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Abstract 
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Project Title: Investigations of microvillar injury in renal tubular epithelial cells induced by 
calcium oxalate crystal adhesion 
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 The binding of calcium oxalate monohydrate (COM) crystal frequently results in the 
destruction of microvilli leading to renal tubular epithelial cell injury and dysfunction in stone 
patients. This study focused on the investigation of molecular mechanisms implicating in 
microvillar injuries and disorganization during COM crystal treatment in MDCK cells. Morphology 
of COM crystal-treated cells (48 h of incubation) was seriously changed as well as microvilli 
density covering their apical surface was also decreased. We found the reduction of ezrin which 
plays role in microvilli formation and stabilization in whole cell lysate extracted from COM 
crystal-treated cells by Western blot analysis. The localization of the remaining ezrin was also 
changed and concentrated at the lateral boundary of in COM crystal-treated cells under laser 
scanning confocal microscope. Selectively decreases of ezrin and actin cytoskeleton at the 
apical membrane were observed together with the loss of their association upon COM crystal 
exposure by performing Triton X-100 solubility assay. The use of antioxidant chemical, 
epigallocatechin-3-gallate (EGCG) pretreatment could reduce the degree of protein oxidation 
and also prevented the reduction and stabilize apical localization of ezrin and actin cytoskeleton 
after COM crystal treatment under confocal microscope. These findings may provide some 
important information as a platform to understand the pathogenesis leading to the loss of 
microvillar functions for a potential therapeutic benefit for kidney stone disease. 
 
Keywords: Kidney stone disease, Calcium oxalate, Microvillar injury, Renal tubular cell 
dysfunction 
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 การเกาะจับของผลึกแคลเซีย่มออกซาเลทชนิดโมโนไฮเดรตบนไมโครวิลไลของเซลลทอไตมัก
เปนสาเหตุกอใหเกิดโรคนิ่วในไต อีกทัง้ยังนําไปสูการบาดเจ็บและการสูญเสียการทําหนาที่ของเซลลทอ
ไตที่พบในผูปายโรคน่ิว การศึกษาวิจัยนี้ไดมุงเปาไปยังการสืบคนหากลไกที่เก่ียวของในการเกิดการ
บาดเจ็บและการเกิดพยาธิสภาพของไมโครวิลไลบนผวิของเซลลทอไตสวนปลาย Madin-Darby Canine 
Kidney (MDCK) เซลล จากการศึกษาวิจัยพบวาลกัษณะและความหนาแนนของไมโครวิลไลบนผวิของ
เซลลทอไตหลังจากที่ถูกเกาะจับโดยผลึกแคลเซ่ียมออกซาเลทเปนเวลา 48 ชั่วโมงนั้น มีการเปลี่ยนแปลง
และลดลงอยางเห็นไดชัด นอกจากนี้ยังพบวาระดับการแสดงออกของโปรตีน ezrin ซึ่งเปนโปรตีนหลักที่
ทําหนาที่สําคญัในการสรางและรักษาสภาพของไมโครวิลไลนั้นลดลงและมีการเปลี่ยนแปลงยายตําแหนง
ที่อยูในเซลลทอไตหลังจากที่ถูกเกาะจับโดยผลึกแคลเซ่ียมออกซาเลท ทั้งน้ียังพบวาโปรตีน ezrin และ F-
actin ซึ่งเปนองคประกอบหลักของไมโครวิลไลไดลดลงเฉพาะบริเวณที่ผวิเซลลเทาน้ัน นอกจากนี้ไดมี
การใชสารตานอนุมูลอิสระที่สกัดมาจากชาเขียว epigallocatechin-3-gallate (EGCG) และพบวาสามารถ
ลดระดับการเกิดออกซิเดชั่นของโปรตีนพรอมทั้งสามารถปองกันการลดระดับลงของโปรตีน ezrin รวมไป
ถึงสามารถปองกันการลดลงของโปรตีน ezrin และ F-actin ที่ตําแหนงผิวเซลลทอไตหลังจากที่ถูกเกาะ
จับโดยผลึกแคลเซี่ยมออกซาเลทไดอีกดวย การคนพบนี้อาจใหขอมูลสําคัญทีท่ําใหเขาใจกลไกการเกิด
โรคน่ิวในไตทีน่ําไปสูการสูญเสียการหนาที่ของไมโครวิลไลบนผวิเซลลทอไตท่ีพบในผูปาย พรอมทั้งยังมี
ประโยชนในแงของการคนหาวิธีการรักษาและปองกนัการเกิดโรคนิ่วในไตไดอีกดวย 
 
คาํหลกั : โรคน่ิวในไต, ผลกึแคลเซี่ยมออกซาเลต, การบาดเจ็บของไมโครวิลไล, การถูกทําลายของเซลล
ทอไต 



1. INTRODUCTION 
  
 Calcium oxalate (CaOx) crystal is the potential causative crystal for kidney stone 
formation and the most common type is calcium oxalate monohydrate (COM) (1). Several 
theories have been proposed whether the binding of COM crystals onto microvilli of renal tubular 
epithelial cells is the crucial event initiating kidney stone formation and development (2, 3). Distal 
and proximal renal tubular epithelial cells which were bound to COM crystals normally showed 
the evidences of microvilli destruction, transformation of intracellular organelles and intra-tubular 
aggregation of the collapsed microvilli in rat model (4, 5). The disruption of microvilli and their 
detachment from apical surface of renal cells are thought to be the major risk factors and can 
enhance the development of kidney stone in renal tubular lumen (6). Renal tubular epithelial 
cells are characterized as polarized epithelial cells which their membrane is divided into apical 
and basolateral membranes to perform specialized transport functions (7). Apical cell surface of 
renal tubular epithelial cells is covered with microvilli which need some remarkable processes for 
their proper establishment and maintenance responsible to its potential transport and cell polarity 
functions (8).  
 The disruption and loss of microvilli density on apical cell surface is the hallmark of renal 
tubular cell injury contributing to the development, severity and kidney disease progression (9, 
10). Microvillar injuries with evidences of blebbing, sloughing, internalization and decreasing their 
length and density may be the cause which can initiate renal tubular cell injuries leading to renal 
tubular epithelial cell dysfunction in kidney stone patients (1, 6). CaOx crystals are injurious to 
the renal tubular cells by the production of reactive oxygen species (ROS) and also inducing 
oxidative stress leading to many morphological alterations as well as the destruction of microvilli 
(6). Nevertheless, the molecular mechanisms in the pathogenesis of microvillar injuries upon 
COM crystal adhesion have not been evaluated.  
 In our previous proteomics reports, we found that ezrin which is one of ERM (ezrin, 
radixin, moesin) protein members and involves in the formation and maintenance of microvilli 
was changes its protein level in response to COM crystal adhesion (11-13). Ezrin acts as a 
linker between the cortical plasma membrane and actin cytoskeleton in epithelial cells (8). The 
dissociation from actin cytoskeleton, the alterations in distribution, localization and 
posttranslational modification in term of threonine phosphorylation of ezrin can influence its 
functions and lead to the loss of microvillar structure and density in renal tubular epithelial cells 
(14-16). In kidney stone disease, the previous studies postulated and recognized the alterations 
of cellular structure and the damages of microvillar organization both in vivo and in vitro models 
in response to oxalate and CaOx crystal administrations (5, 6). Our interest was focused on the 



investigation of molecular mechanisms implicating in microvillar injuries and disorganization in 
response to COM crystal exposure in MDCK cells. The roles of ezrin were examined including 
the alterations in protein expression, subcellular localization, phosphorylation modifications and 
its association with actin cytoskeleton. Moreover, roles of EGCG (green tea extract) on protein 
oxidation and cellular alterations were also investigated. Finally, the findings from this study may 
provide the important information to enable researchers to discover the novel therapeutic option 
for preventing and reducing the progression of kidney stone disease.  
  



2. MATERAILS AND METHODS 
 
2.1. Cell culture and COM crystal treatment 

Mardin-Darby Canine kidney (MDCK) cells, which represent cells derived from 
distal/collecting duct tubular epithelial cells, were grown in Eagle’s minimum essential medium 
(MEM) (Gibco; Grand Island, NY) supplemented with 10%heat-inactivated fetal bovine serum 
(FBS) (Gibco), 1.2%penicillinG/streptomycin (Sigma, St.Louis, MO) and 2 mM of L-glutamine. 
The cultured cells were maintained in a humidified incubator at 37°C with 5%CO2 for 24 h. For 
COM crystal treatment, MDCK cells were seeded for 24 h to obtain 80% confluent monolayer. 
COM crystals (100 μg/ml) which were resuspended in complete growth medium were added to 
the cells and incubated for 48 h. 

To obtain polarized MDCK monolayer, polycarbonate Transwell inserts (0.4 μm pore 
size; Corning Costar, Cambridge, MA, USA) were used as culture substrate. MDCK cells at a 
density of 7.5 X 104 cells/ml were split and grown on collagen type IV-coated polycarbonate 
membrane inserts overnight before COM crystal addition. The collagen type IV-coated 
polycarbonate membrane insert were prepared by adding of collagen type IV (6 μg/cm2) (Sigma, 
St. Louis, MO, USA) solution onto Transwell insert by covering whole surface area and 
incubated at 4°C overnight. 

