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MCDK cells from oxalate induced free radical injury
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Abstract Renal cell injury and fixed particle formation is
one of the theories of urinary stone formation. The ex-
posure of renal epithelial cells to oxalate ions and cal-
cium oxalate monohydrate crystals can cause free
radical generation and increase lipid peroxidation.
Tamm-Horsfall protein (THP) has a protective effect on
the production of free radicals in vitro. We aimed to
show that THP (and its deglycosylated products,
D-THP) could protect culture cells from free radical
injury in vivo as well as the possible mechanism by
which this is done. Exposure of Madin-Darby canine
kidney (MDCK) cells to Ox resulted in a significant
increase in the release LDH, NBT and MDA, as well as
an increase in caspase 3 activity, all of which were fur-
ther elevated when COM crystals were added. With the
addition of THP at 500 nM, there was a significant de-
crease in the release of LDH and the production of
MDA and NBT. A decrease in capase 3 activity was
observed when 500 nM THP was added to the culture
medium that reached 32.7% and 40.4% of inhibition in
CaOx+THP and CaOx+COM+THP, respectively.
THP decreased the adhesion of COM crystals to the

MDCK cells but lost its effect when THP was degly-
cosylated. The results indicate that both Ox and COM
crystals cause the release of LDH, MDA, NBT and in-
crease the activity of capase 3 in MDCK cells. As a free
radical scavenger, THP reduces the amount of free
radicals and provides significant protection at a critical
concentration of 500 nM. The deglycosylated THP de-
creased the effect of the protection of the MDCK cells
from oxalate-induced injury and an increase of adhesion
of the COM crystals to the MDCK cells. Therefore, the
effects of THP on the protection of oxalate induced
radical injury may be partly due to its intact glycosyla-
tion and its adhesion to the cell membrane.
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Introduction

Urolithiasis is a complex disease and many theories have
been proposed regarding the mechanism of crystal for-
mation. One of the theories involves renal tubular cell
injury and fixed particles [5, 19]. An excess urinary ex-
cretion of oxalate can damage renal epithelial cells [26].
Thamilselvan et al. reported that oxalate (Ox) and COM
(calcium oxalate monohydrate) crystals induced free
radical production, renal epithelial cell injury, and
membrane lipid peroxidation [32]. The cellular damage
and its debris could be a heterogeneous nucleator of
both calcium oxalate and calcium phosphate [15]. Evi-
dence from cell cultures has shown cellular injury from
oxalate exposure by measuring lipid peroxidation and
lactate dehydrogenase release [10, 14, 27]. Furthermore,
antioxidants such as catalase and superoxide dismutase
can provide protection from free radicals [32]. There-
fore, hyperoxalauria might be one of the major risk
factors for calcium oxalate stone disease. However, this
hypothesis does not differentiate between normal indi-
viduals and stone patients.

Urol Res (2003) 31: 10–16
DOI 10.1007/s00240-003-0298-1

Nining Hsieh Æ Ching-Hua Shih Æ Huey-Yi Chen

Mei-Chen Wu Æ Wen-Chi Chen Æ Chia-Wei Li

N. Hsieh Æ C.-H. Shih Æ H.-Y. Chen Æ W.-C. Chen (&) Æ C.-W. Li
Institute of Life Science,
National Tsing Hua University,
Hsinchu, Taiwan
E-mail: drtom@www.cmch.org.tw
Fax: +886-4-22053425

M.-C. Wu Æ W.-C. Chen
Department of Medical Genetics,
China Medical College Hospital,
Taichung, Taiwan

W.-C. Chen
Department of Urology,
China Medical College Hospital,
Taichung, Taiwan

H.-Y. Chen
Department of Obstetrics and Gynecology,
China Medical College Hospital, Taichung, Taiwan

W.-C. Chen
2, Yu-Der Road, Taichung, 404, Taiwan,

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 595.276 785.197 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: Dot Gain 10%
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICC
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile (Dot Gain 10%)
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /UseDeviceIndependentColor
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice



