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Abstract 

 

Project Code : TRG5480005 

Project Title : Protective effect of green tea extract against oxalate-induced changes in renal 
tubular cells: possibility for prevention of renal fibrosis 

Investigator : Rattiyaporn Kanlaya (Ph.D.), Medical Proteomics Unit, Mahidol University 

E-mail Address : r.kanlaya@gmail.com 

Project Period : 2 years 

 This study aims to apply a natural compound to prevent the process of epithelial 
mesenchymal transition (EMT) induced by oxalate treatment. Sodium oxalate was used to induce 
tubular cell injury and EMT in Mardin-Darby Canine kidney (MDCK) cell line. Oxalate exposure is 
known to induce cellular injury and presumed to be involved in the pathogenesis of calcium oxalate 
stone formation. Epigallocatechin gallate (EGCG) extracted from green tea (Camellia Sinensis) was 
assessed for its anti-fibrotic and anti-oxidative property. EGCG is the most abundant polyphenol 
compounds found in green tea with high potential anti-oxidative property. Microscopic examination 
revealed that oxalate could induce morphological change of MDCK from a cobble-stone like into 
fibroblast-like shap within 24 h. In addition, immunoblotting and indirect immunofluorescence assay 
confirmed that oxalate-treated cells gained mesenchymal phenotypes by increase expression of 
vimentin and fibronectin while decrease expression of epithelial markers including, E-cadherin, 
cytokeratin, occludin, and ZO-1. Interestingly, pretreatment of MDCK cells with 25 μM EGCG could 
prevent EMT induced by oxalate exposure as it could retain typical epithelial cell morphology as 
well as epithelial protein markers. The molecular mechanism underlying the prevention of EGCG is 
most likely by reduction of intracellular reactive oxygen species (ROS) production. Taken together, 
this study demonstrated a preventive effect of EGCG against oxalate-induced EMT in renal tubular 
cells which would shed light on the development of novel therapeutics of renal fibrosis in the near 
future. 

Keywords : Epithelial mesenchymal transition, Oxalate, EGCG, Renal fibrosis 
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 วตัถุประสงค์ของการศกึษาครัง้น้ีเพื่อทดสอบฤทธิข์องสารสกดัจากธรรมชาตเิพื่อใชใ้นการป้องกนั
การเปลีย่นแปลงในเซลลท์่อไตทีเ่กดิจากการเหน่ียวนําของอ๊อกซาเลท การศกึษาก่อนหน้าน้ีรายงานว่าอ๊อก
ซาเลทเป็นสารที่สามารถเหน่ียวนําใหเ้ซลล์บาดเจด็ได้และคาดว่าภาวะน้ีเป็นกลไกหน่ึงที่นําไปสู่การเกดิ
พยาธิสภาพของโรคน่ิวในไตชนิดแคลเซียมอ๊อกซาเลท  ในการศึกษาครัง้น้ีจึงใช้โซเดียมอ๊อกซาเลท
เหน่ียวนําใหเ้ซลลท์่อไตบาดเจบ็และเกดิกระบวนการเปลีย่นแปลงจาก epithelial ไปเป็น mesenchymal 
(Epithelial mesenchymal transition หรอื EMT) และทดสอบฤทธิข์อง Epigallocatechin gallate (EGCG) 
ซึง่เป็นสาร polyphenol ทีพ่บมากในชาเขยีว และมฤีทธิต์า้นอนุมลูอสิระ (Anti-oxidant) ว่าสามารถตา้นการ
เกดิพงัผดื (Anti-fibrotic property) และตา้นอนุมลูอสิระในสภาวะน้ีไดห้รอืไม ่ ผลการทดลองพบว่าโซเดยีม 
อ๊อกซาเลทสามารถเหน่ียวนําใหเ้กดิการเปลี่ยนแปลงทางสณัฐานวทิยาของเซลล์ท่อไตใหค้ล้ายกบัเซลล ์
fibroblast ไดภ้ายใน 24 ชัว่โมง นอกจากน้ีผลการแสดงออกของโปรตนีโดยวธิ ี Immunoblotting และ 
Indirect immunofluorescence ชีใ้หเ้หน็ว่าเซลลท์่อไตมกีารเปลีย่นแปลงฟีโนไทป์จาก epithelial cells ไป
เป็น mesenchymal cells โดยมกีารแสดงออกของโปรตนีทีบ่่งชีฟี้โนไทป์ของ mesenchymal cell เพิม่ขึน้ 
ไดแ้ก่โปรตนี vimentin และ fibronectin ในขณะทีโ่ปรตนีทีบ่่งชีฟี้โนไทป์ของ epithelial cell ลดลง ไดแ้ก่ 
โปรตนี E-cadherin, cytokeratin, occludin และ ZO-1  การทดสอบฤทธิข์องสาร EGCG โดยนํามาเลีย้ง
รว่มกบัเซลลก่์อนการเหน่ียวนําดว้ยโซเดยีมอ๊อกซาเลทพบว่า สาร EGCG ทีค่วามเขม้ขน้ 25 μM สามารถ
ตา้นการเปลีย่นแปลงของเซลลท์่อไตจากการเหน่ียวนําของอ๊อกซาเลทได ้โดยเซลลส์ามารถคงสณัฐานและ
ระดบัการแสดงออกของโปรตนีทีบ่่งชีฟี้โนไทป์ของ epithelial cell ได ้กลไกระดบัโมเลกุลทีท่าํให ้ EGCG 
สามารถตา้นการเกดิ EMT ไดน่้าจะเป็นเพราะความสามารถในการลดอนุมลูอสิระภายในเซลล ์จากผลการ
ทดลองทัง้หมดน้ีชีใ้หเ้หน็ว่าสารสกดั EGCG จากชาเขยีวมฤีทธิใ์นการตา้นการเกดิ EMT ทีเ่หน่ียวนําโดย 
อ๊อกซาเลทได ้ซึ่งความรูจ้ากการศกึษาครัง้น้ีจะนําไปสู่หนทางในการพฒันาแนวทางการรกัษาใหม่สําหรบั
การเกดิพงัผดืในไตในอนาคต 
คาํหลกั : การเปลีย่นแปลงของเซลลท์อ่ไต, อ๊อกซาเลท, สารสกดัชาเขยีว, การเกดิพงัผดืในใต 



Introduction 
 Unsolved chronic kidney diseases (CKD) mostly leads to end-stage renal failure due to 
kidney fibrosis. Renal fibrosis or scar in the kidney requires a number of cellular events and 
mediators to act in concert that result in the deterioration of kidney function (1). The risk factors 
contributing to the development of fibrous kidney can be derived from various primary causes such 
as hypertension, diabetes mellitus, glomerulopathies and cell injury due to toxic substances, etc (1, 
2). Recently, the epithelial plasticity known as epithelial mesenchymal transition (EMT) has been 
discovered to associate with renal fibrogenesis in injured kidney of adults (3-6). EMT indeed is the 
important process required during normal embryonic development. EMT process allows the 
anchored epithelial cells to rearrange into a developing organ (7). During EMT, typical morphology 
of epithelial cell turns into spindle-shape of fibroblast and the cell lose its polarity (7, 8). 
Importantly, cells lose their epithelial phenotypes while gain the mesenchymal characteristics. 
Those include down expression of E-cadherin and tight junction protein ZO-1, resulting in 
disintegration of cell-cell contact. Cells undergoing EMT up-regulate the mesenchymal marker, 
including fibroblast-specific protein 1 (FSP1) and vimentin. In addition, over production of 
extracellular matrix proteins (such as fibronectin and collagen) and metalloproteases was found 
during EMT induction (7, 9). Moreover, induction of EMT results in actin reorganization and 
formation of actin stress fiber. Expression of FSP1 was found in acute and chronic injured renal 
tubular cell, suggested the involvement of EMT in response to tissue repairing (10). Interestingly, 
study using transgenic mice model that allowed discrimination of the cell origin demonstrated that 
one third of renal interstitial fibroblasts were derived from tubular epithelial cells underwent EMT 
(11). Strong association between EMT and renal fibrosis was confirmed in the study provided by 
Rastaldi et al, (12). They demonstrated that EMT features were observed in 133 human renal 
biopsies and also correlated with a degree of interstitial damage. In addition, it has been reported 
that kidney epithelial cells of collecting duct treated with insulin-like growth factors (IGFs) and 
transforming growth factor-beta 1 (TGB-beta1) were induced to undergo EMT (13). Most recently, 
EMT marker Twist was evidenced in renal biopsies from nephrolithiasis patients with large calculi 
(14). These aforementioned studies suggest that renal epithelial cells can transform through EMT 
mechanism in response to some stimuli and might participate in the pathogenesis of renal fibrosis.  
 At present, drinking of green tea is more widespread because of the beneficial effects to 
prevent from lifestyle-related diseases, including cancer and cardiovascular diseases (15-17). 
Medical studies have demonstrated that green tea contains not only an anti-oxidative but also anti-