 
2.2. Morphological observation 

Cell morphology was directly observed under a phase contrast microscope (Olympus 
CKX41; Tokyo, Japan) after COM crystal treatment for 48 h. Next, the COM crystal-treated 
MDCK cells were fixed, permeabilized and stained for F-actin cytoskeleton with Oregon 
Green®488-conjugated phalloidin for 1 h to detect polymeric F-actin for monitoring the alteration 
of cell morphology in term of actin cytoskeleton organization after exposure to COM crystals. 
After washing, the stained cells were mounted in 50%glycerol in PBS on glass slide. The XY, 
XZ and YZ sections of these cells were acquired by using a Nikon A1R laser scanning confocal 
microscope (Nikon Instruments, Inc., New York, United States). 

 
2.3. Determination of expression level of ezrin after COM crystal treatment by Western 
blot analysis 

After COM crystal treatment for 48 h, MDCK cells were extracted in 1XLaemmli’s buffer 
and protein lysate was separated by SDS-PAGE. The resolved proteins were transferred onto a 
nitrocellulose membrane. Then, the nitrocellulose membrane was blocked non-specific bindings 
by 5%skim milk in PBS and incubated with primary antibody specific to ezrin overnight at 4°C. 



The corresponding secondary antibody conjugated with horseradish peroxidase (HRP) was used 
to detect and the immunoreactive band was visualized by using SuperSignal West Pico 
chemiluminescence substrate (Pierce Biotechnology, Inc., Rockford, IL) and then exposed to X-
ray film. 
 
2.4. Determination of the alteration in subcellular localization and distribution of ezrin 
after COM crystal treatment 

2.4.1 Alteration in apical membrane association 
To determine the alteration in apical/brush border association of ezrin, apical membrane 

of MDCK cells was isolated after COM crystal treatment using a peeling protocol as we 
previously described (17). Briefly, COM crystal-treated MDCK cells were rinsed twice with ice-
cold PBS+ (special containing 1 mM MgCl2 and 0.1 mM CaCl2) and then the solution was 
extremely aspirated. Whatman filter paper (Whatman®, Whatman International Ltd., Maidstone, 
England) was used to isolate the apical membrane of the cells. The filter paper was prewetted 
with deionized water and then placed on the cell monolayer. After waiting for 5 min, the filter 
paper was quickly removed. The isolated apical membrane was allowed to release from filer 
paper in deionized water. The isolated apical membrane-enriched solution was concentrated by 
lyophilization and then solubilized in 1XLaemmli’s buffer. Western blotting was performed to 
determine the change of ezrin expression in the apical membrane of MDCK cells after COM 
crystal exposure. 

2.4.2 Alteration in actin cytoskeleton association 
To examine the effect of COM crystal adhesion on the association with actin 

cytoskeleton of ezrin, Triton X-100 solubility assay and Western blot analysis were applied. After 
COM crystal treatment, the cells were briefly rinsed with buffer containing 10 mM Tris-HCL (pH 
7.5), 150 mM NaCl. Then, cells were extracted in buffer containing 0.5%Triton X-100, 10 mM 
Tris-HCL (pH 7.5), 100 mM NaCl and 300 mM sucrose for 15 min at 4°C. The Triton X-100 
soluble (non-cytoskeleton) and insoluble (cytoskeleton and cytoskeleton-associated proteins) 
fractions were analyzed by Western blot analysis. 

2.4.3 Alteration in localization and distribution of ezrin using laser scanning confocal 
microscope  

After treatment with COM crystals, MDCK cells were processed for confocal microscopic 
examination to visualize the change of localization and distribution of ezrin. The COM crystal-
treated cells were fixed with 3.7%paraformaldehyde for 15 min and then permeabilized with 
0.1%Triton X-100 for 15 min. Then, the cells were incubated with anti-ezrin primary antibody 
and followed by fluorescence dye-conjugated corresponding secondary antibody. The stained 



cells were observed and confocal images were acquired by laser scanning confocal microscope 
according to the protocol as describe above. 

 
2.5. Determination of posttranslational modification (phosphorylation) of ezrin after 
COM crystal treatment 

To determine the change in threonine phosphorylation modification of ezrin after COM 
crystal treatment, immunoprecipitation (18) and Western blotting were performed. Control and 
COM crystal-treated MDCK cells were extracted in RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 
mM NaCl, 1%NP-40, 1%sodium deoxycholate and 0.1%SDS) and then protein concentration 
was estimated by Bradford’s protein assay (19). An equal protein amount (1 mg) from each 
condition was incubated with anti-phosphothreonine (1 μg) for overnight at 4°C on rotator. 
Protein G-Sepharose beads were added into protein solution and then further incubated for 4 h 
4°C on rotator. After three washing with lysis buffer (50 mM Tri-HCl, pH 7.4, 150 mM NaCl, 
0.5%Triton X-100 and 1 mM EDTA), threonine-phosphorylated proteins were collected by 
incubating with 30 μl of 1XLaemmli’s buffer and then heated at 95°C for 5 min. IP eluates from 
each condition were resolved by SDS-PAGE and then blotted onto nitrocellulose membrane. 
Anti-ezrin antibody was used to determine the alteration of ezrin level in phosphothreonine-
containing proteins in response to COM crystal adhesion. 
 
2.6. Alterations in microvilli density of renal tubular epithelial cells after COM crystal 
treatment 

After COM crystal treatment for 48 h, control and crystal-treated MDCK cells were 
washed three times with PBS+. Both cells were then fixed by 3.7%paraformaldehyde and 
permeabilized by 0.1%Triton X-100 in PBS. After washing with PBS, the cells were stained for 
F-actin with Oregon Green®488-conjugated phalloidin for 1 h to detect polymeric F-actin and 
further observed under confocal microscope. The stained cells were mounted in 50%glycerol in 
PBS on glass slide and images were acquired by using a Nikon A1R confocal microscope 
(Nikon Instruments, Inc., New York, United States). 

 
2.7. Epigallocatechin-3-gallate (EGCG) pretreatment and protein oxidation determination 
after COM crystal exposure 

EGCG was used as an antioxidant chemical to reduce level of protein oxidation resulting 
from COM crystal treatment in MDCK cells. MDCK cells were seeded and grown overnight in 
CO2 incubator to obtain 80% confluent monolayer. Growth medium was removed and then the 



cells were incubated with 25 μM of EGCG for 30 min. Thereafter, COM crystals (100 μg/ml) 
were added to the cells and further incubated for 48 h in CO2 incubator at 37°C.  

The level of protein oxidation determination was performed using the manufacturer’s 
guideline from OxyBlot™ Protein Oxidation Detection Kit protocol (Chemicon, Inc., Temecula, 
CA). First, an equal amount of protein from control and COM crystal-treated cells was subjected 
to derivatization carbonyl groups which are represented the oxidative damage to a protein by a 
2, 4-dinitrophenyl-hydrazone (DNP) moiety. Next, these derivatized proteins were resolved on 
12%SDS-PAGE gel and then blotted onto nitrocellulose membranes. The membrane was block 
non-specific binding with 5%BSA in PBS for 30 min and then incubated with rabbit anti-DNPH 
antibody to detect the oxidative modified proteins. After washing, the membrane was further 
exposed to corresponding HRP-conjugated secondary antibody. Finally, membrane was washed 
twice in washing buffer (PBS containing 0.2%Tween-20). Protein bands were visualized by using 
SuperSignal West Pico chemiluminescence substrate and then exposed to X-ray film. Band 
signal intensity was measured by ImageMaster 2D Platinum software. 

 
2.8. Statistical analysis 

The data was shown as mean ± SEM. Comparisons among groups were analyzed by 
unpaired Student’s t test and one-way analysis of variance (ANOVA) with Tukey’s posthoc test 
(SPSS; version 13.0). P-values less than 0.05 were considered statistically significant. 
  



3. RESULTS 
 
3.1. COM crystal adhesion induces morphological changes in MDCK cells  
 MDCK cells were seeded and divided into control (without COM crystal treatment) and 
COM crystal-treated groups. COM crystals (100 μg/ml) were added into complete growth 
medium and then vigorously mixed before adding to the cells. After 48 h of incubation, 
examination of cell morphology under phase contrast microscope showed the striking 
morphological change in COM crystal-treated cells compared to control cells (Figure 1). COM 
crystal-treated MDCK cells showed the highly irregular shape with poorly intact monolayer. We 
next explored the morphological changes of MDCK cells after COM crystal treatment by 
determining the distribution and organization of F-actin cytoskeleton. In control MDCK cells, F-
actin was stained with similar intensity along the apical (microvilli) and lateral membranes of the 
cells. In COM crystal-treated MDCK cells, F-actin was obviously reduced in the intensity of 
apical staining but concentrated along the lateral and basal membranes which clearly show in 
vertical (XY) and horizontal (XZ) sections of confocal images (Figure 2).  
 

 
 
Figure 1. Phase contrast images of MDCK cells grown in the absence (control) or presence of 
COM crystals (100 μg/ml) for 48 h. Original magnification is 200X. 
 