Tamm-Horsfall glycoprotein (THP) is one of the
most abundant proteins in normal human urine [14].
Glycosylation, the post-translational modification of
THP, is reported to have various functions. The occur-
rence of a gel-like property in a solution of THP appears
to be involved with an intact glycosylation [28]. The
carbohydrate moiety of THP could be a specific ligand
for cytokines, such as interleukin-1, interleukin-2 and
tumor necrosis factor [13]. Enzymatic removal of
N-linked glycosylation of THP destroys its ability to
bind to cytokines [24]. The low sialic acid form of THP
may promote crystal aggregation [11]. This suggests that
the alteration of glycosylation could result in differential
bioactivity of THP. Therefore, glycosylation should be
taken into consideration when considering the functions
involved in the crystallization of calcium oxalate. Fur-
thermore, THP inhibited the reaction of xanthine and
xanthine oxidase and was proposed to be a possible
protector against free radicals [3].

Various antioxidants have been used for protection
against renal cellular damage and the prevention of stone
formation by free radicals [20, 32]. However, few studies
have focused on the role of proteins in the urine for the
prevention or stability of stone formations following
cellular injury. Our previous study showed that THP has
an inhibitory effect on the xanthine-xanthine oxidase
reaction in vitro [3]. In order to study the protective effect
of THP from free radicals in vivo, a culture of Madin-
Darby canine kidney (MDCK) cells was tested.

Materials and methods

Materials

The electrophoresis gels (SDS-PAGE) and silver stain plus were
purchased from Bio-Rad Laboratories (Hercules, Calif., USA).
Low pre-stained molecular weight markers were purchased from
Electran (Poole, England). All chemical reagents used were of an-
alytical grade and were purchased from Merck (Darmstadt, Ger-
many). Dulbecco’s modified essential medium (D-MEM) and
agents used in the cell culture were purchased from Life Technol-
ogies (Rockville, Md., USA).

Collection of urine

Twenty-four-hour urine samples were collected from healthy adult
male volunteers without any history of urinary stones. Routine
renal sonography was performed before the collection of urine in
order to rule out possible nephrolithiasis. The sample was kept at
4�C during collection and sodium azide (0.02%W/V) together with
5 lM phenylmethane-sulfonylfluoride were added as preservatives.
Test-strips confirmed the absence of hematuria. After collection,
the samples were filtered through a 0.22 lm filter membrane
(Millipore, Mass., USA) and pooled to 20 l for later use.

Purification of Tamm-Horsfall protein

The purification procedure was conducted according to reports by
Grover et al. and our previous studies [3, 8]. Briefly, NaCl was added
to the pooled urine bringing the concentration to 0.58 M. The urine

was stirred at 4�C for 48 h, then the solution was centrifuged at
10,000·g for 20 min at 4�C using a Beckman J21 centrifuge (Beck-
man Instruments, USA). The supernatant was discarded and the
precipitate was redissolved in deionized distilled (dd) water. Cellular
debris was then removed by centrifugation. The precipitation pro-
cedure was repeated twice and the pellet was dissolved in dd water as
before. After precipitation, the material was dissolved in a minimal
volume of ddwater and dialyzed against ddwater at 4�C for 24h. The
sample solution was chromatographed on Sephrarose 4 B (4·80 cm
column) and eluted with a 0.05 M Tris-HCl pH 7.4 (Pharmacia
Biotechnology, Uppsala, Sweden). The elutes were pooled and dia-
lyzed against dd water at 4�C for 24 h. The sample was then lyoph-
ilized and stored at )20�C until use. THP (2 mg/ml) was added in an
equal volume of sodium acetate and acetic acid buffer (90 mmol/l,
pH 5.5) containing NaCl (0.3 mol/l), calcium chloride (18 mmol/l),
and 7 U/l neuraminidase (type 5 from Clostridium perefringens,
Sigma, St Louis,Mo.,USA). The solutionwas kept at 37�C for 1 day
and dialyzed against dd water with three changes in 48 h. The
deglycosylation was verified by SDS-PAGE.