allergic, anti-carcinogenic and anti-bacterial effects (15, 18-20). Among the polyphenols found in 
green tea extract, (-)- epigallocatechin gallate (EGCG) is the major abundant catechins with high 
potential anti-oxidative property (21, 22). Anti-oxidative effect of green tea was demonstrated in rats 
with ethylene glycol-induced nephrolithiasis (23). Rats treated with green tea decreased excretion 
of urinary oxalate and calcium oxalate deposition while increased superoxide dismutase (SOD) 
activity. Moreover, lower number of cell apoptosis was found when compared to the control group. 
These findings suggest the inhibitory effect of green tea on calcium oxalate formation by its anti-
oxidative property (23). Accordingly, green tea could attenuate the development of nephrolithiasis 
induced by oxalate treatment in rats. Green tea could protect the rats from oxalate-induced 
cytotoxic effect by reducing free radical production and lower number of crystal formation in the 
kidney (24). In addition, protective effect of green tea against nephrotoxicity of reserpine, the 
important anti-hypertensive drug was demonstrated in rat model. Administration of green tea 
extract in rats treated with reserpine showed a significant recovery of kidney proximal tubule cells 
when compared to the control groups (25). In addition, epigallocatechin gallate (EGCG) could 
protect human lens epithelial cells from H2O2-induced apoptosis through the series of caspases 
and also modulation of the Bcl-2 family and the MAPK and Akt pathway (22). Recently, anti-fibrotic 
property of green tea has been demonstrated in an experimental hepatic fibrosis (26) and a 
pulmonary fibrosis (27). Experimental hepatic fibrosis in rats was induced by dimethylnitrosamine 
(DMN). However, administration of green tea extract could prevent the rats from development of 
fibrosis. The histophatological results of kidney tissues revealed that the lower hydroxyproline 
content was found in green tea treated rats. These results indicated the lower deposition of 
collagen and down expression of collagen type 1 (26). In addition, administration of EGCG in rat 
model of bleomycin-induced pulmonary fibrosis demonstrated the involvement of Nrf2-Keap1 
signaling to enhance the anti-oxidative activities of phase II enzymes, including glutathione-S-
transferase (GST) and NAD(P)H:quinine oxidoreductase 1 (NQO1). This cascade could attenuate 
the subsequent inflammation. These findings suggest that green tea extract contains the 
combination of beneficial effects on anti-inflammation, anti-oxidative stress and anti-fibrosis (27).
 Therefore, better understanding in the progression of EMT and modulation on this 
pathogenic mechanism during renal epithelial cell damage would benefit a prevention of fibrosis. 
This study thus aims to apply a natural compound to reduce or prevent the process of EMT 
induced by oxalate treatment. In this study, sodium oxalate was used to induce tubular cell injury 
and EMT in Mardin-Darby Canine kidney (MDCK) cell line. Oxalate exposure is known to induce 



cellular injury and presumed to be involved in the pathogenesis of calcium oxalate stone formation 
(28-30). Epigallocatechin gallate (EGCG), the most abundant polyphenol compounds found in 
green tea (Camellia Sinensis) with high potential anti-oxidative property was assessed for its anti-
fibrotic and anti-oxidative property.  
  



Materials and Methods 

Cell culture 
 Mardin-Darby Canine kidney (MDCK), a distal tubular epithelial cell line was cultured in 
growth Eagle’s minimum essential medium (MEM) (Gibco; Grand Island, NY) [MEM supplemented 
with 10% heat-inactivated fetal bovine serum (FBS) (Gibgo) in the presence of 100 U/ml penicillin 
G and 100 mg/ml streptomycin (Sigma, St.Louis, MO)]. Cells were maintained in a humidified 
incubator at 37°C with 5% CO2.  

Cytotoxicity test of EGCG by cell viability assay 
 MDCK cells were seeded in 24-well plate in growth medium 1 day prior to experiment. 
Cells were treated with 12, 25 and 50 μM EGCG for 1 h. Cells left untreated were used as a 
control of treatment. Thereafter, treated cells were detached by trypsinization and determined cell 
viability by trypan blue exclusion assay. 

Induction of epithelial mesenchymal transition (EMT)  
 MDCK cells were seeded into 6-well plate and cultured in a growth medium for 24 h. Prior 
to treatment, cells were washed with serum-free medium and then treated with 500 μM sodium 
oxalate in maintenance MEM medium [MEM supplemented with 1% heat-inactivated FBS] for 24 h.  

Morphological study and immunofluorescence microscopy 
Cell morphology was observed under a phase contrast microscope (Olympus CKX41; 

Tokyo, Japan) at the beginning and 24 h after treatment. For immunofluorescence staining, cells 
were grown on coverslip and EMT was induced as previously described. Cells were processed for 
immunofluorescence staining of vimentin, fibronectin, cytokeratin, and ZO-1 using corresponding 
antibodies. In brief, cells were fixed with 3.7% (V/V) formaldehyde in PBS for 10 min and then 
permeabilized with 0.2% triton X-100 in PBS for 10 min. After washing step, cells were incubated 
overnight with primary antibody at dilution of 1:50 (in 1%BSA/PBS) at 4°C. Corresponding 
secondary antibody was used at dilution of 1:2000 (in 1%BSA/PBS) and incubated at RT for 1 h. 
The nuclei were counterstained with Hoechst dye (Invitrogen/Molecular Probes) at dilution of 
1:1000. Thereafter, the cells were extensively washed with PBS and mounted onto a glass slide 
using ProLong Gold antifade reagent (Invitrogen). The images were captured under the Nikon 
Eclipse 80i fluorescence microscope (Nikon; Tokyo, Japan).  
  



Prevention of EMT by epigallocatechin gallate (EGCG) 
 MDCK cells were cultured in growth medium for 24 h and were pretreated with 25 μM 
EGCG in maintenance medium (MEM containing 1% heat inactivated FBS) for 1 h followed by 
sodium oxalate to complete 24 h-incubation. The cells treated with sodium oxalate without EGCG 
and those left untreated will serve as positive and negative controls, respectively.  

Immunoblotting 
 The cells were induced to undergo EMT as previously described. Cell lysate was prepared 
in sample buffer (Leammli’s buffer) and 30 μg of total protein were resolved by SDSPAGE under 
reducing and denaturing condition. The resolved protein bands were electrophoretically transferred 
onto a nitrocellulose membrane and non-specific bindings were blocked by 5% non-fat milk in PBS. 
The membrane was detected for the expression of vimentin, E-cadherin, occludin, catalase, and 
GAPDH (as a loading control) using specific antibodies (all was purchased from Santa Cruz 
Biotechnology, Santa Cruz, CA). After probing with corresponding secondary antibodies, the 
reactive protein bands were visualized by SuperSignal West Pico chemiluminescence substrate 
(Pierce Biotechnology, Inc., Rockford, IL) and autoradiography. 

Detection of reactive oxygen species (ROS) 
 ROS production inside the cells was analyzed by flow cytometry. Briefly, the cells were 
collected as suspension by trypsinization and pretreated with 25 μM EGCG for 20 min. Thereafter, 
the cells were loaded with 50 μM dichlorofluorescein diacetate (DCFH-DA) for 30 min, followed by 
oxalate exposure for 30 min. The cells left untreated and treated with 0.02%H2O2 for were served 
as negative and positive control, respectively. After complete incubation period, the cells were kept 
on ice and immediately analyzed by FACScan equipped with CellQuest software (Benton 
Dickinson; Franklin Lake, NJ).  

Statistical analysis 
 Data were presented as mean ± SD. The significant difference among groups was 
performed by One-Way ANOVA with Tukey’s HSD Post-hoc test using SPSS (version 11.5). 
Statistical significance was considered at P-value less than 0.05. 
  



Results 

Sodium oxalate induced EMT in MDCK cells 
 MDCK cells were seeded into 6-well plate and cultured in a growth medium for 24 h prior 
to treat with 500 μM sodium oxalate for 24 h. As expected, Oxalate-treated MDCK cells underwent 
morphological change into more fibroblast-like in shape within 24 h compared to those left 
untreated (Figure 1). A number of calcium oxalate monohydrate crystals were observed in the 
treated condition. To examine whether oxalate exposure could induce EMT in renal epithelial cells, 
Western blot analysis and indirect immunofluorescence assay (IF) were performed to validate 
expression of epithelial and mesenchymal protein markers. The results by Western blot analysis 
revealed that oxalate-treated cells increased expression of vimentin (mesenchymal marker) 
whereas decreased expression of E-cadherin and occludin (epithelial markers) when compared to 
those of untreated cells (Figure 2). In according to Western blot results, IF revealed the increased 
level of vimentin and fibronectin (Figure 3A) while decreased level of cytokeratin, occludin and  
ZO-1 (Figure 3B). These findings suggest that MDCK were induced to undergo EMT by sodium 
oxalate exposure within 24 h. 

Cytotoxicity test of EGCG in MDCK cells 
 To examine cytotoxicity of EGCG in MDCK cells, the cells were treated with various dose 
of EGCG for 1 h and cell viability was determined by trypan blue exclusion assay. The results 
showed that more than 95% cell viability could be observed in the control cells left untreated. 
Similar results were obtained when cells were treated with EGCG at 12.5 and 25 μM. However, 
incubation with higher concentration of EGCG at 50 μM could apparently reduce cell survival when 
compared to the control cells left untreated (92.5% compared to 98.48%; P=0.0543). Percentage of 
cell viability after EGCG treatment was shown in Figure 4. These results suggest that low 
concentrations of EGCG at 12.5 and 25 μM for 1 h did not significantly affect to MDCK cell 
survival. Therefore, pretreatment of cells with 25 μM for 1 h was used in further experiments. 