 
 
 
 
 
 
 



 

      
 

Figure 2. Distribution and organization of F-actin in control and COM crystal-treated MDCK cells 
were shown by confocal microscopy (XY and XZ sections). Cells were grown on polycarbonate 
filters in Transwell insert in the absence and presence of COM crystals (100 μg/ml) for 48 h and 
F-actin was stained with Oregon Green®488-conjugated phalloidin and shown in green signal. 
Original magnification is 400X. 
 
3.2. Microvilli density at apical surface of MDCK cells was decreased after COM crystal 
treatment 
 It is well known that microvilli consist of a core of bundled actin filaments and were 
consistent with the apical F-actin staining pattern. Thus, we stained MDCK cells with Oregon 
Green®488-conjugated phalloidin to stain F-actin and explore the alteration of microvilli density 
at the apical surface of MDCK cells after COM crystal treatment. Microvilli covering the apical 
surface of control and COM crystal-treated cells were observed under laser scanning confocal 
microscope which provides high resolution and high magnification images. The result showed 
that COM crystal-treated MDCK cells exhibited lower apical F-actin levels and loss of its normal 
staining pattern suggesting the decreasing of apical microvilli density after COM crystal 
treatment. 



 
 

Figure 3. Microvilli which covering the apical surface of control and COM crystal-treated MDCK 
cells was visualized by phalloidin-labeled F-actin using laser scanning confocal microscopy 
(scale bar = 10 μm).  
 
3.3.  Expression of ezrin was decreased in COM crystal-treated MDCK cells 
 To determine whether expression level of ezrin in whole cell lysate was altered after 
COM crystal treatment, Western blotting was performed. The result showed in Figure 4 
demonstrated that approximately 82 kDa band of ezrin in COM crystal-treated cell lysate was 
obviously decreased when compared to control cell lysate (Figure 4A). The ezrin band 
intensities were quantified using ImageMaster 2D Platinum software and the relative band 
intensity of ezrin was obtained by normalizing with band intensity of GAPDH (Figure 4B). The 
results indicated that there was a significant decrease in ezrin level which occurred during COM 
crystal treatment.    
 (A) 

 



 (B) 

                       
Figure 4. Western blot analysis of ezrin in whole cell lysate extracted from control and COM 
crystal-treated MDCK cells (n = 3) (A). Relative band intensity of ezrin was normalized to 
GAPDH for each individual and the data are presented as mean ± SEM (B). GAPDH was used 
as a loading control. P-values less than 0.05 were considered statistically significant.  
 
3.4.  Apical membrane expression of ezrin and actin cytoskeleton was decreased in 
COM crystal-treated MDCK cells  
 To investigate the effects of COM crystals on the distribution and localization of ezrin 
and F-actin cytoskeleton, immunofluorescence staining and confocal microscopy were applied. 
In control cells, ezrin was highly concentrated at the apical membrane whereas F-actin was 
concentrated in both apical and lateral membranes of the cells as shown in Figure 5A and 
Figure 6A, respectively. In contrast, COM crystal-treated MDCK cells showed a striking 
decrease of ezrin and F-actin which localized at the apical membrane of cell monolayer (Figure 
5A and Figure 6A). To further confirm the immunofluorescence data indicating a decrease in 
apical localization of ezrin and F-actin, we then isolated apical membrane of control and COM 
crystal-treated monolayer by peeling method using filter paper. The isolated apical membrane 
from both conditions were solubilized in 1XLaemmli’s buffer and then an equal amount of apical 
membrane protein from control and crystal-treated cells were processed by Western blotting in 
parallel with cytosolic fraction (the remaining part of cell monolayer after apical peeling). The 
nitrocellulose membrane was probed with anti-ezrin and anti-β-actin antibodies, respectively. 
Western blot data showed that ezrin and β-actin levels were selectively decreased only in 
apical membrane isolated from COM crystal-treated cells (Figure 5B and Figure 6B) whereas 
ezrin expression in the cytosolic (the remaining part of monolayer after apical peeling) fraction 
was not changed. 



 
 

Figure 5. Localization and distribution of ezrin in control and COM crystal-treated MDCK cells 
under laser scanning confocal microscope (A). Cells were grown on polycarbonate filters in the 
absence (control) and presence of COM crystals (100 μg/ml) for 48 h. Ezrin was shown in red 
and nucleus was stained by Hoechst dye and presented in blue signal. Original magnification is 
400X. (B) Western blot analysis of ezrin in apical membrane and cytosolic fractions extracted 
from control and COM crystal-treated MDCK cells.  
 

 



Figure 6. Distribution and organization of F-actin cytoskeleton in control and COM crystal-
treated MDCK cells as shown by confocal microscopy (A). Cells were grown on polycarbonate 
filters in the absence (control) and presence of COM crystals (100 μg/ml) for 48 h. F-actin 
cytoskeleton was stained with Oregon Green®488-conjugated phalloidin and shown in green 
signal. Nucleus was stained by Hoechst dye and shown in blue signal. Original magnification is 
400X. (B) Western blot analysis of β-actin in apical membrane and cytosolic fractions extracted 
from control and COM crystal-treated MDCK cells.  
 
3.5. Alteration of ezrin localization and its relation with actin cytoskeleton after COM 
crystal treatment 
  We further investigated the effect of COM crystal on the association of ezrin to actin 
cytoskeleton which could refer to alteration of functional ezrin. Selective detergent extraction 
which was commonly used to isolate cytoskeleton and cytoskeleton-associated proteins was 
applied by incubating the cells with 0.5%Triton X-100-containinig buffer to obtain cytoskeleton 
including cytoskeleton-associated proteins (Triton X-100-insoluble) and non-cytoskeleton (Triton 
X-100-soluble) fractions. Western blot data showed the distribution of ezrin in both fractions of 
control and COM crystal-treated cells. We found the decreasing of ezrin in cytoskeleton fraction 
(Triton X-100-insoluble) in COM crystal-treated cells (Figure 7) referring to the decreasing of 
functional ezrin pool in COM crystal-treated cells. Confocal images also presented the loss of 
apical ezrin which clearly showed in XZ-scanned sections (Figure 8). Likewise, the confocal 
data revealed the interesting observation which we found mislocalization of the remaining ezrin 
concentrated along the lateral border of COM crystal-treated cells (Figure 8C). Because active 
or functional ezrin is normally associated with actin cytoskeleton and mainly present at apical 
membrane of epithelial cells, we next isolated apical membrane of control and COM crystal-
treated cells and then extracted with 0.5%Triton X-100-containing buffer. Western blot data 
showed a selective decreased of ezrin and F-actin only in apical membrane which again 
implying the reduction of functional ezrin was observed after COM crystal treatment (Figure 9).  

 



 
 

Figure 7. Distribution of ezrin in cytoskeleton and non-cytoskeleton fractions obtained by Triton 
X-100 extraction from control and COM crystal-treated MDCK cells (n = 3) (A). Band intensity of 
ezrin was quantified and the data are presented as mean ± SEM (B). P-values less than 0.05 
were considered statistically significant. 
 

 



 

 
 

 
 

Figure 8. Distribution and colocalization of ezrin and F-actin in different serial focal planes from 
apical to basal of control (A) and COM crystal-treated MDCK cells (B). XZ sections of images 
from each condition was illustrated in C. Ezrin was presented in red signal and F-actin was 
stained with Oregon Green®488-conjugated phalloidin and presented in green signal. Nuclei of 
the cells were stained by Hoechst dye and shown in blue signal. Original magnification is 400X.  
 
 



 
 

 
 

 
 

Figure 9. Western blot analysis of ezrin (A) and β-actin (C) in the isolated apical membrane 
fraction, cytoskeleton and non-cytoskeleton fractions which were extracted after apical peeling 
from control and COM crystal-treated MDCK cells (n = 3). Band intensity of ezrin (B) and β-
actin (D) were quantified and the data are presented as mean ± SEM. P-values less than 0.05 
were considered statistically significant. 



3.6. Threonine-phosphorylated ezrin is increased in COM crystal-treated MDCK cell 
lysate 
 Phosphorylation is one of the main processes which can determine functional ezrin. The 
entire sequence of dog ezrin was subjected to predict number of potential phosphoresidues 
using NetPhos 2.0 software (http://www.cbs.dtu.dk/services/NetPhos/) (20). The result showed 
many potential phosphoresidues including serine (12 residues), threonine (10 residues) and 
tyrosine (7 residues) were predicted and presented in Figure 10. Because the phosphorylation 
on threonine residues seems to play role in ezrin function, we next evaluated whether level of 
threonine phosphorylation of ezrin was altered by performing immunoprecipitation with anti-
phosphothreonine and then immunoblotting with anti-ezrin antibodies. Whole cell extracts were 
prepared from control and COM crystal-treated MDCK cells and protein concentrations were 
quantified according to Bradford’s protocol (19). Immunoprecipitation was done by adding anti-
phosphothreonine antibody to protein aliquot of control and COM crystal-treated whole cell 
lysates, separately. After immunoblotting using anti-ezrin antibody, we found that large amount 
of ezrin could be detected in the immunoprecipitate prepared from COM crystal-treated cells 
(Figure 11). Interestingly, ezrin is normally detected at ~80 kDa in control MDCK cell lysate, but 
we found two additional upper bands of ezrin (phosphorylated form) were increased in COM 
crystal-treated cells suggesting the increasing of posttranslationally modified (phosphorylation) of 
ezrin under COM crystal-treated condition.  
 

