enzyme
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catalase [12] protect against the production of oxalate-
induced reactive oxygen species (ROS) and peroxidative
injury in renal tubular epithelial cells. In addition, we have
shown that QS extract suppresses superoxide anion (O,")
levels in a cell-free xanthine/xanthine oxidase system [3],
although the mechanism of action is not clear. In the pres-
ent study, we investigated the effect of QS extract on oxa-
late-induced cell injury, and the involvement of oxalate-
enhanced NADPH-induced O, production in NRK-52E
(rat renal tubular epithelial) cells.

Materials and methods
Preparation of QS extract

QS extract was produced in Nippon Shinyaku (Kyoto,
Japan). The powder of QS extract was obtained from dry-
ing the aqueous extract which made by soaking the dried
leaves and branches of Quercus salicina Blume/Q. steno-
phylla Makino in distilled water. A stock solution of 10 mg/
mL QS extract was prepared in dimethylsulfoxide (Wako,
Kyoto, Japan) and diluted to 30-300 pg/mL in Dulbecco’s
modified Eagle’s medium (DMEM high glucose; Sigma, St
Louis, MO). Although some plant parts contain oxalate, the
amount of oxalate in the QS extract at 30 pg/mL, deter-
mined by UV method (Oxalic acid enzymatic bioanalysis,
R-Biopharm, Darmstadt, DE) was below the lower limit of
quantification (<0.01 mM).

Cell culture

Rat renal tubular epithelial (NRK-52E) cells were obtained
from American Type Culture Collection (Manassas, VA).
The cells were cultured in Dulbecco’s modified Eagle’s
medium DMEM supplemented with 5% (v/v) fetal bovine
serum (Gibco Laboratories, Grand Island, NY) at 37°C in
5% CO,.

NRK-52E cells were incubated in DMEM containing
0.1-1 mM sodium oxalate (Sigma) in the presence or
absence of QS extract (3—30 pg/mL; Nippon Shinyaku,
Kyoto) for 22-24 h.

Cell injury

Cell injury was assessed by measuring lactate dehydroge-
nase (LDH) leakage into the medium and by assaying mito-
chondrial reduction of 3-(4,5-dimethyl-2-thiazol)-2,5-
diphenyltetrazolium bromide (MTT). For measurement of
LDH leakage, 50 pL of the incubation medium was taken
24 h after exposure to oxalate, and LDH in the medium was
determined with an enzymatic assay kit (Wako Pure Chem-
icals, Osaka). LDH leakage was expressed as a percentage
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of that observed in control cells incubated for 24 h in fetal-
bovine-serum-free DMEM in the absence of oxalate and
QS extract For MTT assay, 22 h after exposure to oxalate,
NRK-52E cells were incubated in 10 pg/mL MTT solution
for 2 h at 37°C and the blue-colored MTT formazan prod-
uct was extracted into isopropanol/0.1 N HCI (90:10, v/v
%) containing 0.4% Triton X-100. The optical density was
measured at 595 nm. The MTT-reducing activity in injured
cells was expressed as a percentage of that in control cells
measured after 22 h of incubation in medium without
sodium oxalate or QS extract

At the end of the experiments, NRK-52E cells were sol-
ubilized in 1 mL of 1 N NaOH and the protein content was
determined by the method of Bradford with bovine serum
albumin as the standard [13].

NADPH-induced O, production and superoxide
dismutase activity

The effects of QS extract on NADPH-induced O, produc-
tion and superoxide dismutase (SOD) activity were investi-
gated by analyzing the NRK-52E cell homogenate after
exposure of the cells to oxalate. In brief, after 24 h of expo-
sure to oxalate in the presence or absence of QS extract,
cells in a 6-well plastic dish were washed three times with
phosphate-buffered saline. The cells were homogenized in
1 mL of ice-cold Hank’s balanced saline solution (HBSS),
pH 7.4, with a Physcotron homogenizer (NS-310E; Nichion,
Chiba). After preincubation of the homogenate for 30 min at
37°C, the reaction was carried out in a mixture containing
0.2 mM lucigenin and 1 mM NADPH in HBSS. The reac-
tion was initiated by adding 0.2 mM lucigenin and 1 mM
NADPH in HBSS to the sample, and NADPH-enhanced
O, -dependent lucigenin chemiluminescence was mea-
sured with a spectrofluorophotometer (Wallac 1420 ARVO-
SX multilabel counter, Perkin Elmer, Tokyo) for 10 min.
The chemiluminescence reading was acquired at intervals of
20 s. SOD activity was measured with SOD Assay Kit-WST
(Dojindo, Tokyo) in the same homogenate used for the
determination of O,. At the end of the experiments, the
cells were solubilized in 1 N NaOH (1 mL) and the protein
content was determined as described above. The chemilumi-
nescence values were expressed per mg of protein.