Preventive effect of EGCG against sodium oxalate-induced EMT 
 MDCK cells were pretreated with 25 μM EGCG in maintenance medium (MEM containing 
1% heat inactivated FBS) for 1 h followed by 500 μM sodium oxalate to complete 24 h-incubation. 
Cells treated with 500 μM sodium oxalate without EGCG and cells left untreated were served as 
positive and negative control of EMT induction, respectively. Epithelial and EMT protein markers 
were evaluated by Western blot analysis and indirect immunofluorescence staining. Western blot 



analysis showed a slight increased vimentin expression, while E-cadherin and occludin were 
decrease when compared to the control cells. However, expression of vimentin , E-cadherin, and 
occludin was comparable to basal level when cells were pretreated with 25μM EGCG (Figure 5). In 
addition, immunofluorescence assay showed that EMT protein markers including vimentin, and 
fibronectin expression were obviously induced in MDCK cells treated with sodium oxalate for 24 h 
compared to control cells left untreated (Figure 6A). In contrast, epithelial protein markers including 
cytokeratin, occludin, and ZO-1 were down-regulated in EMT-induced cells. However, expression of 
these protein markers were found comparable to those of control cells when cells were pretreated 
with 25 μM EGCG (Figure 6B). These results suggest that pretreatment of cells with 25 μM EGCG 
could prevent the cells from sodium oxalate-induced EMT process.  

Reduction of reactive oxygen species (ROS) by EGCG 
 Intracellular ROS production was analyzed by flow cytometry. The cells were collected as 
suspension and incubated with or without EGCG. Thereafter, the cells were loaded with 
dichlorofluorescein diacetate (DCFH-DA) for 30 min, followed by oxalate exposure. Cells treated 
with H2O2 were served as positive control. Cells left untreated were served as negative control.  
Intracellular ROS production was basically found in the control cells (less that 5%); however, it was 
markedly increased when cells were treated with H2O2. Cells underwent EMT process by sodium 
oxalate induction significantly produced more ROS inside the cells compared to those of control 
cells. As expected, pretreated the cells with 25 μM EGCG before sodium oxalate treatment can 
significantly lower intracellular ROS production (Figure 7). The results confirmed the anti-oxidant 
property of EGCG and it is possible that EGCG might prevent the cells from undergoing EMT by 
mediated through intracellular ROS production. 
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Discussion 

 There is an increasing evidence for EMT and renal fibrosis over time. Strutz et al, firstly 
reported the expression of fibroblast-specific protein 1 (FSP-1), which suggest the conversion of 
epithelial cells into fibroblast type in murine fibrotic kidney (10). In the context of renal stone 
diseases and EMT, Boonla et al, demonstrated that signs of tubular EMT can be found in 
nephrolithiasis patients with staghorn calculi. The plausible cause of tubular EMT might be the 
production of a well-know fibrotic factor TGF-beta 1, which was strongly positive in fibrotic kidney 
tissues (31). Most recent study in nephrolithiasis patients with large calculi evidenced that the EMT 
marker Twist was markedly expressed in tubular epithelial cells of kidney biopsies from patients 
compared to those obtained from normal kidneys. The researchers also demonstrated the inverse 
correlation of Twist and E-cadherin (epithelial marker) expression and suggested that Twist might 
be used as an index to predict the progression of renal fibrosis in patients (14). For this reason, it 
is in need of seeking for the effective therapeutics to prevent the progression of renal fibrosis.  
 In this study, we thus test the anti-fibrotic property of EGCG against EMT induction by high 
sodium oxalate. We demonstrated that high concentration of oxalate can induce fibroblast-like 
feature as shown in Figure 1. Treatment with 500 μM sodium oxalate for 24 h could induce 
morphological changes of the cells from cobble stone-like into more spindle of fibroblast-like 
compared to the control cells with unchanged. Interestingly, pretreatment of 25 μM EGCG follow by 
sodium oxalate could prevent the cells from deteriorate effect. Higher concentration of EGCG at 50 
μM; however, did not show protective effect but rather provided cytotoxic effect (data not shown) 
supporting a number of studies that revealed the pro-oxidative property of EGCG in inbition of cell 
proliferation and induction of apoptosis (32-34). Previous study reported that EGCG 
supplementation could attenuate the development of nephrolithiasis in rat by lower number of 
crystal formation in kidney (23, 35). We also observed a lower number of COM crystals formed 
under EGCG treated condition compared to those treated with oxalate alone. Interestingly, typical 
calcium oxalate dihydrate (COD) crystals with octahedral shape could be observed in MDCK cells 
pretreated with EGCG before oxalate treatment (data not shown). The results suggest that EGCG 
treatment favors COD crystallization after treatment with high concentration of oxalate. It might be 
possible that EGCG affect COM crystal formation by shifting pH of the solution to become higher 
(more basic pH). Retrospective study in renal stone patients revealed that urinary pH could 
influence the type of crystals formed. They found that COD crystals were common in patients with 
higher urine pH (36). We observed that MEM containing 25 μM EGCG has higher pH (approx. pH 



8) compared to that of MEM (pH 7.4) alone. It is also possible that the formation of COD crystals 
might a direct consequent of the physicochemical property of EGCG when interacts with ions. The 
precise mechanism underlying this phenomenon requires further investigations. 
 We sought to determine whether the change in cell morphology in response to high oxalate 
was implicated with EMT through examination of mesenchymal and epithelial markers. In according 
to other studies, oxalate-treated cells lost their epithelial features while gained mesenchymal 
characteristics. We found decreased expression of E-cadherin the hallmark of EMT in cells treated 
with oxalate; however E-cadherin expression was retained at basal level when cells were 
pretreated with EGCG (Figure 5). In addition, the results by indirect immunofluorescence revealed 
that oxalate-treated cells increased expression of vimentin as well as fibronectin, whilst decreased 
expression of tight junction proteins, occludin and ZO-1. In addition, occludin and ZO-1 
redistribution was observed significantly in oxalate-treated cells. Occludin and ZO-1 were markedly 
disappeared from the TJ locating at the cell borders into the cytoplasm (Figure 3). Expression of 
vimentin was up-regulated in oxalate-treated cells but decreased into basal level when cells were 
pretreated with EGCG followed by oxalate (Figure 6). These findings suggest that TJ disruption 
occurred when cells were underwent EMT-induced by oxalate. Role of EGCG in protection of tight 
junction (TJ) barrier has been reported. EGCG can preserve the TJ integrity of the colonic epithelial 
cells induced by IFN-γ via STAT1 independent manner (37, 38). In addition, EGCG could reduce 
ritonavir-induced endothelial permeability through its effective anti-oxidative property (39). In the 
present study, both immunofluorescence microscopy and Western blot analysis indicated that 
EGCG could effectively prevent TJ disassembly induced by oxalate.  
 Several lines of evidence revealed that oxalate could induce reactive oxygen species 
(ROS) production in renal epithelial cells. Thamilselvan S, et al. demonstrated that peroxidatve 
injury initiated by oxalate was involved with the induction of TGF-beta1 and the imbalance of redox 
reaction by glutathione (GSH) system (40). However, GSH redox status as well as the level of 
TGF-beta1 was restored to the basal stage by addition of antioxidants, including vitamin E and 
catalase (40). Evidence from clinical studies indicates that oxidative injury was found in kidney of 
stone patients with hyperoxaluria (41-43). Several markers indicating the occurrence of oxidative 
stress and epithelial cell injury were found in the urine of the patients, including higher level of 
malondialdehyde (MDA), glutathione (GSH), beta-galactosidase (GAL) and N-acetyl-beta-
glucosaminidase (NAG) (41, 44, 45). Recent study revealed that administration of green tea can 
prevent renal tubular microstructure change and oxidative stress induced by glyoxylate in mice 