Cell culture

MDCK cells (CCRC60004) of distal tubular origin (Food Industry
Research and Development Institute, Hsinchu, Taiwan) from
passages from 15–45 were used. Serial cultures were maintained as
subconfluent monolayers on 75 cm2 Falcon T-flasks in D-MEM
containing 15 mmol HEPES, 10% fetal calf serum (serum iron
approximately 100 lg/dl), Fe(NO3)3 (0.1 mg/l), streptomycin
(0.20 mg/ml) and penicillin (1.0·102 IU/ml), pH 7.4 at 37�C in a
5% carbon dioxide air atmosphere. The medium was replenished
two to three times weekly. Cells were grown to confluence in
D-MEM medium on 12-well plates (Corning, N.Y.). In all studies,
the monolayers were rested for 1 day in serum free D-MEM media
after the cells became confluent, to achieve quiescence [6, 29].

Oxalate ions and calcium oxalate crystal preparation

COM crystals were prepared as previously describes by Nakagawa
et al. and the product was verified using an infrared spectrometer as
in our previous work (Bio-Rad, Hercules, IR-7) [2, 25]. The
amount of COM crystal load utilized varied from 10 lg/ml to
2 mg/ml while the concentration of Ox employed ranged from 0.1
to 4.0 mM [32]. Oxalate ion was prepared as potassium oxalate
(KOx) in a stock solution of 10 mM in normal sterile saline. The
cell cultures were exposed to BME medium containing 1.0 mM Ox
or 1.0 mM Ox plus 500 lg COM crystals for 2 or 4 h. Control
cultures were not exposed to either agent.

UV-sterilized crystals were equilibrated in medium containing
1.0 mMKOx at a concentration of 10 mg/ml at 37oC for 24 h before
addition to cultures. Aliquots of stock slurry were added, along with
1.0 mM KOx media, to individual wells at a final concentration of
500 lg/ml. Monolayers were incubated for 2 or 4 h.

Lactate dehydrogenase

The media from the control and experimental wells were recovered
and centrifuged to remove crystals and cellular debris. The lactate
dehydrogenase activity from these media was determined with a
commercial kit (Proteins International, Rochester Hills, Mich.,
USA) by microtiter assay. All determinations were made against
appropriate reagent blanks.

Malondialdehyde

Lipid peroxidation was measured by the amount of malondialde-
hyde (MDA) as described by Wong et al. [33] with the following
modifications. At the completion of the experimental treatment
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periods, the cells were rinsed three times with phosphate buffered
saline (PBS). A total of 0.5 ml of 100 mM KCl solution containing
3 mM EDTA was added to the wells and the cells were scraped off
with a rubber baton. The cell suspension was removed with a
pipette and placed into a 2-ml test tube on ice. The cell suspension
was sonicated three times on ice from 100 W to 20KHz for 45 s.
After centrifugation at 5,000 rpm for 5 min at 4�C, the superna-
tants were used for the determination of MDA. The reaction
mixture contained 80.3 ll of cell homogenate and 1 ml of reagent
(15% trichloroacetic acid; 0.375% thiobarbituric acid; 0.25 N HCl)
containing butylated hydroxytoluene (0.03 volume of 2% in
ethanol). The mixture was then heated to 95�C for 30 min in a
boiling water bath. The samples were cooled and centrifuged at
13,000 rpm for 10 min and extracted by 70% methanol. After
extraction, the samples were centrifuged at 13,000 rpm for 5 min.
The MDA contents were then measured by spectrophotometer at
OD532.