 
 

Figure 10. The potential phosphorylation sites of ezrin were predicted using NetPhos 2.0 
software. Numbers of predicted phosphoserine, phosphothreonine and phosphotyrosine residues 
were presented, respectively. 



 

 
 

Figure 11. Western blot analysis of ezrin in IP eluates (A) and whole cell lysate (B) extracted 
from control and COM crystal-treated MDCK cells. Level of ezrin in threonine-phosphorylated 
pool was increased and decreased in whole cell lysate which was extracted from COM crystal-
treated MDCK cells. 
 
3.7. Protein oxidation level was increased in response to COM crystal treatment   
 Many previous studies showed the induction of oxidative stress by increasing of reactive 
oxygen species production which can cause extensive oxidative damage to proteins in response 
to CaOx crystal adhesion of renal cells (6, 21, 22). In this study, we determined whether level of 
protein oxidation was increased in MDCK cells after COM crystal treatment by detecting level of 
protein carbonylation (the end production of protein oxidation) using OxyBlot assay. Protein 
oxidation may be the cause of ezrin degradation resulting in the decreasing of ezrin level after 
COM crystal treatment. The results showed that the statistically significant increase in protein 
carbonylation was found in protein lysate extracted from COM crystal-treated cells (Figure 12) 
indicating the induction of protein oxidation causes by COM crystal treatment. 
 
 
 
 
 
 
 



 

 
 

Figure 12. OxyBlot analysis of control and COM crystal-treated MDCK cells with or without 25 
μM of EGCG pretreatment (A). Relative band intensity of oxidized proteins normalized to control 
condition was quantified and the data are presented as mean ± SEM (n = 3) (B). P-values less 
than 0.05 were considered statistically significant. 
 
3.8. EGCG pretreatment can completely prevent the increasing of protein oxidation and 
the decreasing of ezrin expression during COM crystal treatment 
 From our data, we demonstrated the increasing of protein oxidation level in COM crystal-
treated MDCK cells which could be the cause of ezrin degradation. Next, we used an 
antioxidant epigallocatechin-3-gallate (EGCG) which is extracted from green tea and has strong 
antioxidative activity to reduce protein oxidation during COM crystal treatment. MDCK cells were 
pretreated with 25 μM of EGCG for 30 min before adding 100 μg/ml of COM crystals for 48 h.  
We found the reduction of protein oxidation level in control cells which were pretreated with 
EGCG as shown in Figure 12. As expected, EGCG pretreatment can protect the cells from 
oxidative stress during COM crystal treatment by significantly decrease the level of protein 
oxidation (Figure 12). And the use of EGCG can also prevent the reduction of ezrin expression 
level during COM crystal treatment as indicated in Figure 13. 
 
 
 



 

 

                
                 
Figure 13. Western blot analysis of ezrin and β-actin in whole cell lysate extracted from control 
and COM crystal-treated MDCK cells with or without 25 μM of EGCG pretreatment (A). Relative 
band intensities of ezrin and β-actin to GAPDH were quantified and the data are presented as 
mean ± SEM (n = 3) (B and C). P-values less than 0.05 were considered statistically significant. 
 



3.9. EGCG pretreatment can partially protect the decreasing of apical ezrin and actin 
cytoskeleton in response to COM crystal treatment   
 As our data show that pretreatment MDCK cells by EGCG can prevent the reduction of 
ezrin expression level by decreasing protein oxidation level after COM crystal treatment. We 
also used EGCG to pretreat the cells and then further examined its effect on the stabilization of 
apical ezrin and actin cytoskeleton during COM crystal treatment. EGCG pretreatment showed a 
nearly complete protection of the loss of apical ezrin and F-actin expression and localization 
against COM crystal treatment (Figure 14).  
 

  
 

Figure 14. Protective effect of EGCG pretreatment on the decreasing of apical ezrin and actin 
cytoskeleton in response to COM crystal adhesion. Pretreatment MDCK cells with 25 μM of 
EGCG for 30 min before adding COM crystals (100 μg/ml) for 48 h can partially prevent the 
reduction of ezrin and F-actin (green) at apical membrane after COM crystal treatment. Original 
magnification is 400X. 
 



4. DISCUSSION AND CONCLUSION  
  
 The binding of COM crystals onto apical surface of renal tubular epithelial cells usually 
mediates by the interaction between crystal and microvilli of renal epithelial cells (23). This 
attachment of COM crystals can cause various cellular responses inside renal tubular epithelial 
cells including the production of reactive oxygen species (ROS), stimulation of various signaling 
molecules, destruction and transformation of microvilli and other intracellular organelles (4-6, 
21). Microvilli breakdown, transformation and decreasing of their density on apical surface of 
renal tubular cells were also detected in the crystal-forming area by transmission electron 
microscopy (24) observation in glyoxylate-treated mouse kidneys at the early stage of glyoxylate 
administration (6 h) (4, 25). The number and length of microvilli in the glyoxylate-administrated 
mice were significantly reduced and they were fallen into the renal lumen during 24 h of 
glyoxylate administration (6, 25). Moreover, these findings implicated the involvement of 
microvillar injuries and the development of kidney stone disease in vivo (1, 21, 22). 
Notwithstanding these observations, the molecular basis focusing on microvilli disruption induced 
by COM crystal adhesion is still unknown.  
 This study, we aimed to investigate the molecular mechanism of microvillar injury in 
distal renal tubular epithelial (MDCK) cells which was occurred after COM crystal adhesion. 
Evidences of injured-microvilli lesion, apical F-actin staining was decreased the signal intensity 
referring to the reduction of microvillar density at apical surface of COM crystal-treated MDCK 
cells. Microvilli covering the apical surface of renal epithelial cells consist of a major core bundle 
of filamentous actin (F-actin) cytoskeleton and ezrin which acts as a cytoskeleton liker protein to 
connect membrane proteins with actin cytoskeleton and responsible for stabilizing microvilli of 
renal tubular epithelial cells (26, 27). We found the reduction of ezrin level in whole cell lysate 
extracted from COM crystal-treated cells with a statistically significant different in comparison 
with control group. This result is consistent with our previous studies which revealed the 
involvement of ezrin in response to COM crystal treatment in term of the alteration in protein 
level from 2D-PAGE data (11, 12). Further investigations were done by determining ezrin 
localization and distribution after COM crystal exposure in MDCK cells. Confocal images showed 
the interesting data which clearly revealed the reduction of ezrin at apical surface and the 
redistribution of ezrin from apical to basolateral while its protein level was decreased after COM 
crystal-treated cells. The similar result of redistribution was found in F-actin cytoskeleton while 
the protein level of β-actin was not changed after COM crystal treatment. These striking results 
of the decrease in ezrin level and its apical localization together with loss of apical F-actin 



indicated the possible molecular mechanism leading to microvillar injury in response to COM 
crystal adhesion.  
  We next investigated whether COM crystal could induce the dissociation of ezrin from 
actin cytoskeleton by extracting control and COM crystal-treated cells with 0.5%Triton X-100-
containing buffer. As expected, ezrin was selectively decreased in Triton X-100 insoluble fraction 
which represents cytoskeleton and cytoskeleton-associated proteins. This result indicated that 
ezrin was dissociated from the actin cytoskeleton after COM crystal treatment. Confocal images 
also showed the loss of apical ezrin and F-actin cytoskeleton in COM crystal-treated cells. 
Moreover, we observed the redistribution from apical to basolateral of ezrin and F-actin in the 
different serial focal planes of confocal data after incubation for 48 h with COM crystals. The 
posttranslational modification in term of threonine phosphorylation of ezrin was explored 
because the changes of phosphorylation state of ezrin can influence its functions. We found the 
increasing of ezrin in phosphothreonine protein pool which were isolated by performing 
immunoprecipitation with anti-phosphothreonine antibody. This data may be interpreted that 
ezrin was activated during COM crystal treatment by elevating threonine phosphorylation even 
its protein level was decreased. There are evidences demonstrating that the increase of 
phosphorylation level of ezrin can alter its cellular localization and pathological induce cell 
morphology changes (14, 28-30). Some signaling molecules which were stimulated in renal 
tubular cells in response to COM crystal adhesion could phosphorylate ezrin leading to the 
elevation of ezrin threonine phosphorylation (31-36). Further investigation needs to be done to 
explain the relation between ezrin phosphorylation and cellular pathogenesis in response to 
COM crystal exposure.  
  Redistribution of ezrin and actin cytoskeleton from apical structure to lateral surface at 
cell-cell contacts has been found in MDCK cells occurred under various physiological and 
pathological conditions (14, 37). These findings may represent an early stage of renal tubular 
cell injury leading to membrane protein polarity changes and dedifferentiation of renal tubular 
epithelial cells (37). Previous study suggested that the loss of ezrin level causes the destruction 
and decrease of microvilli both number and length (38). In addition, our present study reported 
that COM crystal treatment causes the dissociation of ezrin and actin cytoskeleton and could be 
correlated with microvillar disruption occurring during COM crystal adhesion. The adhesion of 
CaOx crystal onto renal tubular cells can trigger oxidative stress by increasing of reactive 
oxygen specie production which can cause extensive oxidative damage to cellular proteins (6, 
21, 22). We detected the increasing of protein oxidation level by performing OxyBlot assay in 
COM crystal-treated cells in comparison with control group which was similar to previous 
researches (6, 21, 22). In general, oxidized proteins need to be degraded rapidly and effectively 