(46). One of a molecular mechanism of oxalate-induced oxidative stress is a production of reactive 
oxygen species (ROS). Anti-oxidant property of EGCG could protect cell injury by hypoxia-induced 
oxidative stress in MDCK cells (47). Recent studies showed that regulation of NADPH oxidase, a 
plasma membrane enzyme generated ROS by the activation of protein kinase C (PKC)-alpha and 
–delta (48). Importantly, TGF-beta1 a potent fibrotic factor that triggers EMT could also induce a 
production of intracellular ROS of the rat proximal tubular epithelial cells (49) and MDCK cells (50). 
 Based on these aforementioned studies, ROS and alterations in redox homeostasis 
potentially contribute to EMT process. Theoretically, EGCG with highly anti-oxidative activity might 
control the progression of EMT through the action of ROS scavenger. However, there was no 
direct evidence to show that ROS generation-induced by oxalate could trigger the process of EMT. 
In attempt to address this issue, we then assayed for the intracellular ROS after oxalate treatment 
by pulsing with DCFH-DA and analyzed by flow cytometer. As expected, the results clearly showed 
that intracellular ROS was significantly elevated when cells were induced to undergo EMT by high 
oxalate concentration compared to the control cells left untreated. Pretreatment with EGCG 
markedly reduced ROS production induced by oxalate (Figure 7). In consistent with study of 
peritoneal fibrosis in a mouse model, EGCG could suppress NF-kB activation and ROS generation 
and thus prevent from progression of peritoneal fibrosis (51). In addition, although we did not 
investigate whether TGF-beta1 is mediated in ROS generation and the consequent 
activation/inactivation of the well-known pathways (i.e. SNAIl, GSK-3β and Wnt/βcatenin) to trigger 
EMT (49, 52), we showed that oxalate could induce EMT phenotype concomitantly with the 
increased ROS production. EGCG pretreatment could prevent the conversion of epithelial cells into 
fibroblast-like cells and reduce intracellular ROS to a greater extent that comparable to the basal 
level. 
 To our knowledge, this is the first report to demonstrate that high oxalate concentration 
could induce alteration in epithelial cell shape to become fibroblast-like morphology through the 
process so-called EMT and a major component of natural green tea extract, EGCG significantly 
prevents induction of EMT at least by maintaining cell junctional integrity as well as through its 
antioxidant property to counteract intracellular ROS production. At present, we provide ongoing 
effort to study the signaling pathways triggered by EGCG in prevention of oxalate-induced EMT. 
This would pave the way to the understanding of renal fibrogenesis and ultimate goal in 
therapeutics of renal fibrosis in chronic kidney diseases. 
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Hyperoxaluria is one of etiologic factors of calcium oxalate kidney stone disease. However,
response of renal tubular cells to high-oxalate environment remained largely unknown. We
applied a gel-based proteomics approach to characterize changes in cellular proteome of
MDCK cells induced by 10 mM sodium oxalate. A total of 14 proteins were detected as
differentially expressed proteins. The oxalate-induced up-regulation of alpha-enolase in
whole cell lysate was confirmed by 2-D Western blot analysis. Interaction network analysis
revealed that cellular adaptive response under high-oxalate condition involved stress
response, energy production, metabolism and transcriptional regulation. Down-regulation
of RhoA, which was predicted to be associated with the identified proteins, was confirmed
by immunoblotting. In addition, the up-regulation of alpha-enolase on apical surface of
renal tubular epithelial cells was also confirmed by immunoblotting of the isolated apical
membranes and immunofluorescence study. Interestingly, blockage of alpha-enolase
expressed on the cell surface by antibody neutralization significantly reduced the number
of calcium oxalate monohydrate (COM) crystals adhered on the cells. These results strongly
suggest that surface alpha-enolase plays an important role as the enhancer of COM crystal
binding. The increase of alpha-enolase expressed on the cell surface may aggravate kidney
stone formation in patients with hyperoxaluria.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Many attempts have been made to better understand the
initiation of kidney stone formation in patients with
hyperoxaluria. Because calcium oxalate is the most common
type of crystals found in kidney stones, effects of dicarboxylic
anion (oxalate) have received wide attention [1,2]. The super-
saturation of oxalate ion can initiate crystalline formation and
induce renal cell injury, which promotes crystal adhesion on
renal cell surface [3,4]. Oxalate exposure can activate several

cellular events, including redistribution of membrane phos-
pholipids, activation of membrane-bound phopholipases, and
consequently, lipid signaling that is involved in cellular
injury and death [5]. Overloading of oxalate ion can decrease
antioxidant activity and increase reactive oxygen species
(ROS) production by mitochondria, and ultimately, cell death.
However, the increased ROS production and lactate dehydro-
genase (LDH) release induced by oxalate are counteracted by
several free radical scavengers, including vitamin E, superoxide
dismutase (SOD), catalase and iron chelator, suggesting the
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promising way to prevent oxidative injury and subsequent
crystal nucleation [6]. Moreover, oxalate can induce mitochon-
drial dysfunction as demonstrated in hyperoxaluric rats
induced by ethylene glycol (EG) [7]. The results have shown
that oxalate could induce permeability transition in this
organelle by decreasing activity of mitochondrial respiratory
enzyme complexes and increasing mitochondrial swelling [7].
A recent study by Thamilselvan, et al. [8] has demonstrated for
the first time that activation of protein kinase C alpha and
delta isoforms is the underlying mechanism for oxalate-
induced renal epithelial cell injury through the increased ROS
production and LDH release. In addition, oxalate exposure
increases the production of urinarymodulators, e.g. osteopontin
(OPN), that can modulate crystal nucleation, growth and
aggregation [9]. Moreover, tubular secretion of oxalate has been
considered as the key event resulting to hyperoxaluria in
calcium stone formers [10].

Nevertheless, response of renal tubular cells to high-
oxalate environment remained largely unknown. Daily
urinary oxalate excretion can be as high as 0.45–0.50 mg/24 h
(equivalent to a concentration of approximately 40–45 mM) in
patients with hyperoxaluria [1]. In this study, we investigated
the global changes of proteins as a response of distal renal
tubular cells under a high-oxalate environment using a gel-
based proteomics approach. This in vitro condition mimicked
hyperoxaluric feature in patients with hyperoxaluria [1,11].
The interacting protein network was then analyzed to obtain
biological meanings of the altered proteins. Our findings
highlighted alterations of proteins in many cellular processes
for adaptation of distal renal tubular cells under a high-oxalate
condition. Thereafter, functional analysis was performed to
confirm such biological relevance. The functional data revealed
that the increased alpha-enolase on apical cell surface played a
significant role in enhancement of crystal adhesion induced by
high-oxalate.

2. Materials & methods

2.1. Cell cultivation and high-oxalate treatment

MDCK distal renal tubular cells were maintained in Eagle's
minimal essential medium (MEM) (Gibco; Grand Island, NY)
containing 10% heat inactivated fetal bovine serum (FBS)
(Gibco), 2 mM glutamine (Sigma; St.Louis, MO) in the presence
of 100 U/ml penicillin G and 100 mg/ml streptomycin (Sigma).
Cells were maintained in a humidified incubator at 37 °C with
5% CO2. For oxalate treatment, sodium oxalate solution was
added into the mentioned growth MEM medium to make
a final concentration of 10 mM (in 5 ml total volume). This
concentration was based on the findings reported previously
by Schepers, et al. [11]. The cells were incubated with or
without oxalate treatment in a humidified incubator at 37 °C
with 5% CO2 for 72 h, and were then harvested.

2.2. Protein extraction and two-dimensional polyacrylamide
gel electrophoresis (2-D PAGE)

Cellular proteins derived from the controlled and oxalate-
treated cells were subjected to 2-D PAGE (n=5 gels derived

from 5 independent cultures per group; a total of 10 gels were
analyzed). Briefly, the cell monolayers were washed three
times with PBS and were gently scraped. Whole cell lysates
were obtained using a lysis buffer containing 7 M urea, 2 M
thiourea, 40 mg/ml 3-[(3-cholamidopropyl) dimethyl-ammonio]-
1-propanesulfonate (CHAPS), 120 mM dithiothreitol (DTT),
2% (v/v) ampholytes pH 3–10, and 40 mM Tris-base) at 4 °C for
30 min. Unsolubilized cellular debris and particles were
removed by a centrifugation at 13,000×g and 4 °C for 5 min.
Protein concentrations in the clarified supernatants were
determined using Bio-Rad Protein Assay (Bio-Rad Laboratories;
Hercules, CA) based on the Bradford method. An equal amount
of 150 μg proteins recovered from each sample was loaded for
2-D PAGE detailed in “Supplementary methods”. The resolved
proteins were stained with SYPRO Ruby fluorescence dye
(Invitrogen-Molecular Probes; Eugene, OR) and gel images were
captured by using a Typhoon laser scanner (GE Healthcare;
Uppsala, Sweden).

2.3. Matching and quantitative analysis of protein spots

Image Master 2D Platinum (GE Healthcare) software (version
6.0) was used for matching and analysis of protein spots
visualized in individual gels. Details are provided in “Supple-
mentary methods”. Intensity volumes of individual spots
were obtained and subjected to statistical analysis. Differen-
tially expressed protein spots were subjected to in-gel tryptic
digestion and identification by mass spectrometry.

2.4. Protein identification by quadrupole time-of-flight
(Q-TOF) mass spectrometry (MS) and tandem MS (MS/MS)

In-gel tryptic digestion was performed as detailed in
“Supplementary methods”. The proteolytic samples were
premixed 1:1 with the matrix solution (5 mg/ml α-cyano-4-
hydroxycinnamic acid (CHCA) in 50% ACN, 0.1% v/v TFA and
2% w/v ammonium citrate) and spotted onto the 96-well
sample stage. The samples were analyzed by the Q-TOF
Ultima™ mass spectrometer (Micromass; Manchester, UK)
(more details are provided in “Supplementary methods”). The
MS peptide masses and MS/MS ions were analyzed by the
MASCOT search engine (http://www.matrixscience.com) and
queried to the NCBI mammalian protein database, assuming
that peptides were monoisotopic, oxidized at methionine
residues and carbamidomethylated at cysteine residues. Only
1 missed trypsin cleavage was allowed, and peptide mass
tolerances of 100 and 50 ppm were used for MS and MS/MS
data, respectively.