Nitroblue tetrazolium

Wemonitored oxalate-induced changes in the reduction of nitroblue
tetrazolium (NBT, Merck, Germany) as described previously [4].
Briefly, confluent cultures of MDCK cells in 12-well plates were ex-
posed for varying periods (0, 2, and 4 h) to serum-free DMEM me-
dium containing 25 lg/ml NBT, a dye that reacts with superoxide
(44, McPhail 45). Where indicated, 1 mM Ox, 1 mM Ox+500 lg
COM crystals, and/or THP (100, 200, and 500 nM) were also added.
At 2 and 4 h, the mediumwas removed and the reaction was stopped
by adding 70% methanol. The monolayers were washed with four
changes of 100% methanol to remove non-reduced NBT, then air
dried, and solubilized with a mixture of 2 M KOH and dimethyl
sulfoxide (DMSO) (1:1.167). Samples were then centrifuged for
4 min at 15,000 rpm and read at 700 nm (density OD700) against a
blank cuvette containing KOH and DMSO.

Apoptotic assay

The early stage of apoptosis was assessed by measuring the activity
of caspase 3 using the immunosorbent enzyme assay. The con-
centration used for the THP or D-THP co-treatment was 500 nM.
After the treatment of MDCK cells for 4 h, the MDCK cells were
treated with the lysis buffer for 30 min at room temperature. The
MDCK cell plates from the control and treatment wells were

centrifuged to remove COM crystals and cellular debris. Caspases 3
activity in the cytosol was determined with a commercial kit
(Promega, Madison, Wis., USA). The activity of caspase 3 was
measured at 405 nm.

Crystal retention

Attached CaOx crystals were observed with a phase contrast mi-
croscope (Nikon, Japan) equipped with a camera (Nikon FX-35A).
First, the MDCK cells were seeded on the cover glasses for 2 days
and treated serum free for 1 day. The concentration used for the
THP co-treatment was 500 nM. After the treatment, the cells on
the cover glasses were washed several times with PBS. The cover
glasses were then soaked in 2.5% glutaldehyde at room tempera-
ture for 30 min before observation.

Results

The MDCK cells exposed to Ox for 2 h showed a sig-
nificant release of LDH (Table 1). Cells treated for 4 h
continued to release LDH. The presence of COM crys-
tals in the medium significantly increased the production
of LDH in cells treated for 2 and 4 h. When serial
concentrations of THP (100, 200, and 500 nM) were
added to the cells co-treated with Ox, the results showed
that 100 and 200 nM THP did not decrease LDH
significantly. The data suggest that THP decreased
Ox-induced free radical production only at high con-
centrations. At a suitable concentration, THP provided
protection against superoxide radical generation in-
duced by exposure to Ox. Similar observations were
noted in the treatment of Ox+COM.

When THP was deglycosylated by sialidase, the
protein did not decrease the amount of LDH released
either at high or low concentrations for either 2 or 4 h
exposure. With the addition of COM to cells, D-THP

Table 1 Effect of Tamm-
Horsfall protein (THP) on
superoxide production in
MDCK cells exposed to oxalate
(Ox) or Ox+calcium oxalate
monohydrate crystals (COM)
by measuring the amount of
LDH released

Exposure time (OD) 2 h (490 nm) 4 h (490 nm)

Mean±SD
(% inhibition)

Mean±SD
(% inhibition)

Control 0.17 0.05 0.38 0.03
Ox 0.69 0.05 1.18 0.01
Ox+THP 100 nM 0.58 0.06 1.14 0.06
Ox+THP 200 nM 0.64 0.07 0.97**a 0.06
Ox+THP 500 nM 0.31***a 0.02 0.70***a 0.08
Ox+COM 0.73 0.02 1.06 0.01
Ox+COM+THP 100 nM 0.66 0.02 1.05 0.04
Ox+COM+THP 200 nM 0.47***b 0.06 0.88*b 0.10
Ox+COM+THP 500 nM 0.32***b 0.02 0.65***b 0.04
Control 0.30 0.02 0.32 0.04
Ox 0.54 0.02 1.06 0.09
Ox+THP–D 100 nM 0.52 0.03 0.93 0.03
OX+THP-D 200 nM 0.52 0.06 0.87*a 0.02
Ox+THP-D 500 nM 0.58 0.01 0.77**a 0.02
Ox+COM 0.58 0.07 0.99 0.06
Ox+COM+THP-D 100 nM 0.60 0.08 0.91 0.07
Ox+COM+THP-D 200 nM 0.60 0.06 0.88 0.05
Ox+COM+THP-D 500 nM 0.65 0.08 0.88 0.04
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also had no effect on the release of LDH. These results
suggest that glycosylation is an important process and
plays a key role in inhibiting Ox-induced superoxide
radical production in MDCK cells.