by epithelial cells after encountering oxidative stress which may be catalyzed by proteasome 
function (39, 40).  
 Ezrin is documented that it is preferentially degraded under oxidative stress condition 
and its degradation may be the underlying mechanism leading to cell shape changes (41). From 
these reasons, it is possible that the reduction of ezrin level was caused by COM crystal-
induced oxidative stress occurred in renal tubular epithelial cells. Moreover, the induction of 
oxidative stress can also play a critical role in the apical microvilli breakdown by reorganization 
of actin cytoskeleton (42, 43). Catechin which is one of the main components of green tea 
extract exerts as radical scavengers and can prevent COM crystallization and renal stone 
formation in rat (44, 45). Importantly, epigallocatechin-3-gallate (EGCG) is identified as a 
chemopreventive agent and has ability to inhibit proteasome function (46). Previous study 
showed that renal tubular epithelial cell injury and oxidative stress induced by calcium oxalate 
crystal were ameliorated by green tea administration in mice (6). Protein level and apical 
localization of ezrin were not reduced when we pretreated MDCK cells with green tea extract 
(EGCG) before exposure to COM crystals. There is possible that EGCG could act as antioxidant 
to prevent the induction of oxidative stress and reduce proteasome activity resulting in the 
stabilization of ezrin level and apical actin cytoskeleton during COM crystal treatment.   
 In conclusion, this study demonstrated that COM crystal treatment can induce the 
reduction and redistribution of ezrin and F-actin cytoskeleton in MDCK cells. The relation 
between ezrin and actin cytoskeleton was also decreased representing by Triton X-100 
extraction assay. Oxidative stress is thought to be the major cause of ezrin degradation and 
actin cytoskeleton reorganization leading to apical microvillar breakdown and dysfunction. These 
alterations were prevented and reduced by the use of EGCG, an antioxidative chemical 
extracted from green tea. The data from this study could eventually contribute to understanding 
the molecular mechanism of microvillar injury in kidney stone patients and can be useful for 
future therapeutic benefits.  
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Abstract 

 The present study focused on the investigation of the pathogenic molecular mechanism 

during calcium oxalate monohydrate (COM) crystal exposure implicating in microvillar injury 

and disorganization in MDCK cells. Western blot analysis showed significantly reduced of 

ezrin level, which plays role in microvilli formation and stabilization in protein derived from 

COM crystal-treated cells. Laser scanning confocal microscopy revealed the decreases in F-

actin staining pattern and ezrin localized at apical membrane of COM crystal-treated MDCK 

cells representing the reduction of their microvilli density. The reduction of apical localization 

of ezrin and actin cytoskeleton was further confirmed by apical membrane isolation and 

Western blotting. Using cytoskeletal extraction protocol by Triton X-100 detergent, 

cytoskeleton-associated ezrin level extracted from COM crystal-treated cells was significantly 

lower than control. OxyBlot analysis showed the increase in protein oxidation level in COM 

crystal-treated condition. The use of antioxidant chemical, EGCG (epigallocatechin-3-gallate), 

which extracted from green tea could reduce the level of protein oxidation and also prevented 

the reduction and stabilized apical localization of ezrin and actin cytoskeleton after COM 

crystal treatment. In conclusion, the present results demonstrated the reduction and apical 

membrane localization of ezrin and actin cytoskeleton which are core components of 

microvillar structure during COM crystal treatment. The induction of oxidative stress might 

be the cause and the use of EGCG could prevent these defects. These findings may provide 

the information as a platform to understand the pathogenesis leading to the loss of microvillar 

functions in kidney stone patients.  

  



Abbreviations 

CaOx   Calcium oxalate 

COM   Calcium oxalate monohydrate 

DNP   2,4-Dinitrophenol 

DNPH   2,4-Dinitrophenylhydrazine 

EDTA   Ethylenediaminetetraacetic acid 

EGCG   Epigallocatechin-3-gallate 

ERM   Ezrin, radixin, moesin 

FBS   Fetal bovine serum 

HRP   Horseradish peroxidase 

MDCK  Madin-Darby canine kidney 

MEM   Minimum essential medium 

PBS   Phosphate buffer saline 

ROS   Reactive oxygen species 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

  



Introduction 

The binding of calcium oxalate monohydrate (COM) crystals onto apical surface of 

renal tubular epithelial cells usually mediates by the interaction between crystal and microvilli 

of renal epithelial cells (1). This attachment of COM crystal can cause various cellular 

responses triggering inside renal tubular epithelial cells including the production of reactive 

oxygen species (ROS), stimulation of signaling molecules, destruction and transformation of 

intracellular organelles (2-5). Microvilli breakdown, transformation and decreasing of their 

density on apical surface of renal tubular cells were also detected in the crystal-forming area 

by transmission electron microscopy (6) observation in glyoxylate-treated mouse kidneys at 

the early stage of glyoxylate administration (6 h) (2). The number and length of microvilli in 

the glyoxylated-administrated mice were significantly reduced and they were fallen in renal 

lumen during 24 h of glyoxylate administration (5, 7). Moreover, these findings implicated the 

involvement of microvillar injuries in the development of kidney stone disease (4, 8, 9). 

Renal tubular epithelial cells are characterized as polarized cells, which plasma 

membrane is divided into apical and basolateral membranes to perform specialized transport 

functions (10). Apical surface is generally covered with numerous microvilli, which need 

some remarkable processes for their proper establishment and maintenance (11). The 

disruption and loss of microvilli density is the hallmark of renal tubular cell injury 

contributing to the development, severity, and kidney disease progression (12, 13). 

Microvillar injuries with evidences of blebbing, sloughing, internalization and decreasing their 

length and density can initiate renal tubular cell injuries and dysfunction in kidney stone 

patients (5, 8). Notwithstanding, the pathogenesis leading to microvillar injuries during COM 

crystal exposure in renal tubular cells has not been investigated. 

In kidney stone disease, previous studies postulated and recognized the alteration of 

cellular structures and the disruption of microvillar organization both in vivo and in vitro 

models in response to oxalate and calcium oxalate (CaOx) crystal administrations (3, 5). Our 



previous proteomics reports found that ezrin, which is one of ERM (ezrin, radixin, moesin) 

protein members and involves in the formation and maintenance of microvilli was changes its 

protein level in response to COM crystal adhesion (14-16). Ezrin acts as a linker between the 

cortical plasma membrane and actin cytoskeleton (11). The dissociation from actin 

cytoskeleton, the changes in distribution/localization and posttranslational modification in 

term of phosphorylation of ezrin can influence its functions (17-19).  

Our interest was focused on the investigation of molecular mechanisms implicating in 

microvillar injuries in response to COM crystal exposure of MDCK cells. Western blotting 

and laser scanning confocal microscopy were performed to study the expression and 

localization of ezrin and actin cytoskeleton, which are the core components of apical 

microvilli in MDCK cells after exposure to COM crystals. Detergent solubility assay using 

Triton X-100 was used to determine actin cytoskeleton association of ezrin. Additionally, we 

also detected protein oxidation level with OxyBlot analysis and used epigallocatechin-3-

gallate (EGCG), green tea extract to protect the cells from oxidative stress and determined its 

role in stabilizing ezrin and actin cytoskeleton localization after COM crystal treatment.  

  



Materials and Methods 

Antibodies and reagents 

 Mouse monoclonal anti-ezrin (4A5), anti-β-actin (C4) and anti-GAPDH (0411) were 

purchased from Santa Cruz biotechnology (Santa Cruz, CA, USA). Polyclonal HRP-

conjugated secondary antibodies were obtained by DAKO Corporation (Hamburg, Germany). 

OxyBlotTM Protein Oxidation Detection Kit was provided from Chemicon International 

(Temecula, CA, USA). Oregon Green®488-conjugated phalloidin was available from 

Invitrogen Corporation (Grand Island, NY). Alexa Flour®488-conjugated and Alexa 

Flour®555-conjugated secondary antibodies were also purchased from Invitrogen. Hoechst 

33342 was obtained by Molecular Probes (Burlington, Ontario, Canada). Epigallocatechin-3-

gallate (EGCG) was provided by Sigma-Aldrich (St Louis, MO, USA). 

Cell culture and COM crystal treatment 

 Mardin-Darby Canine kidney (MDCK) cells were grown in Eagle’s minimum 

essential medium (MEM) (Gibco; Grand Island, NY) supplemented with 10%heat-inactivated 

fetal bovine serum (FBS) (Gibco), 1.2%penicillinG/streptomycin (Sigma, St.Louis, MO) and 

2 mM of L-glutamine. The cells were maintained in a humidified incubator at 37°C with 

5%CO2 for 24 h. COM crystals (100 μg/ml) were prepared as described in previous study and 

resuspended in complete growth medium (20). Crystal suspension was added to 

80%confluence MDCK cells and further incubated for 48 h in CO2 incubator. 