2.5. Protein network analysis and subcellular localization

The STRING software [12]was adopted to translate expressional
proteomic data into biological relevance. This public database
weighs and integrates protein–protein interactions from nu-
merous resources, including experimental repositories, com-
putational prediction and published articles [12]. All the
significantly altered proteins identified in oxalate-treated
MDCK cells were inputted into STRING 8.3 (http://string-db.org)
to retrieve the data of (i) protein function, (ii) subcellular
localization and (iii) protein interaction/functional connectivity.
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2.6. Western blot analysis

2.6.1. 2-D Western blot analysis
A total of 100 μg proteins derived from whole cell lysate of
each sample was dissolved in a 2-D gel as aforementioned.
The resolved proteins were electro-transferred onto a nitro-
cellulose membrane. Non-specific bindings were blocked with
5% skim milk in PBS for 1 h. The membrane was then
incubated with rabbit polyclonal anti-enolase antibody
(Santa Cruz Biotechnology; Santa Cruz, CA) (1:1000 in 1%
skim milk/PBS) at 4 °C for 16 h. After washing, the membrane
was incubated with goat anti-rabbit IgG conjugated with
horseradish peroxidase (HRP) (DAKO) (1:2000 in 1% skim
milk/PBS) at 25 °C for 1 h. Immunoreactive protein spots
were visualized by SuperSignal West Pico chemiluminescence
substrate (Pierce Biotechnology, Inc.; Rockford, IL) and
autoradiography.

2.6.2. 1-D Western blot analysis
For apical membrane proteins, apical membranes were
isolated from polarized MDCK cells by peeling method as
described with details in our previous study [13] (see also
“Supplementary methods”). A total of 50 μg proteins derived
from whole cell lysate or apical membrane protein fraction
from each sample was resolved by 12% SDS-PAGE and
transferred onto a nitrocellulose membrane. After blocking
non-specific bindings, the membrane was incubated with
mouse monoclonal anti-RhoA antibody (Santa Cruz Biotech-
nology) or rabbit polyclonal anti-enolase antibody (Santa Cruz
Biotechnology) (1:1000 in 1% skim milk in PBS) at 4 °C for
16 h. Mouse monoclonal anti-GAPDH (Santa Cruz Biotech-
nology) was used to detect GAPDH as the loading control
(1:2000 in 1% skim milk/PBS). After washing, the membrane
was incubated with corresponding secondary antibody
conjugated with horseradish peroxidase (HRP) (DAKO)
(1:2000–1:4000 in 1% skim milk/PBS) at 25 °C for 1 h.
Immunoreactive protein bands were visualized by SuperSignal
West Pico chemiluminescence substrate (Pierce Biotechnology)
and autoradiography.

2.7. Laser-scanning confocal microscopic examination of
apical membrane enolase

MDCK cells were grown on a coverslip and treated with
or without 10 mM sodium oxalate as aforementioned. The
cells were rinsed with PBS+ (PBS containing 1 mM MgCl2 and
0.1 mM CaCl2) and then fixed with 3.7% formaldehyde in
PBS+ at 25 °C for 15 min. After washing with PBS+, the cells
were incubated with rabbit polyclonal anti-enolase anti-
body (Santa Cruz Biotechnology) (1:50 in 1% BSA/PBS) at
37 °C for 1 h. Thereafter, the cells were washed with PBS
three times and then incubated with anti-rabbit IgG
conjugated with Cy3 (Jackson ImmunoResearch Labora-
tories; West Grove, PA) containing 0.1 μg/ml Hoechst dye
(Invitrogen/Molecular Probes) (for nuclear staining) at 37 °C for
1 h. Three-dimensional planes of X-Y, X-Z and Y-Z scanning
were captured under a laser-scanning confocal microscope
equipped with an LSM5 Image Browser (LSM 510 Meta, Carl
Zeiss; Jena, Germany).

2.8. COM crystal adhesion and neutralization assay

COM crystals were prepared as described previously in our
previous study [14,15] (see also “Supplementary methods”).
MDCK cells were maintained with or without 10 mM sodium
oxalate for 72 h as aforementioned. COM crystals were added
into the growth medium (100 μg crystals/ml medium) and
further incubated with the cells at 37 °C for 30 min. Thereaf-
ter, the unbound crystals were removed and the cells were
washed three times with PBS. The remaining crystals adhered
on the cell surface were counted at 15 randomized high power
fields (HPF) under a phase contrast microscope (Olympus
CKX41, Olympus Co. Ltd.; Tokyo, Japan). In parallel, the cells
that were pre-incubated with 0.2 μg/ml rabbit polyclonal
anti-enolase antibody (Santa Cruz Biotechnology) or non-
specific rabbit IgG at 37 °C for 30 min before COM crystal
incubation were also evaluated. This experiment was per-
formed in triplicate for all conditions.

2.9. Statistical analysis

Quantitative data are reported as mean±SEM. Comparisons
between the two sets of samples (i.e., controlled vs. oxalate-
treated) were performed using unpaired Student's t test.
P-values less than 0.05 were considered statistically significant.

3. Results

3.1. Proteome changes induced by high-oxalate condition

MDCK cells were maintained with or without 10 mM sodium
oxalate for 72 h. Whole cell lysates derived from the con-
trolled (untreated) and oxalate-treated cells were equally
loaded (150 μg each) and resolved by 2-D PAGE (n=5 gels
derived from 5 independent cultures per group; a total of 10
gels were analyzed). Spot matching and quantitative intensity
analysis of the matched spots revealed 14 differentially
expressed protein spots between the two groups (Fig. 1).
These significantly altered proteins were successfully identi-
fied by Q-TOF MS and/or MS/MS (Table 1). Among these,
8 proteins were down-regulated, whereas other 6 proteins
were up-regulated by high-oxalate (1 protein spot was
expressed only in the high-oxalate condition). 2-D Western
blot analysis was performed to confirm the proteomic data,
e.g. the increased level of alpha-enolase (spot #354) in the
oxalate-treated MDCK cells (Fig. 2). The increased level and
locale in the 2-D map of alpha-enolase were confirmed by 2-D
Western blot analysis.

3.2. Network analysis and subcellular localization of the
significantly altered proteins

The STRING software was employed to translate the signifi-
cantly altered proteins into the biological relevance by
providing the information about their functions, interactions
and subcellular localizations (Fig. 3). In addition to the
significantly altered proteins induced by high-oxalate identi-
fied in this study (labeled as “colored nodes” with upward
or downward arrows for up-regulated or down-regulated

57J O U R N A L O F P R O T E O M I C S 8 0 ( 2 0 1 3 ) 5 5 – 6 5



proteins, respectively), the interacting proteins predicted from
literatures and other databases were labeled as the “white
nodes” without arrows. Moreover, each protein node was
mapped to its major subcellular localization (Table 2), of
which the background image was created by the Pathway
Builder Online (http://www.proteinlounge.com) (Fig. 3). From this
interactionmap, RhoAwas predicted as an interacting partner
of significantly altered proteins identified by proteomic
analysis. We then performed 1-D Western blot analysis to
examine whether RhoA level was changed by high-oxalate.
GAPDH served as the loading control. The data confirmed that

RhoA level was decreased in the oxalate-treated MDCK cells
(Fig. 4A).

3.3. Increased surface expression of alpha-enolase induced
by high-oxalate

Network analysis and subcellular localization also suggested
that the oxalate-induced increase in expression level of
alpha-enolase occurred at apical surface of renal tubular
cells. To confirm this data, apical membranes were isolated
from polarized MDCK renal tubular epithelial cells using a
peeling method described previously by our group [13]. This
simple and effective method offers a highly purified apical
membrane fraction [13]. 1-D Western blot analysis of alpha-
enolase in this apical membrane fraction confirmed that
alpha-enolase was expressed in apical membrane of polarized
MDCK renal tubular epithelial cells and its expression was
increased in apical membrane after an exposure to high-
oxalate (Fig. 4B). To further validate this result, immunofluo-
rescence study was performed. The data obtained from
laser-scanning confocal microscopy clearly demonstrated
that apical surface expression of alpha-enolase was signifi-
cantly increased in the oxalate-treated cells (Fig. 4C).

3.4. Effects of high-oxalate on COM crystal adhesion and
neutralization of surface alpha-enolase

We also evaluated the functional significance of the increased
expression level of apical surface of alpha-enolase induced by
high-oxalate. We hypothesized that high-oxalate could en-
hance COM crystal adhesion on the cell surface and that the
increased expression level of apical surface of alpha-enolase
might play significant role in this phenomenon. Our hypoth-
esis was addressed by COM crystal adhesion assay. The data
confirmed that high-oxalate significantly increased the num-
ber of adherent COM crystals (Fig. 5). Moreover, the data also
revealed that neutralization of surface expression of alpha-
enolase by specific antibody against this protein dramatically
reduced the number of the adherent COM crystals almost to
the basal level, whereas neutralization with non-specific IgG
derived from the same species as of specific antibody had no
effects on the number of adherent COM crystals (Fig. 5).

4. Discussion

Oxalate plays a key role in calcium oxalate kidney stone
formation, particularly in hyperoxaluria commonly found in
patients with idiopathic calcium oxalate urolithiasis and
tubulointerstitial fibrosis [16,17]. However, molecular mecha-
nisms that high-oxalate plays in calcium oxalate kidney stone
disease remained unclear. Our present study therefore aimed
to characterize changes in cellular proteome of distal renal
tubular cells in response to high-oxalate. Our findings have
demonstrated that the significantly altered proteins were
involved in various biological processes of renal tubular cells,
including maintenance of the actin cytoskeletal assembly and
nuclear structure (ACTR3, CFL1 and LMNA), signal transduc-
tion (PRKAR2A), stress response (HSPB1, ERO1L, SDF2L1 and
UQCRC1), energy metabolism (ENO1, GLUD1 and OAT) and
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Fig. 1 – Representative 2-D proteome maps of differentially
expressed proteins in controlled (A) and oxalate-treated cells
(B). MDCK cells were maintained without or with 10 mM
sodium oxalate for 72 h and their cellular proteome were
analyzed by 2-D PAGE (n=5 gels derived from 5 independent
cultures per group; a total of 10 gels were analyzed). Spot
matching and quantitative intensity analysis revealed 14
differentially expressed protein spots, which are labeled as
numbers corresponding to those reported in Tables 1 and 2.
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Table 1 – Summary of significantly altered proteins in distal renal tubular (MDCK) cells in response to high-oxalate exposure.