Statistical analysis

Data were analyzed with the SAS program (SAS/STAT,
Ver. 8.2, SAS Institute, Cary, NC). All data were analyzed
for statistical significance by either Student’s ¢ test for
comparison between two groups or one-way analysis of
variance, followed by Dunnett’s multiple comparison test
(two-tailed) against the control. A P value of less than 0.05
was considered significant.
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Results
Oxalate-induced cell injury

Oxalate decreased cell viability and increased LDH leakage
in NRK-52E cells in a concentration-dependent manner
(Fig. 1a). These changes were statistically significant at
0.3 mM oxalate or more.

Reduction of oxalate-induced cell injury by QS extract

When NRK-52E cells were treated with QS extract (3, 10
and 30 pg/mL) and oxalate (0.3 mM) for 24 h, a reduction
in oxalate-induced cell injury was observed (Fig. 1b),
although QS extract alone had no effect on the measures of
cell injury in the absence of oxalate (Fig. 2). After treated
with oxalate (1 mM) and QS extract (30 pg/mL), oxalate-
induced cell injury were reduced by QS extract (MTT:
Control 35.3 £+ 0.8%, QS extract 53.8 +2.2%, P <0.01,

LDH: Control 287.8 = 8.1%, QS extract 230.4 £+ 2.1%,
P <0.01).

O, production induced by NADPH and SOD activity in
the NRK-52E cell homogenate after oxalate exposure.

Oxalate increased NADPH-induced O, production in
the NRK-52F cell homogenate in a concentration-dependent
manner, and a significant increase was observed at 0.3 mM
oxalate (Fig. 3a). SOD activity was significantly increased
by exposure of the cells to 0.3 mM oxalate (Fig. 4).

Reduction of NADPH-induced O, production
by QS extract

After exposure of NRK-52E cells to oxalate (0.3 mM) and
QS extract (30 pg/mL) for 24 h, O, production induced by
NADPH in the NRK-52E cell homogenate was signifi-
cantly suppressed by QS extract (Fig. 3b). QS extract alone
had no significant effect on the O, production induced by
NADPH in the NRK-52E cell homogenate in the absence
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Fig. 2 Effect of QS extract on the cell injury markers without oxalate
in NRK-52E cells. Cells were exposed to QS extract (30 pg/mL) for
24 h. Cell injury was determined by MTT assay and LDH leakage.
Values were expressed as a percentage of the value measured in the ab-
sence of QS extract (control group). Columns and bars represent the
mean and SEM (N = 6)

of oxalate (Fig. 3c). After exposure to oxalate (1 mM) and
QS extract (30 pg/mL), O,  production induced by
NADPH were slightly suppressed by QS extract [Control
303.4 £ 29.9, Oxalate 630.8 &+ 46.8, Oxalate + QS extract
554.7 +37.9 (countle3/s/protein) (N=4)].

Fig. 3 Effect of QS extract on
oxalate-enhanced NADPH-
induced O, production in the
NRK-52E cell homogenate.
Cells were exposed to a 0.1 or
0.3 mM oxalate, b 0.3 mM
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Discussion

Hyperoxaluria is a major risk factor for calcium oxalate
nephrolithiasis, and calcium oxalate urinary stones are the
most common type of urinary stone. High levels of oxalate
cause a variety of changes in the renal epithelial cells, such
as an increase in free radical production and a decrease in
antioxidant status [6, 7, 14, 15], followed by cell injury [7,
8, 15-17] and cell death [18, 19]. These changes are signifi-
cant predisposing factors for the facilitation of crystal
adherence and retention [7, 9-12, 16].

We have reported an increase in apoptosis and an up-
regulation of the expression of apoptosis-related genes in
renal tubular epithelial cells in the ethylene glycol rat
model of urolithiasis [20]. In renal tubular epithelial cells,
oxalate-induced cell injury and apoptotic changes are asso-
ciated with an increased generation of free radicals, includ-
ing O, , hydroxyl radical (OH-), hydrogen peroxide
(H,0,), peroxide radical (RO-) and singlet molecular oxy-
gen [21]. A positive correlation between urinary oxalate
levels and renal tubular epithelial cell injury as well as
between oxalate levels and lipid peroxides has been dis-
covered in experimental urolithiasis rats [7] and patients
with kidney stones [22]. Moreover, vitamin E, a radical
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Fig. 4 Effect of oxalate on SOD activity in the NRK-52E cell homog-
enate. Cells were exposed to 0.1 or 0.3 mM oxalate for 24 h and
homogenized in 1 mL of HBSS. Values were expressed as a percent-
age of the value measured in the absence of oxalate (control group).
Columns and bars represent the mean and SEM (N =4). **P < (.01,
compared with the control group (Dunnett’s test)

scavenger, suppresses hyperoxaluria-induced calcium crys-
tal deposition in urolithiasis rats by improving renal tissue
antioxidant status [23].