 To obtain polarized MDCK monolayer, polycarbonate Transwell inserts (0.4 μm pore 

size; Corning Costar, Cambridge, MA, USA) were used as culture substrate. MDCK cells at a 

density of 7.5 X 104 cells/ml were split and grown on collagen type IV-coated polycarbonate 

membrane inserts overnight before COM crystal addition. The collagen type IV-coated 

polycarbonate membrane was prepared by adding of collagen type IV (6 μg/cm2) (Sigma, St. 

Louis, MO, USA) solution onto Transwell inserts by covering whole surface area and 

incubated at 4°C overnight. 



Protein extraction and Western blotting 

 Control and COM crystal-treated cells were extracted in 1XLaemmli’s buffer 

containing 60 mM Tris-HCl pH 6.8, 2%SDS, 10%glycerol, 5%β-mercaptoethanol and 

0.01%bromophenol blue to obtain whole cell lysate. Protein concentration was measured and 

calculated according to Bradford’s protein assay protocol (21). Cell lysates were resolved by 

12%SDS-PAGE and then transferred onto nitrocellulose membrane (Millipore Corporation; 

Bedford, MA, USA). After blocking non-specific binding with 5%skim milk for 1 h, the 

nitrocellulose membranes were incubated with primary antibody for overnight at 4°C and 

corresponding secondary antibody for 1 h at room temperature, respectively. After washing 

with PBS, the immunoreactive band was detected by SuperSignal West Pico 

chemiluminescence substrate (Pierce Biotechnology, Inc., Rockford, IL) and exposed to X-ray 

film. Band signal intensity was measured by ImageMaster 2D Platinum 5.0 software (GE 

Healthcare, Waukesha, WI, USA). 

Immunofluorescence and laser scanning confocal microscopy 

 Cells were cultured on glass slides or Transwell inserts for polarized MDCK cells. Cell 

morphology was firstly observed under a phase contrast microscope (Olympus CKX41; 

Tokyo, Japan) after COM crystal treatment for 48 h. For immunofluorescence staining, 

MDCK cells were washed twice with cold PBS containing 1mM MgCl2 and 0.1 mM CaCl2 or 

PBS+. The cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton 

X-100 in PBS for 15 min at room temperature. After washing, primary antibody and 

corresponding secondary antibody were sequentially incubated for 1 h at 37°C, respectively. 

Stained cells were mounted in 50% glycerol/PBS on glass slice. The XY, XZ and YZ sections 

of these cells were acquired by using a Nikon A1R laser scanning confocal microscope 

(Nikon Instruments, Inc., New York, United States). The fluorescently stained cells were 

processed using NIS-Elements software (Nikon Corporation).  

Apical membrane isolation by peeling method 



 MDCK monolayers were rinsed twice with ice-cold PBS+ (special containing 1 mM 

MgCl2 and 0.1 mM CaCl2) and then the solution was extremely aspirated (22). Whatman filter 

paper (Whatman®, Whatman International Ltd., Maidstone, England) was used to isolate the 

apical membrane of cell monolayers. Filter paper was pre-wetted in deionized water and then 

placed onto cell monolayer to cover the whole surface area of the cells. After 5 min of 

incubation, the filter paper was quickly removed, soaked in deionized water and then apical 

membrane suspension was concentrated by lyophilization. The isolated apical membrane 

powder was kept at -20°C for long term storage. 

Triton X-100 solubility assay 

 To examine the effect of COM crystal treatment on the association of ezrin with actin 

cytoskeleton, Triton X-100 solubility assay and Western blot analysis were applied. Cell 

monolayers or the remaining part of monolayers after apical membrane peeling were washed 

three times with PBS and then the solution was extensively removed. Ice -cold Triton 

extraction buffer containing 0.5%Triton X-100, 10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 300 

mM sucrose and 2 mM EDTA was added to the cells and incubated for 15 min on ice. 

Thereafter, the extracted cells were centrifuged at 10,000 rpm for 15 min at 4°C. The 

supernatant was collected as the non-cytoskeleton and cytosolic protein (Triton-soluble) and 

the pellet was reserved as the cytoskeleton and cytoskeleton-associated protein (Triton-

insoluble) fractions. The Triton-soluble fraction was then aspirated and precipitated by adding 

absolute ethanol to give a final concentration of 75%. Finally, both fractions were solubilized 

using 1X Laemmli’s buffer to obtain protein solution for SDS-PAGE and Western blotting. 

Epigallocatechin-3-gallate (EGCG) pretreatment and protein oxidation determination 

 EGCG was used as an antioxidant chemical to reduce level of protein oxidation in 

MDCK cells after COM crystal treatment. MDCK cells were seeded and grown overnight in 

CO2 incubator to obtain 80% confluent monolayer. Growth medium was removed and then 



the cells were incubated with 25 µM of EGCG for 30 min. Thereafter, COM crystals (100 

µg/ml) were added to the cells and treated for 48 h in CO2 incubator at 37°C.  

 Determination of protein oxidation level was performed using the manufacturer’s 

guideline from OxyBlot™ Protein Oxidation Detection Kit protocol (Chemicon, Inc., 

Temecula, CA). First, an equal amount of protein from control and COM crystal-treated cell 

lysates was subjected to derivatization carbonyl groups which are represented the oxidative 

damage to a protein by a 2, 4-dinitrophenyl-hydrazone (DNP) moiety. Next, these derivatized 

proteins were resolved on 12%SDS-PAGE gel and then blotted onto nitrocellulose 

membranes. The membrane was block non-specific binding with 5%BSA in PBS for 30 min 

and then incubated with rabbit anti-DNPH antibody to detect the oxidative modified proteins. 

After washing, the membrane was further exposed to corresponding HRP-conjugated 

secondary antibody. Finally, membrane was washed twice in washing buffer (PBS containing 

0.2%Tween-20). Protein bands were visualized by using SuperSignal West Pico 

chemiluminescence substrate and then exposed to X-ray film. Band signal intensity was 

measured by ImageMaster 2D Platinum 5.0 software (GE Healthcare).  

Statistical analysis 

 The data was shown as mean ± SEM. Comparisons among groups were analyzed by 

unpaired Student’s t test and one-way analysis of variance (ANOVA) with Tukey’s posthoc 

test (SPSS; version 13.0). P-values less than 0.05 were considered statistically significant. 

  



Results 

The decrease of microvillar density of MDCK cells after exposure to COM crystals 

 To demonstrate the effect of COM crystal on apical microvillar density, we cultured 

MDCK cells in the absence (control) or presence (COM) of COM crystals for 48 h. Under 

phase contrast microscope, COM crystal-treated cells showed striking morphological changes 

including the highly irregular shape and poorly intact of cell monolayer (data not shown). It is 

well known that apical microvilli consist of a core of bundled actin filaments and consistent 

with the apical F-actin staining pattern. We next stained the cells with Oregon Green®488-

conjugated phalloidin to see F-actin staining pattern, which reflects to microvilli density after 

COM crystal treatment. There is evidence of the decrease of microvillar structure at apical 

membrane of COM crystal-treated cells by exhibiting the lower apical F-actin signal and the 

loss of its normal staining pattern compared to control group (Supplement 1A and 1B). The 

data suggested the decrease of apical microvillar density in MDCK cells after COM crystal 

treatment. 

The decrease in the expression level of ezrin in MDCK cells after exposure to COM 

crystals 

 Microvillar structure generally compose of a core bundle of filamentous actin (F-actin) 

and ezrin, an actin-binding structural component, which are the main structural proteins 

influence the establishment and maintenance of microvilli in epithelial cells (23). To evaluate 

the effect of COM crystals on the level of ezrin and β-actin expression, we prepared protein 

lysate extracted from control and COM crystal-treated cells to perform Western blot analysis. 

The results demonstrated that an approximately 82 kDa band of ezrin was obviously 

decreased with a statistically significant difference (p < 0.01) in lysate derived from COM 

crystal-treated cells in comparison to control (Figure 1A and 1B). There was no significant 

difference in the expression level of β-actin between control and COM crystal-treated cell 

lysates (Figure 1C and 1D). From these data, we found the effect of COM crystal treatment in 



the reduction of ezrin expression level but did not affect the expression level of β-actin in 

MDCK cells. 

The decrease of ezrin and actin cytoskeleton at the apical membrane of MDCK cells 

after exposure to COM crystals 

 To function in stabilization and maintenance of epithelial microvillar structure, ezrin 

and actin cytoskeleton have to be concentrated at the apical pole, which is the location of 

microvilli covering throughout apical cell surface. We further evaluated the impact of COM 

crystal treatment on the distribution and localization of ezrin and actin cytoskeleton in MDCK 

cells by using immunofluorescence staining and confocal microscopy. In control cells, we 

found that ezrin was highly concentrated at the apical membrane, whereas actin cytoskeleton 

(F-actin) was concentrated in both apical and lateral membranes of MDCK cells as shown in 

Figure 2A and Figure 3A, respectively. In sharp contrast, COM crystal-treated MDCK cells 

clearly showed a striking decrease of ezrin and actin cytoskeleton, which were localized at the 

apical membrane of the cell monolayer (Figure 2A and Figure 3A). To confirm the 

immunofluorescence data indicating a decrease in apical localization of ezrin and actin 

cytoskeleton, we then isolated apical membrane of control and COM crystal-treated 

monolayer by peeling method using filter paper. The isolated apical membrane from both 

conditions were solubilized in Laemmli’s buffer and then an equal amount of apical 

membrane protein mixture derived from both conditions were processed by Western blotting 

in parallel with their cytosolic fraction (the remaining part of cell monolayer after apical 

membrane peeling). Western blot data also demonstrated the selective decrease only in apical 

membrane proteins isolated from COM crystal-treated cells of ezrin and β-actin (Figure 2B 

and Figure 3B) whereas ezrin expression in the cytosolic fraction, which were extracted from 

the remaining part of monolayer after peeling was not changed. The data indicated that COM 

crystal treatment affected apical membrane localization of ezrin and actin cytoskeleton by 

reducing their localization at microvillar position in MDCK cells. 