Spot
no.

Protein NCBI
entry

Identified
by

Identification
scores

(MS, MS/MS)

%Cov
(MS,

MS/MS)

No. of
matched
peptides

(MS, MS/MS)

pI MW
(kDa)

Intensity level
(Mean±SEM)

Ratio
(Oxalate/control)

p-value

Control Oxalate

Up-regulated proteins
514 60S acidic ribosomal protein

P0 (L10E) isoform 8
gi|73994699 MS 70, NA 44, NA 7, NA 5.91 32.09 0.0822±0.0149 0.1291±0.0101 1.57 0.031

348 ARP3 actin-related protein
3 homolog

gi|13542701 MS/MS NA, 143 NA, 14 NA, 4 5.61 47.78 0.1358±0.0052 0.1802±0.0093 1.33 0.003

787 Cofilin 1, non-muscle (18 kDa
phosphoprotein)

gi|15012201 MS/MS NA, 57 NA, 16 NA, 2 8.22 18.72 0.2424±0.0722 0.4816±0.0447 1.99 0.023

354 Enolase 1, (alpha) gi|12804749 MS/MS NA, 265 NA, 13 NA, 4 7.01 47.48 1.0128±0.0703 1.3150±0.0502 1.30 0.008
684 Heat shock 27 kDa protein 1 gi|50979116 MS/MS NA, 87 NA, 20 NA, 3 6.23 22.93 0.0303±0.0187 0.0878±0.0085 2.90 0.023

Down-regulated proteins
257 ERO-1like protein alpha

precursor (ERO-1lalpha)
(Oxidoreductin 1-lalpha)

gi|73963815 MS 108, NA 36, NA 11, NA 5.97 55.18 0.0610±0.0046 0.0336±0.0061 0.55 0.007

305 Glutamate dehydrogenase 1 gi|6980956 MS/MS NA, 85 NA, 5 NA, 2 8.05 61.72 0.4839±0.0394 0.3107±0.0392 0.64 0.014
236 Lamin A/C gi|13111979 MS 106, NA 31, NA 13, NA 6.40 65.15 0.1422±0.0235 0.0810±0.0073 0.57 0.038
379 Ornithine aminotransferase,

mitochondrial precursor
gi|73998802 MS/MS NA, 155 NA, 13 NA, 4 6.44 48.75 0.0874±0.0043 0.0656±0.0078 0.75 0.039

1066 Paraspeckle protein 1 gi|20071204 MS/MS NA, 34 NA, 2 NA, 1 6.26 58.54 0.1041±0.0144 0.0602±0.0082 0.58 0.029
728 Stromal cell-derived factor

2-like protein 1 precursor
(SDF2 like protein 1)
(PWP1-interacting protein 8)

gi|73996025 MS/MS NA, 71 NA, 19 NA, 3 10.04 36.73 0.0906±0.0117 0.0330±0.0156 0.36 0.018

393 Thyroid receptor interactor gi|695370 MS/MS NA, 83 NA, 8 NA, 2 7.70 45.78 0.0978±0.0063 0.0634±0.0089 0.65 0.013
353 Ubiquinol-cytochrome c

reductase core protein I
isoform 2

gi|73985642 MS 102, NA 38, NA 11, NA 6.04 53.54 0.1498±0.0124 0.0730±0.0110 0.49 0.002

Newly expressed proteins
299 cAMP-dependent protein

kinase type II-alpha
regulatory subunit

gi|125197 MS/MS NA, 60 NA, 3 NA, 1 4.80 45.28 0.0000±0.0000 0.0216±0.0015 Divided by 0 <0.001

%Cov = %sequence coverage = [(number of the matched residues/total number of residues in the entire sequence)×100%].
NA = not applicable.
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from whole cell lysate of the controlled (A) and oxalate-treated (B) MDCK cells were resolved by 2-D PAGE and subjected to 2-D
Western blot analysis. Primary antibody was rabbit polyclonal anti-enolase antibody (Santa Cruz Biotechnology) (1:1000 in 1%
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(1:2000 in 1% skim milk/PBS).

Symbols:

Up-regulation

Down-regulation

Edges:

Neighborhood

Gene fusion

Co-occurrence

Co-expression

Experiments

Databases

Textmining

Homology

COM crystal binding
Transcription regulation
Glycolysis

-
-
-

- Rho protein signaling 
transduction
- Actin polymerization

- Actin polymerization

- Ornithine 
metabolism

- Stress 
response

- Protein kinase A activation

- Glutamate 
biosynthesis

- Energy 
production

- Ubiquitinated 
protein degradation

- Transcription 
regulation - Nuclear structural protein

- Transcription 
regulation

- Translation 
elongation

- Difulside 
bond formation

- Unknown 
function

Fig. 3 – Network analysis and subcellular localizations of the significantly altered proteins. Integration of all the significantly
altered proteins into the relevant biological meanings was performed by using the STRING software. The network analysis
reveals the interactions among proteins, their functions, and subcellular localizations. The “colored nodes” with upward or
downward arrows depict the up-regulated or down-regulated proteins, respectively, whereas the “white nodes” without
arrows indicate the interacting proteins predicted from literatures and other databases.

60 J O U R N A L O F P R O T E O M I C S 8 0 ( 2 0 1 3 ) 5 5 – 6 5



transcriptional regulation (PSPC1 and ZNHIT3). The possibilities
that these significantly altered proteins played in calcium
oxalate kidney stone formation and disease progression are
discussed as follows.

Proteins involved in the dynamics of actin cytoskeletal
assemblywere increased in response to high-oxalate condition.
Actin-related protein 3 (ACTR3) is well-characterized as amajor
component of the ARP2/3 complex lining the cell surface that is
essential for maintaining cell shape and motility through actin
polymerization. Cofilin1 is necessary for maintaining architec-
ture of podocytes during cell injury [18]. It has been reported
that cofilin could interact with ClC-5 and regulates albumin
uptake in proximal tubular cells. Phosphorylation of cofilin
results in stabilization of actin cytoskeleton and thus inhibits
albumin uptake [19]. We hypothesized that the increased levels
of ACTR3 and cofilin 1 might be involved in actin remodeling in
response to oxalate-induced injury. In contrast, we found the
decreased level of a nucleoskeletal protein, lamin A/C, which is
the constituent of the nuclear matrix. Hypertonicity could
induce expression of lamin A/C and its distribution in the
nucleoplasm. Moreover, lamin A/C serves as a scaffold protein
by interacting with TonEBP, a transcriptional regulator of gene

cassettes contributing in protection against hyperosmolarity
[20,21]. We assumed that the decreased level of lamin A/C
reflected that the cells might fail to cope with the deteriorate
effects induced by high-oxalate.

Type II-alpha regulatory subunit of cAMP-dependent protein
kinase (PRKAR2A) was newly expressed under the high-oxalate
environment. This protein is involved in signal transduction
through protein kinase A (PKA) activation. This regulatory
subunit has been shown to regulate protein transport from
endosomes to golgi apparatus and endoplasmic reticulum [22].
PRKAR2A also mediates membrane association by binding to a
group of PKA anchoring proteins (AKAPs) [23]. Unlike type I PKA,
which is highly expressed in proliferating cells, type II PKA is
preferentially expressed in the cells that underwent growth
arrest [24]. Activation of PKA contributes to oxidative stress
found in diabetic rat kidney [25]. Moreover, up-regulation of
PRKAR1A has been found in nodular hyperplasia of parathyroid
glands in patients with chronic renal failure [26]. Therefore, it is
likely that the increase in regulatory subunit of the PKA found in
our present study might reflect growth retardation of the cells
and oxidative stress induced by PKA activation under the
high-oxalate condition.

Table 2 – Functional classification and subcellular localization of significantly altered proteins in response to high-oxalate
exposure and their predicted interacting partners.

Spot
no.