Lipid peroxidation

Table 2 shows the effects of THP and D-THP on the
production of MDA in MDCK cells. Exposure of
MDCK cells to Ox led to a significant increase in MDA
production and the addition of COM crystals (Ox+
COM) resulted in a further increase of MDA. When
cells were co-treated with Ox and THP, the MDA sig-
nificantly decreased at 200 nM and 500 nM THP for
both the 2 and 4 h treatments. When MDCK cells were
co-treated with Ox and COM, only 500 nM of THP had
a significant inhibitory effect. We noted that, regardless
of the concentration of D-THP, there was no inhibitory
effect on MDA production. The inhibitory effect of THP
on the production of NBT was similar to MDA, which
showed a significant reduction at concentrations of 200
and 500 nM (Table 3). The inhibitory effect of D-THP
was observed only at a concentration of 500 nM.

Initiation of cell apoptosis

Because 500 nM THP has the maximum inhibitory ef-
fect, we chose it to measure the inhibitory effect on the
MDCK cells exposed to Ox and Ox+COM crystals for
4 h. The activity of caspase 3 was inhibited significantly
by 500 nM THP when co-treated with Ox or Ox+COM
(Fig. 1). D-THP had no effect on the inhibition of cas-
pase 3 activity in MDCK cells

CaOx crystal retention

Figure 2b shows COM crystals attached to the cell
membrane. When MDCK cells were co-treated with

Ox+COM crystals and 500 nM THP for 4 h, the rela-
tive amount of crystals attached to the cell membrane
significantly decreased, as can be seen by comparing
with Fig. 2b and c. We also observed that MDCK cells
co-treated with Ox+COM crystals and 500 nM D-THP
for 4 h showed serious cell damage and crystal adhesion
(Fig. 2d).

Discussion

The THP in the crystal-cell interaction reacted in many
ways to inhibit cell damage induced by exposure to Ox.
Our previous studies of THP purified from healthy
subjects showed that it promotes the nucleation of COM
crystals and inhibits the growth and aggregation of
COM crystals in vitro [2]. We also demonstrated that
THP plays an important role in the inhibition of xan-
thine-xanthine oxidase reactions in vitro [3]. The effects
were less significant when sialic acid was removed from
THP. This indicates that a post-translation modification
of THP may alter its function. In this study, it is clear
that THP exerts a protective effect against free radical
induced cell injury in vivo. This protective effect was
reduced when THP was deglycosylated.

Khan et al. reported that hyperoxaluria in rats was
associated with enzymuria and membranuria [17]. This
hyperoxaluria-induced injury was due to lipid peroxi-
dation in the renal cell membrane [30]. Thamilselvan
et al. supported the suggestion that Ox can induce free
radical damage to the renal epithelial cell [31]. The
studies reported here provide direct evidence that
exposure of MDCK cells to Ox or Ox+COM results in
a significant increase in free radicals and injury to renal
epithelial cells.