The alteration in the relation with actin cytoskeleton of ezrin in MDCK cells after 

exposure to COM crystals 

 To perform a function as an actin cytoskeletal linker protein at microvillar structure, 

ezrin link with apical actin filament using a C-terminal F-actin binding segment and its N-

terminal FERM domain is used to interact with other integral membrane proteins. We further 

investigate whether the exposure to COM crystals could alter the relation between ezrin and 

F-actin cytoskeleton in MDCK cells. Selective detergent extraction, which was commonly 

used to isolate cytoskeleton and cytoskeleton-associated proteins, was applied by incubating 

the cells with 0.5%Triton X-100-containing buffer. Triton-insoluble fraction composed of 

cytoskeleton and cytoskeletal-associated proteins, whereas Triton-soluble fraction composed 

of non-cytoskeleton and cytosolic proteins, respectively. The amount of ezrin associated with 

the Triton-insoluble cytoskeletal fraction was significantly decreased in COM crystal-treated 

condition supporting by the Western blot data in Figure 4A and 4B.  

 Confocal images also demonstrated the loss of apical membrane localization of ezrin 

and actin cytoskeleton in COM crystal-treated MDCK cells which clearly showed in XZ-

scanned sections in the confocal planes capturing the apical surface of epithelial cells (apical) 

(Figure 5). Likewise, the confocal data revealed the interesting observation, which we found 

the recruitment and concentration of the remaining ezrin and actin cytoskeleton to the lateral 

border at the site of cell-cell contact in COM crystal-treated cells (Figure 5C and 

Supplement 2). Because active or functional ezrin is normally associated with actin 

cytoskeleton and mainly present at apical membrane of epithelial cells, we next isolated apical 

membrane of control and COM crystal-treated cells and then extracted with 0.5%Triton X-

100-containing buffer. Western blot data showed a selective decreased of ezrin and actin 

cytoskeleton only in apical membrane which again implied the reduction of functional ezrin 

was observed after COM crystal treatment (Figure 6). From these, our data showed that COM 

crystal treatment in MDCK cells could reduce ezrin and actin cytoskeleton expression at the 



apical membrane, which displays microvillar structure. Additionally, the association between 

ezrin and actin cytoskeleton was also disrupted. These alterations could drastically influence 

the integrity of microvilli structure of renal tubular epithelial cells during COM crystal 

exposure. 

Protein oxidation level was increased in MDCK cells after exposure to COM crystals 

 Previous researches indicated the induction of oxidative stress can cause extensive 

oxidative damage to various cellular proteins in response to CaOx crystal adhesion of renal 

cells by the production of reactive oxygen species (5). This study, we determined whether the 

level of protein oxidation was increased in MDCK cells after COM crystal treatment by 

detecting the level of protein carbonylation, which is the end production of protein oxidation 

using OxyBlot assay. Protein oxidation may be the cause of ezrin degradation resulting in the 

decrease of its expression level after COM crystal treatment that was found in this study. The 

results showed that a statistically significant increase in protein carbonylation was found in 

protein lysate extracted from COM crystal-treated cells (Figure 7A and 7B) indicating the 

induction of protein oxidation causes by COM crystal treatment. It is possible that COM 

crystal treatment could potentially induce cellular protein oxidation including ezrin leading to 

degradation and reduction of its expression level in MDCK cells. Moreover, oxidative stress 

condition could be the cause of the alteration of apical actin cytoskeleton resulting in the loss 

of microvillar structure.  

Pretreatment with EGCG completely prevents the increase in protein oxidation and 

decrease of ezrin expression level in MDCK cells after exposure to COM crystals 

 From our data, we demonstrated the elevation of oxidized protein level in COM 

crystal-treated MDCK cells which could be the cause of ezrin degradation. Next, we used an 

antioxidant chemical, epigallocatechin galate (EGCG), which is extracted from green tea and 

has strong antioxidative activity to reduce the level of protein oxidation during COM crystal 

treatment. MDCK cells were pretreated with 25 µM of EGCG for 30 min before incubating 



with 100 µg/ml of COM crystals for 48 h. We found the reduction of protein oxidation level 

in MDCK cells which were pretreated with EGCG as shown in Figure 7A and 7B. As 

expected, EGCG pretreatment can protect MDCK cells from oxidative stress occurred during 

COM crystal treatment by significantly decrease the level of protein oxidation (Figure 7A and 

7B). In addition, the use of EGCG can also prevent the reduction of ezrin expression level 

during COM crystal treatment but did not affect the expression level of β-actin (Figure 7C 

and 7E). 

Pretreatment with EGCG partially protects the decrease in apical membrane 

localization of ezrin and actin cytoskeleton in MDCK cells after exposure to COM 

crystals 

 As our data show that pretreatment MDCK cells with EGCG can prevent the reduction 

of ezrin expression level by decreasing of protein oxidation during COM crystal treatment. 

We also used EGCG to pretreat the cells and then further examined its protective effect on the 

stabilization of apical membrane localization of ezrin and actin cytoskeleton during COM 

crystal treatment. EGCG pretreatment also showed a nearly complete protection of the loss of 

apical localization of ezrin and actin cytoskeleton in MDCK cells after COM crystal treatment 

observing under confocal microscope (Figure 7F). The results indicated that oxidative stress 

and the reduction in apical membrane localization of ezrin and actin cytoskeleton after COM 

crystal treatment and decreases were prevented by EGCG pretreatment. The use of EGCG 

could potentially be an effective therapeutic for kidney stone disease. 

  



Discussion 

 The present study aimed to investigate the molecular mechanism of microvillar injury 

occurring in distal renal tubular epithelial (MDCK) cells after COM crystal treatment. 

Evidence of injured-microvilli lesion, apical actin cytoskeleton staining was decreased the 

signal intensity referring to the reduction of microvillar density at apical surface of COM 

crystal-treated MDCK cells. Microvilli covering the apical surface of epithelial cells consist of 

a major core bundle of filamentous actin (F-actin) cytoskeleton and ezrin which acts as a 

cytoskeletal liker protein to connect integral membrane proteins with actin cytoskeleton and 

responsible for stabilizing microvillar structure (24, 25). We found the reduction of ezrin 

expression level in whole cell lysate extracted from COM crystal-treated MDCK cells with a 

statistically significant different in comparison with control. This result is consistent with our 

previous studies which revealed the possible involvement of ezrin in response to COM crystal 

adhesion in term of the alteration in its expression level from 2D-PAGE data (14, 15). Further 

investigations were done by determining ezrin localization and distribution after COM crystal 

exposure in MDCK cells. Confocal images showed the interesting data which clearly revealed 

the redistribution of ezrin from apical to basolateral while its protein level was decreased after 

COM crystal treatment. The similar result was found in actin cytoskeleton while the protein 

level of β-actin was not changed. These striking results of the decrease in ezrin expression 

level and its apical membrane localization together with the loss of apical localization of actin 

cytoskeleton indicated the possible mechanism leading to microvillar injury in response to 

COM crystal adhesion. 

 We next investigated whether COM crystal could induce the dissociation of ezrin from 

actin cytoskeleton by extracting cytoskeletal fraction from control and COM crystal-treated 

MDCK cells with 0.5%Triton X-100-containing buffer. As expected, ezrin was selectively 

decreased in Triton X-100 insoluble fraction which represents cytoskeleton and cytoskeletal-

associated proteins. This result indicated that ezrin was dissociated from the actin 



cytoskeleton after COM crystal treatment. Confocal examination also showed the loss of 

apical ezrin and F-actin cytoskeleton in COM crystal-treated MDCK cells. Moreover, we 

observed the redistribution from apical to basolateral membrane of ezrin and F-actin in the 

different serial focal planes of confocal data in MDCK cells after incubation with COM 

crystals. Redistribution of ezrin and actin cytoskeleton from apical structure to lateral surface 

at the cell-cell contact sites has been found in MDCK cells occurred under various 

physiological and pathological conditions (17, 26). These findings may represent an early 

stage of renal tubular injury leading to membrane protein polarity changes and 

dedifferentiation of renal epithelial cells (26). Previous study suggested that the loss of ezrin 

level causes the destruction and decrease both number and length of epithelial microvilli (23). 

In addition, our present study reported that COM crystal treatment causes the dissociation of 

ezrin and actin cytoskeleton and could be correlated with microvillar disruption occurring 

during COM crystal adhesion. The adhesion of CaOx crystal onto renal tubular cells can 

induce oxidative stress by increasing the production of reactive oxygen species which can 

cause extensive oxidative damage to various cellular proteins (4, 5, 9). We detected the 

increasing of protein oxidation level by performing OxyBlot assay in COM crystal-treated 

cells compared to control and was supported by previous researches (4, 5, 9). In general, the 

oxidized proteins need to be degraded rapidly and effectively by epithelial cells after 

encountering oxidative stress which may be catalyzed by proteasome function (27, 28).  