In the present study, oxalate at 0.3 mM decreased MTT-
reducing activity in NRK-52E cells and increased LDH
activity in the culture medium. Similarly, other groups have
reported that oxalate at 0.5 mM decreases cell viability as
determined by LDH release and trypan blue exclusion in
LLC-PK, and MDCK cells [15, 24]. According to Coe
et al. [25], normal humans excrete a reasonable upper limit
of 45 mg (0.5 mM) oxalate per day, and a simple dietary
excess of oxalate from food commonly increase urinary
oxalate to 50-60 mg (0.556-0.667 mM) daily. In our earlier
experiments, exposures NRK-52E cells to oxalate at
0.3 mM for 3, 6 and 24 h induced significant LDH leakage
(only for the 24 h) and MTT reduction (for 6 and 24 h).
Therefore we selected oxalate at 0.3 mM for 24 h to induce
a hyperoxaluric environment in renal epithelial cells.

Oxalate increased NADPH oxidase activity in NRK-52E
cells. Although the source of ROS induced by oxalate
exposure is unclear, oxalate increases NADPH oxidase
mRNA levels in NRK-52E cells and diphenyleneiodonium
chloride, a selective NADPH oxidase inhibitor, reduces
ROS production and cell injury induced by oxalate expo-
sure in NRK-52E and LLC-PK, cells [11, 26, 27]. These
findings suggest the involvement of ROS derived from the
increased NADPH oxidase levels which result in oxalate-
induced cell injury in the kidney.

Oxidative stress is determined by the balance between
radical production and endogenous antioxidant defense.

Antioxidant enzymes, such as SOD, glutathione peroxidase
and catalase, and endogenous antioxidants, such as gluta-
thione, ascorbic acid, NADPH and a-tocopherol, participate
in neutralizing free radicals. SOD and catalase reduce the
oxalate-induced generation of ROS in LLC-PK, and
MDCK cells [12]. Several reports indicate that oxalate
decreases antioxidant enzymes in renal tubular epithelial
cells [11, 15] and urolithiasis animal models [7, 23]. How-
ever, in this study, SOD activity was increased by oxalate
exposure in NRK-52E cells. It has also been reported that
the SOD activity in the kidney in urolithiasis rats prepared
by supplementing their diet with ethylene glycol increases
during the initial period of the feeding (1-9 days) and
decreases from 42 days after the feeding [6]. Therefore, it is
likely that these increases in SOD activity are a physiologi-
cal counteraction to the oxidative stress.

Recently several plant medicines including Heruniaria
hirusta [28] and Phyllanthus niruri [29], used folk medi-
cine to treat kidney stones. It had been demonstrated that
Heruniaria hirusta had inhibitory effects on calcium crys-
tals internalization by MDCK cells and Phyllanthus niruri
had inhibited the attachment of calcium crystals to the tubu-
lar cell by coating crystal surface with itself. These effects
were contributed to their direct actions on calcium crystal,
which might be one of important mechanisms to prevent
the adhesion and retention of crystals in the kidney. In
regard to QS extract, we have reported that this extract sup-
presses O, levels in a cell-free xanthine/xanthine oxidase
system [3]. We therefore hypothesized that QS extract
would prevent oxalate-induced cell injury by its radical-
scavenging effect. In the present study, QS extract sup-
pressed oxalate-induced cell injury and NADPH oxidase
activity in NRK-52E cells. Antioxidants such as SOD, cata-
lase and vitamin E suppress the release of LDH and the for-
mation of malondialdehyde in LLC-PK, cells [11, 12, 15],
indicating that the protective action of QS extract against
oxalate-induced cell injury may be attributed to its radical-
scavenging effects. Because aqueous solution of 1,000 pg/
mL QS extract, at 30 times higher concentration in the
present study, contains 0.0069 mM calcium and 0.16 mM
magnesium, it is unlikely that QS extract showed cytopro-
tective effect due to calcium and magnesium interference.
Although the mechanisms of inhibition of oxalate-induced
NADPH oxidase activity by radical-scavengers are unclear,
vitamin E prevents oxalate-induced cellular lipid peroxida-
tion and attenuates oxalate-induced free radical production
brought about by the activation of NADPH oxidase in
LLC-PK, cells [11]. Moreover vitamin E suppresses hyper-
oxaluria-induced calcium crystal deposition in urolithiasis
rats [23] and human [30].These results suggest that QS
extract suppresses oxalate-induced NADPH oxidase activ-
ity, thereby decreasing O, production, which might be fol-
lowed by suppression of stone formation. However, further
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studies are needed for its potential in the prevention of
stone formation and recurrence in in vivo urolithiasis model.

In conclusion, QS extract suppressed cell injury induced

by oxalate exposure, most likely by scavenging free radi-
cals and suppressing the activation of NADPH oxidase.
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