Abbreviation Full protein name Function(s) Subcellular
localization(s)

Up-regulated proteins
514 RPLP0 60S acidic ribosomal protein P0 (L10E) isoform 8 Ribosome biogenesis; translational

elongation
Cytoplasm; nucleus

348 ACTR3 ARP3 actin-related protein 3 homolog Actin polymerization Cytoplasm
787 CFL1 Cofilin 1 Rho protein signaling transduction; actin

polymerization
Cytoplasm; nucleus

354 ENO1 Enolase 1 COM crystal binding; transcription
regulation; glycolysis

Plasma membrane;
cytoplasm; nucleus

684 HSPB1 Heat shock 27 kDa protein 1 Stress response Cytoplasm; nucleus
299 PRKAR2A cAMP-dependent protein kinase type II -alpha

regulatory subunit
Protein kinase A activation Cytoplasm

Down-regulated proteins
257 ERO1L ERO-1 like protein alpha presursor

(ERO-1lalpha)
Disulfide bond formation of proteins Endoplasmic reticulum

305 GLUD1 Glutamate dehydrogenase 1 Glutamate biosynthesis Mitochondria
236 LMNA Lamin A/C Nuclear structural protein Nuclear membrane
379 OAT Ornithine aminotransferase, mitochondrial

precursor
Ornithine metabolism Mitochondria

1066 PSPC1 Paraspeckle protein 1 Transcription regulation Nucleus
728 SDF2L1 Stromal cell-derived factor 2-like protein 1

precursor
ER stress response Endoplasmic reticulum

393 ZNHIT3 Thyroid receptor interacting protein 3 Transcription regulation Cytoplasm
353 UQCRC1 Ubiquinol-cytochrome c reductase core protein

I isoform 2
Stress response; Energy metabolism Mitochondria

Predicted interacting proteins ⁎

RHOA RhoA protein Rho protein signaling transduction; actin
polymerization

Cytoplasm; plasma
membrane

ROCK1 Rho-associated protein kinase 1 Rho protein signaling transduction; actin
polymerization

Cytoplasm

PSPC5 26S protease regulatory subunit 8 Protein degradation by proteasome Cytoplasm
CYCS Cytochrome C Electron transport chain Mitochondria
TP53 Tumor antigen p53 Pro-apoptosis; anti-proliferation Cytoplasm

⁎ These are the interacting proteins predicted from literatures and other databases using the STRING tool.
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Adaptive response to protect cells during chronic
hyperoxaluria by up-regulation of HSP70 has been reported
previously [2]. In thepresent study,we found the increased level

of a small heat shock protein. HSP27 (also known as HSPB1 or
HSP25) is a small protein with chaperone activity involving
in a variety of cellular functions, including thermoresistance,
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inhibition of apoptosis, cell differentiation and signal transduc-
tion [27]. A variety of stresses can result to up-regulation of
HSP27. We hypothesized that the increase of HSP27 might
reflect cellular adaptive response to protect the cells from
high-oxalate-induced cell death. In contrast, we also observed
the decreased levels of ERO-1 like protein (ERO1L) and stromal
cell-derived factor 2-like protein 1 (SDF2L1). ERO1L is an enzyme
responsible for disulfide bond formation of proteins [28],
whereas SDF2L1 is a component of the endoplasmic reticulum
involved in folding of nascent polypeptides in cooperation with
other chaperones and members of protein-disulfide family to
correct protein folding [29]. Within the endoplasmic reticulum,
ERO1 protein family is required for the catalytic activity of
protein disulfide isomerase (PDI) [30]. Therefore, the decreased
levels of ERO1L and SDF2L1 might aggravate deteriorate
effects in the oxalate-treated cells due to accumulation of the
misfolded proteins. Another evidence to confirm the induction
of oxidative stress response to high-oxalate was the decrease in
expression of ubiquinol cytochrome c reductase (UQCRC1 or
Cytochrome bc1 complex), which is a subunit of complex III
respiratory chain protein with the role in energy production.
The loss of UQCRC1 in epithelial cells exposed to H2O2 has been
reported to worsen cellular oxidative stress through mitochon-
drial dysfunction [31]. We thus presumed that the reduced
UQCRC1 found in our present study reflected mitochondrial
dysfunction upon high-oxalate treatment.

The highlight of findings in the present study was the
up-regulation of alpha-enolase (enolase 1; ENO1), one of the key
glycolytic enzymes. Interestingly, it has been demonstrated that
alpha-enolase plays another important role as a plasminogen
receptor on many cell types, including monocytes, epithelial

cells, and endothelial cells [31–33]. Because plasminogen/plas-
min plays a crucial role in extracellular matrix degradation, the
up-regulation of alpha-enolase (as a plasminogen receptor) on
the cell surface might aggravate crystal invasion under the
high-oxalate environment. Network analysis and subcellular
localization using the STRING tool revealed that the increased
level of alpha-enolase was localized at apicalmembranes (Fig. 3).
Its increased expression at apical membranes was nicely
confirmed byWestern blot analysis of apical membrane fraction
andby immunofluorescence studyusing laser-scanning confocal
microscopic examination (Fig. 4BandC). In addition, ourprevious
study also identified alpha-enolase as one of COM
crystal-binding proteins on apical membranes of polarized
MDCK cells [34]. Therefore, it is plausible that the increased
surface expression of alpha-enolase, as a COM crystal-binding
protein, was related to the enhancement of COM crystal
adhesion onto renal tubular epithelial cells upon high-oxalate
exposure. Our hypothesis was nicely confirmed by a functional
assay, which demonstrated that high-oxalate significantly in-
duced COM crystal adhesion and neutralization of surface
expression of alpha-enolase successfully prevented such en-
hancement (Fig. 5).

Our findings indicated that alpha-enolase not only plays a
role in regulation of cellular energy but also serves as the
binding molecule for COM crystals to enhance COM crystal
adhesion under the high-oxalate condition. It would be best to
also validate our results in a kidney tissue from hyperoxaluric
patients. However, the lack of such tissue is a major limitation
in our present study. Moreover, the results also suggested that
molecular blocking of surface molecules on renal tubular cells
involved in crystal binding may be an effective way to prevent
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progression of kidney stone formation in patients with
hyperoxaluria. Further clinical studies are required to address
this novel therapeutic approach.

In summary, we report herein the adaptive response of
distal renal tubular cells to high-oxalate environment. The
results revealed that such condition induced many deterio-
rate effects to the cells. In order to complement and maintain
several biological functions, the cells altered a set of proteins
to cope with this situation. We also demonstrated that high-
oxalate could induce surface expression of alpha-enolase to
enhance COM crystal adhesion on the cell surface. These data
enlighten that the increased expression of alpha-enolase on
apical membranes is, at least in part, a crucial mechanism
beneath kidney stone formation in patientswith hyperoxaluria.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2013.01.001.
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Abstract During an initial phase of kidney stone for-

mation, the internalization of calcium oxalate (CaOx)

crystals by renal tubular cells has been thought to occur via

endocytosis. However, the precise mechanism of CaOx

crystal endocytosis remained unclear. In the present study,

MDCK renal tubular cells were pretreated with inhibitors

specific to individual endocytic pathways, including nys-

tatin (lipid raft/caveolae-mediated), cytochalasin D (actin-

dependent or macropinocytosis), and chlorpromazine (CPZ;

clathrin-mediated) before exposure to plain (non-labeled), or

fluorescence-labeled CaOx monohydrate (COM) crystals.

Quantitative analysis by flow cytometry revealed that pre-

treatment with nystatin and CPZ slightly decreased the

crystal internalization, whereas the cytochalasin D pretreat-

ment caused a marked decrease in crystal uptake. Immuno-

fluorescence study and laser-scanning confocal microscopic

examination confirmed that the cytochalasin D-pretreated

cells had dramatic decrease of the internalized crystals,

whereas the total number of crystals interacted with the cells

was unchanged (crystals could adhere but were not inter-

nalized). These data have demonstrated for the first time that

renal tubular cells endocytose COM crystals mainly via

macropinocytosis. These novel findings will be useful for

further tracking the endocytosed crystals inside the cells

during the course of kidney stone formation.

Keywords Calcium oxalate � Crystal � Endocytosis �
Internalization � Macropinocytosis

Introduction

Calcium oxalate (CaOx) is the major causative crystalline

composition of kidney stones, which lead to a common

health problem around the globe [1]. Many lines of evi-

dence from in vivo investigations and clinical studies have

demonstrated that CaOx crystals can deposit inside tubular

lumen [2] and renal interstitium [3, 4] during the course of

kidney stone development and then aggravate renal tissue

injury and dysfunction [5]. By adhesion, crystals can be

retained on apical surface of renal tubular cells, which

subsequently internalize the adherent crystals most likely

by endocytosis [6, 7]. The internalized or endocytosed

crystals are then translocated to basolateral site of renal

tubular cells and finally to the interstitial space, leading to

interstitial plaque formation [8, 9]. This plaque has been

thought to serve as a crucial site for the stone development

[10]. Despite this background, the precise mechanism for

endocytosis of CaOx crystals by renal tubular cells had

never been investigated previously and thus remained

unknown.

Endocytosis is a common cellular function pivotal for

nutrient uptake, receptor recycling, regulation of cell shape

for mitosis, antigen presentation, and cell migration [11].

Major endocytic mechanisms can be divided into three

distinct pathways with differential sensitivities to chemical

inhibitors [12]. These include (i) lipid raft/caveolae-medi-

ated endocytosis, (ii) macropinocytosis/phagocytosis, and
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(iii) clathrin-mediated endocytosis [12, 13]. Lipid raft/cav-

eolae-mediated pathway causes engulfment of cholesterol-

enriched microdomains (also known as lipid rafts) of the

plasma membranes containing glycosylphosphatidylinositol-

anchored proteins [14, 15]. Macropinocytosis/phagocytosis

is initiated by changes in the dynamics of cortical actin in

order to uptake particles or aqueous solutions via pseudo-

podium formation. The plasma membranes from two sides

of pseudopodia can fuse together to engulf such particles or

foreign bodies into a specialized structure namely ‘‘phago-

some’’ (mainly used for typical phagocytes) or ‘‘macropi-

nosome’’ (used for non-phagocytes) [16]. Clathrin-mediated

endocytosis is a result of clathrin-coated protein assembly

beneath inner leaflet of the plasma membranes, which then

form clathrin-coated pits [17].