Our data are in agreement with results of Scheid et al.
who demonstrated free radical production by LLK-PK1

cells exposed to Ox [26]. Grases et al. reported that the
generation of superoxide radicals occurred in endothelial
cells exposed to COM crystals [7]. The results presented
here demonstrate that exposure of MDCK cells to Ox

Table 2 Effect of Tamm-
Horsfall protein (THP) on
superoxide production in
MDCK cells exposed to oxalate
(Ox) or Ox+calcium oxalate
monohydrate crystals (COM)
by measuring the amount of
MDA released

2 h (532nm) 4 h (532nm)

Mean±SD (% of inhibition) Mean±SD (% of inhibition)

Control 0.019 0.001 0.038 0.003
Ox 0.134 0.004 0.183 0.009
Ox+THP 100 nM 0.129 (3.96) 0.003 0.182 (1.45) 0.004
Ox+THP 200 nM 0.115 (14.11)*a 0.009 0.177 (3.27) 0.004
Ox+THP 500 nM 0.071 (47.02)*** 0.005 0.066 (63.63)***a 0.010
Ox+COM 0.151 0.004 0.191 0.004
Ox+COM+THP 100 nM 0.141 (7.03) 0.002 0.185 (3.13) 0.005
Ox+COM+THP 200 nM 0.135 (10.55) 0.004 0.173 (9.74)**b 0.009
Ox+COM+THP 500 nM 0.062 (40.04)***b 0.016 0.068 (64.17)*** 0.002
Ox+THP–D 100 nM 0.093 (3.83) 0.004 0.161 (-2.77) 0.004
OX+THP-D 200 nM 0.097 (-2.09) 0.004 0.155 (1.06) 0.011
Ox+THP-D 500 nM 0.085 (14.98) 0.011 0.156 (0.42) 0.006
Ox+COM+THP-D 100 nM 0.111 (5.38) 0.003 0.170 (1.53) 0.003
Ox+COM+THP-D 200 nM 0.108 (8.21) 0.007 0.163 (5.57) 0.008
Ox+COM+THP-D 500 nM 0.102 (13.31) 0.005 0.163 (5.77) 0.014
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and COM crystals is associated with: (1) the production
of superoxide radicals, (2) lipid peroxidation as deter-
mined by MDA. (3) release of LDH which indicates cell
injury, (4) apoptosis, and (5) COM crystal retention. We
also demonstrated that THP acts as a free radical
scavenger by reducing the production of superoxide
radicals. The inhibition of cell injury by THP can be
measured by the amount of LDH released and mem-
brane peroxidation can be measured by MDA content
induced by Ox and/or Ox+COM crystals in MDCK
cells. Furthermore, THP inhibited MDCK apoptosis
induced by Ox and COM, and prevented the retention of
COM crystals on the MDCK cells.

The fact that only 500 nM of THP reduced the pro-
duction of free radicals suggests that it must remain at a
stable concentration in the urine to effect the prevention

of Ox-induced cellular damage. Thus, healthy subjects
probably have higher concentrations of THP than pa-
tients with urinary stones. Hess et al. demonstrated that
the concentration of THP in the urine of patients with
urinary stones was only 100–200 nM [12]. Kumar and
Muchmore found that the concentration of THP above
600 nM in urine resulted in self-aggregation and pro-
motion of COM crystal growth [22]. Therefore, the
concentration of THP in urine may play an important
role in CaOx crystallization. In our studies, there was a
significant reduction in MDA content and LDH release
when MDCK cells were cultured with 500 nM THP and
Ox+COM crystals. These data suggest that THP pro-
tects MDCK cells against Ox induced cellular damage
and that 500 nM is a critical concentration.

Koul et al. have shown that both Ox and COM
crystals can induce DNA synthesis in renal epithelial
cells [21]. The nature of the induction depends upon the
concentration of Ox and the presence or absence of
COM crystals. Occasional COM crystals are passed as
crystalluria fixed particles or are endocytosed by renal
epithelial cells [16]. Moderately high levels of oxalate,
within the limit of CaOx metastability, can provoke an
inflammatory response. This inflammatory response
may also be mediated by THP. Renal tubular epithelial
cells undergo mitosis and produce additional crystalli-
zation modulators such as ostopontin, fibronectin, and
THP [23]. Constant exposure to high levels of oxalate
and calcium oxalate crystals injures renal epithelial cells
[9]. Many of the renal cells become apoptotic and their
surfaces become receptive to crystal attachment [1, 18].
Our results show that THP prevented apoptosis of
MDCK cells that were induced by Ox and COM crys-
tals, and inhibited the retention of COM crystals on
MDCK cell surfaces. Ox-damaged cells detach from the
basement membrane and their degradation products are
released into the urine. Membranes in the cellular de-
gradation products can also promote the nucleation of