 Ezrin is documented that it is preferentially degraded under oxidative stress condition 

and its degradation may be the underlying mechanism leading to epithelial cell shape changes 

under oxidative stress (29). From this reason, it is possible that the reduction of ezrin 

expression level is expected to be caused by COM crystal-induced oxidative stress occurred in 

renal tubular cells. Moreover, the induction of oxidative stress can also play a critical role in 

the apical microvillar breakdown by the reorganization of actin cytoskeleton, especially at the 

site of microvillar structure of renal epithelial cells (30, 31). Catechin which is one of the main 



components of green tea extract exerts as radical scavengers and can prevent COM 

crystallization and renal stone formation in rat (32, 33). Importantly, epigallocatechin-3-

gallate (EGCG) is identified as a chemopreventive agent and has ability to inhibit proteasome 

function (34). Previous study showed that renal tubular epithelial cell injury and oxidative 

stress, which were induced by CaOx crystal, were ameliorated by green tea administration in 

mice (5). In this study, we found that expression level and apical localization of ezrin were not 

reduced when we pretreated MDCK cells with EGCG before exposure to COM crystals. 

There is possible that EGCG could act as antioxidant to prevent the induction of oxidative 

stress and reduce proteasome activity resulting in the stabilization of ezrin level and apical 

membrane actin cytoskeleton during COM crystal treatment. 

 In conclusion, this study demonstrated that COM crystal treatment can induce the 

reduction and redistribution of ezrin and actin cytoskeleton in MDCK cells. The relation 

between ezrin and actin cytoskeleton was also decreased representing by Triton X-100 

extraction assay. Oxidative stress is thought to be the major cause of ezrin degradation and 

actin cytoskeleton reorganization resulting in apical microvillar breakdown and dysfunction. 

These alterations were prevented and ameliorated by the use of EGCG, an antioxidative 

chemical extracted from green tea (Figure 8). The data from this study could eventually 

contribute to understanding the molecular mechanism of microvillar injury in kidney stone 

patients and can be useful for future therapeutic benefits. 
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Figure legends 

Figure 1: Decreasing of ezrin level in MDCK cells after COM crystal treatment. MDCK cells 

were grown in the absence (Control) or presence of 100 µg/ml of COM crystals (COM) for 48 

h. (A) Representative Western blotting of ezrin and GAPDH (loading control) levels in whole 

cell lysate extracted from control and COM crystal-treated MDCK cells. (B) Relative band 

intensity of ezrin was normalized to GAPDH for each individual and the data are presented as 

means ± SEM of 3 independent experiments. (* P < 0.01 compared to control) 

 

Figure 2: Selective decrease of ezrin at apical membrane of MDCK cells after COM crystal 

treatment. MDCK cells were grown on polycarbonate membrane in Transwell in the absence 

(Control) or presence of COM crystals (COM) for 48 h. (A) Localization and distribution of 

ezrin in control and treated cells were observed under laser scanning confocal microscope. 

Ezrin was shown in red and nucleus was shown in blue. The confocal images were captured 

from both horizontal at the level of apical membrane (XY) and sagittal obtained from apical to 

basal (XZ) sections of the cells. Original magnification = 400X in all panels. Apical 

membranes of control and COM crystal-treated cells were peeled (Apical) and the remaining 

portions were extracted (Cytosolic). (B) Western blotting of ezrin in apical membrane and 

cytosolic fractions extracted from control and COM crystal-treated MDCK cells. 

 

Figure 3: Selective decrease of actin cytoskeleton at apical membrane of MDCK cells after 

COM crystal treatment. MDCK cells were grown on polycarbonate membrane in Transwell in 

the absence (control) or presence of COM crystals (COM) for 48 h. (A) Distribution and 

organization of F-actin in control and treated cells were observed under laser scanning 

confocal microscope. F-actin was stained with Oregon Green®488-conjugated phalloidin and 

shown in green and nucleus was shown in blue. The confocal images were captured from both 

horizontal at the level of apical membrane (XY) and sagittal obtained from apical to basal 



(XZ) sections of the cells. Original magnification = 400X in all panels. (B) Western blotting 

of β-actin in apical membrane and cytosolic fractions extracted from control and COM 

crystal-treated MDCK cells. 

 

Figure 4: Triton solubility of ezrin in control and COM crystal-treated MDCK cells. (A) 

Western blot analysis of ezrin in Triton-insoluble (cytoskeleton and cytoskeleton-associated 

proteins) and Triton-soluble (non-cytoskeleton and cytosolic proteins) fractions extracted 

from control and COM crystal-treated cells. The cells were extracted in extraction buffer 

containing 0.5%Triton X-100 for 15 min at 4°C and Triton-insoluble and -soluble fractions 

were obtained by centrifugation. (B) Relative band intensity of ezrin in Triton-insoluble and 

Triton-soluble fractions extracted from control and COM crystal-treated MDCK cells. Data 

are presented as means ± SEM of 3 independent experiments. COM crystal exposure causes a 

significant decrease in cytoskeleton-associated ezrin (Triton-insoluble fraction). (* P < 0.05 

compared to control) 

 

Figure 5: Distribution and colocalization between ezrin and F-actin cytoskeleton in different 

serial focal planes from apical to basal of control (A) and COM crystal-treated (B) MDCK 

cells. MDCK cells were grown in the absence (Control) or presence (COM) of COM crystals 

for 48 h. Cells were fixed, permeabilized and subjected to stain with anti-ezrin antibody (red) 

and Oregon Green®488-conjugated phalloidin for F-actin staining (green). Fluorescence 

images were obtained by confocal microscopy. XY sections at the apical membrane (Apical), 

middle (Middle) and basal membrane (Basal) of control and COM crystal-treated cells were 

shown. XZ sections obtained from apical to basal of cell monolayers were shown in C. 

Original magnification = 400X in all panels. 

 



Figure 6: MDCK cells were incubated in the absence (Control) or presence of COM crystals 

(COM) for 48 h. The cells were isolated apical membrane by peeling and the remaining 

portion of cell monolayers were extracted with extraction buffer containing 0.5%Triton X-100 

to obtain Triton-insoluble and Triton-soluble fractions. Western blot analysis of ezrin (A) and 

β-actin (C) in the apical membrane, Triton X-100-insoluble and Triton X-100-soluble 

fractions were presented and band intensity of ezrin (B) and β-actin (D) were quantified and 

demonstrated as mean ± SEM of 3 independent experiments. (* P < 0.05 compared to control) 

 

Figure 7: Protein oxidation levels in MDCK cells in the absence or presence of COM crystals 

with EGCG pretreatment using OxyBlot methodology. (A) Representative Western blot 

analysis of proteins extracted from control and COM crystal-treated MDCK cells in the 

absence or presence of 25 µM of EGCG pretreatment for 30 min. (B) Quantitative analyses 

from 3 separate blots were presented by normalization to condition and expressed as mean ± 

SEM. Western blot analysis of ezrin and β-actin in proteins which were extracted from cells 

treated with the similar conditions (C). Relative band intensities of ezrin and β-actin to 

GAPDH were quantified and presented as mean ± SEM of 3 independent experiments (D and 

E). Ezrin (red), F-actin cytoskeleton (green) distribution and cell morphology of control and 

COM crystal-treated MDCK cells with or without EGCG pretreatment were observed under 

confocal and phase contrast microscopes (F). XY section was captured at the apical membrane 

and XZ section was obtained from apical to basal of cell monolayers. Original magnification 

of phase contrast and confocal microscopes are 200X and 400X, respectively. (* P < 0.05 

compared to control, ** P < 0.05 compared to COM and *** P < 0.05 compared to 25 µM 

EGCG) 

 

Figure 8: Possible mechanism of microvillar injury induces by COM crystal exposure. (A) 

Renal tubular epithelial cells were attached by COM crystals leading to the induction of 



oxidative stress (B). Protein oxidations and their degradation were increased resulting in the 

reduction of ezrin and breakdown of actin cytoskeleton (C). Decreasing of ezrin and oxidative 

stress-induced actin cytoskeleton disorganization could reduce their apical membrane 

localizations and initiated microvillar injury and disruption (D, E).  The use of an antioxidant 

chemical, EGCG could protect renal tubular cells from the induction of oxidative stress during 

exposure to COM crystals and prevent the reduction of ezrin and F-actin at apical membrane 

(F). 

 

Supplement 1: Microvilli which covering the apical surface of control and COM crystal-

treated MDCK cells was visualized both XY (A) and XZ (B) sections by phalloidin-labeled F-

actin using laser scanning confocal microscopy (scale bar = 10 μm). 

 

Supplement 2: Serial confocal images of control and COM crystal-treated polarized MDCK 

cells with or without 25 µM of EGCG pretreatment from apical to basolateral membranes of 

cell monolayers. Confocal microscopy slices captured of ezrin (A), F-actin (B) and their 

colocalization (C) from the apical to basal membrane sections of MDCK cells. Nucleus was 

stained with Hoechst dye and shown in blue (D). 



 



 



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 