Table 3 Effect of Tamm-Horsfall protein (THP) on superoxide production in MDCK cells exposed to oxalate (Ox) or Ox+calcium
oxalate monohydrate crystals (COM) by measuring the amount of NBT released

Exposure time (OD) 2 h (700 nm) 4 h (700 nm)

Mean±SD (% of inhibition) Mean±SD (% of inhibition)

Control 0.103 0.002 0.113 0.002
Ox 0.177 0.001 0.188 0.004
Ox+THP 100 nM 0.172 (2.63) 0.006 0.174 (7.43) 0.006
Ox+THP 200 nM 0.124 (29.89)***a 0.001 0.163 (13.45)** 0.005
Ox+THP 500 nM 0.118 (33.27)***a 0.001 0.145 (22.65)*** 0.004
Ox+COM 0.183 0.003 0.200 0.008
Ox+COM+THP 100 nM 0.174 (4.90)*b 0.003 0.188 (5.98) 0.004
Ox+COM+THP 200 nM 0.137 (25.23)*b 0.003 0.167 (16.61)*** 0.006
Ox+COM+THP 500 nM 0.126 (31.22)*b 0.003 0.149 (25.58)*** 0.003
Ox+THP–D 100 nM 0.158 (-0.42) 0.006 0.284 (3.07) 0.003
OX+THP-D 200 nM 0.152 (3.59) 0.002 0.282 (3.52) 0.005
Ox+THP-D 500 nM 0.14 (11.39)**a 0.003 0.252 (13.99)** 0.013
Ox+COM+THP-D 100 nM 0.163 (0.61) 0.004 0.286 (4.25) 0.004
Ox+COM+THP-D 200 nM 0.162 (6.12)*b 0.002 0.277 (4.59) 0.005
Ox+COM+THP-D 500 nM 0.153(14.69)***b 0.004 0.276 (8.05)* 0.004

Fig. 1 The percentage of inhibition by Tamm-Horsfall protein in the
calcium oxalate inducing caspase 3 activity on MDCK cells. CaOx:
calcium oxalate, COM: calcium oxalate monhydrate, and D-THP:
siladase treated Tamm-Horsfall protein. The activity of
caspase 3 was measured by OD405 nm by photospectrometer.
Control=0.0153±0.055, CaOx=0.218±0.021, CaOx+
COM= 0.287±0.010, 500nM THP=0.0276±0.00565, CaOx+
THP= 0.1466±0.006, CaOx+COM+THP=0.17±.0.004 THP-
D= 0.041±0.005, CaOx+THP-D=0.224±0.012, and CaOx+
COM+THP-D=0.283±0.0128
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CaOx crystals and also aid in their aggregation and
eventual retention within the nephron. Crystal retention
is also accomplished by attachment to the exposed
basement membrane. Exposure of retained CaOx

crystals to concentrated urine can lead to the develop-
ment of kidney stones. Therefore, THP may be as an
inhibitor of stone formation.

In our studies, the theory of stone formation has
focused on the renal epithelium and the role of injury in
crystal retention. The results have shown that oxalate
exposure per se can damage renal epithelial cells and
enhance crystal binding. In MDCK cells, oxalate expo-
sure produces marked effects on membranes and causes
elevation of LDH and MDA in the culture medium, all
of which are parameters of cellular injury. Apoptosis
was also observed in this study during long-term expo-
sure to oxalate. THP can decrease the production of
cellular injury parameters, possibly as a result of its
antioxidant properties. In summary, THP protects
MDCK cells from exposure to Ox ions and COM
crystals, suggesting that it plays a crucial role in stone
disease in vivo.
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