Several chemical inhibitors have been employed to

evaluate specific endocytic pathways in various models of

in vitro and in vivo studies [12]. Nystatin can bind with

cholesterol in plasma membranes and then alters the

membrane function, including caveolae formation, thus can

inhibit lipid raft engulfment [18]. Cytochalasin D is used as

a specific inhibitor for macropinocytosis by binding to

actin filaments, thus can interfere with actin polymerization

and assembly [19]. Chlorpromazine (CPZ) is widely used

as an inhibitor of clathrin-mediated endocytosis because it

can be incorporated into lipid bilayers and later causes

defective invagination of plasma membranes [20].

In this study, we aimed to define the specific endocytic

pathways that renal tubular epithelial cells used to internalize

CaOx crystals into the cells. Specific inhibitors for all three

major endocytic pathways together and recently established

fluorescence-labeled CaOx monohydrate (COM) crystals

[21] were employed for quantitative analysis using flow

cytometry. Moreover, immunofluorescence staining fol-

lowed by laser-scanning confocal microscopic examinations

were performed to confirm the flow cytometric data.

Materials and Methods

Preparation of Plain (Non-labeled) and

Fluorescence-Labeled COM Crystals

Plain COM crystals were prepared as described previously

[22, 23]. Briefly, 10 mM calcium chloride was mixed with

10 mM sodium oxalate to achieve final concentrations of

5 mM and 0.5 mM, respectively, in a buffer containing

90 mM Tris–HCl (pH 7.4) and 10 mM NaCl. The mixture

was incubated at room temperature (RT) overnight and the

COM crystals were harvested by a centrifugation at 3,000 rpm

for 5 min. The crystal pellet was washed in absolute methanol

and then collected by another centrifugation at 3,000 rpm for

5 min. The size of crystals generated by this protocol was

approximately 5–20 lm. The crystals were then dried and

decontaminated by UV light radiation for 30 min before

intervention with the cells.

The fluorescence-labeled COM crystals were generated

according to the protocol recently reported by our group

[21]. Briefly, the crystals were prepared as aforementioned

but in the presence of 10 ll of rabbit anti-mouse IgG

conjugated with FITC (DAKO; Glostrup, Denmark) during

the initial reaction between calcium chloride and sodium

oxalate. The mixture was incubated at RT overnight in the

dark and the crystals were harvested, followed by washing,

drying, and decontaminating steps as for preparation of the

plain COM crystals. The size of fluorescence-labeled

crystals obtained was the same as of plain crystals.

Cell Cultivation and COM Crystal Treatment

MDCK renal tubular cells were cultivated in a growth

medium [Eagle’s minimum essential medium (MEM;

Gibco, Grand Island, NY) supplemented with 10 % fetal

bovine serum (FBS) (Gibco), 1.2 % penicillin-G/strepto-

mycin, and 2 mM L-glutamine (Sigma; St. Louis, MO)].

The cells were maintained in a humidified incubator at

37 �C with 5 % CO2. For crystal intervention, the cells

(approximately 8 9 104 cells) were seeded in each well of

a 24-well plate containing a maintenance medium (MEM

supplemented with 1 % heat-inactivated FBS). After 24-h

incubation, the cells were washed twice with plain medium

and then pretreated with 50 lM nystatin, cytochalasin D,

or CPZ in the maintenance medium for 15 min. After the

pretreatment, the inhibitors were discarded and the cells

were rinsed twice with plain medium. The cells were fur-

ther incubated with plain (non-labeled) or fluorescence-

labeled COM crystals at a dosage of 500 lg crystals/ml

culture medium at 37 �C with 5 % CO2. At 1, 2, and 6 h

post-incubation with crystals, the cells were subjected to

the flow cytometric measurements (as detailed below). The

cells without crystal intervention served as the controls.

Quantitative Analysis of Endocytosis by

Flow Cytometry

At 1, 2, and 6 h post-incubation with plain (non-labeled) or

fluorescence-labeled crystals with or without the inhibitor

pretreatment, the cells at indicated time-points were rinsed

with PBS (to eliminate the unbound crystals) followed by

trypsinization. The adherent crystals were then eliminated

(dissolved) by 5 mM EDTA in PBS for 5 min. The cells

with internalized crystals were then quantitated using a

flow cytometer (FACScan, Becton-Dickinson Immunocy-

tometry System; San Jose, CA). Quantitation of the inter-

nalized plain crystals was performed by analyzing side

scattered (SSC) light parameter. Briefly, cell population
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was gated by forward-scattered (FSC) and SSC lights,

which reflected cell size and granularity, respectively. The

controlled cells without any treatment were used to deter-

mine the cut-off level of normal cell granularity. The cells

with SSC shift-up above this cut-off value were counted as

the ones with internalized crystals. For FITC-labeled

crystals, the cells with positive FITC signal were directly

counted as those with internalized crystals.

Immunofluorescence Staining and Imaging by

Laser-Scanning Confocal Microscopy

MDCK cells were cultivated on cover slips (cleaved mica disk

diameter: 9.5 mm, SPI Supplies; Toronto, Canada) for 24 h.

The cells were rinsed with plain medium before pretreatment

with or without 50 lM cytochalasin D for 15 min followed by

incubation with 500 lg/ml COM crystals in the maintenance

medium for 2 h. After washing with PBS, the cells were fixed

with 3.7 % formaldehyde for 10 min and permeabilized with

0.1 % Triton X-100 for another 10 min. After another wash

with PBS, the cells were incubated with Phalloidin conjugated

with Oregon Green (Invitrogen/Molecular Probes; Burling-

ton, Canada) to stain F-actin (at a dilution of 1:50 in 1 % BSA/

PBS) at 37 �C for 1 h. The nuclei were counterstained by

Hoechst dye (Invitrogen/Molecular Probes) (at a dilution of

1:2,000 in 1 % BSA/PBS) at RT for 5 min. The cover slips

were then mounted with 50 % glycerol/PBS and the cells were

visualized using a laser-scanning confocal microscope

equipped with LSM5 Image Browser (LSM 510 META, Carl

Zeiss; Oberkochen, Germany). COM crystals adhered on the

cell surface or internalized into the cells were visualized by

light reflection (in red) at k = 633 nm (k633 nm) of the Kr

laser as described elsewhere [21, 24]. The intracellular (en-

docytosed) crystals were also imaged along the vertical axis

(Z-axis).

Statistical Analysis

All the aforementioned experiments were performed in

triplicate and all the quantitative data are presented as

mean ± SEM unless stated otherwise. Comparisons between

two sets of the data were performed using unpaired Student’s

t test. Multiple-comparisons were performed by ANOVA with

Tukey’s HSD post-hoc test. P values\0.05 were considered

statistically significant.

Results

In previous studies, electron microscopic examination had

demonstrated that COM crystals could be internalized into

MDCK renal tubular cells by endosome formation [6, 7,

25]. On this basis, the endocytosed COM crystals should

result in the increase of cellular granularity because of the

formed endosomes and crystalline compositions inside the

cells. To address this point, we applied quantitative flow

cytometric analysis to determine changes in cellular gran-

ularity after MDCK cells were incubated with or without

plain (non-labeled) COM crystals at a dosage of 500 lg/

ml. At 1, 2, and 6 h post-incubation, the cells incubated

with COM crystals had marked increase of cellular gran-

ularity as compared to the controlled cells (Fig. 1). The

data also showed that the increase of cellular granularity of

the COM-exposed MDCK cells was time dependent (i.e.,

the degree of increase was greatest at 6 h).

To investigate specific endocytic pathway of COM

crystal uptake into renal tubular cells, MDCK cells were

pretreated with each of specific inhibitors for the three

main endocytic pathways (including nystatin, cytochalasin

D, and CPZ) before incubation with plain COM crystals.

The results showed that the increase of cellular granularity

induced by plain COM crystals was modestly reduced (or

even unaffected in some conditions) by the pretreatment

with nystatin and CPZ (Fig. 1). However, the COM crys-

tal-induced increase of cellular granularity was dramati-

cally decreased by the pretreatment with cytochalasin D

(Fig. 1), suggesting that macropinocytosis might be the

major pathway for endocytosis of COM crystals by renal

tubular cells.

Since apoptotic cell death might also lead to the increase

of cell granularity and could interfere with data interpre-

tation, we thus performed trypan blue exclusion assay to

determine cell viability after treatment with crystals and

inhibitors. The results showed that [95 % of the cells

remained survived under our experimental conditions.

COM crystals at a dosage of 500 lg crystals/ml culture

medium and 6-h incubation did not affect the cell survival.

Additionally, there were no significant differences by using

various inhibitors (Supplementary Methods and Fig. S1).

We therefore assumed that changes in cell granularity

observed was due to modifications of crystal internalization

into the cells and was not caused by potential toxic effects

of chemicals and inhibitors.

In addition to the increase of cellular granularity induced by

plain COM crystals, flow cytometric quantification of the

internalized fluorescence-labeled COM crystals was also

performed. This recently established technique, based on the

direct quantification of fluorescence signals inside the cells,

allows more accurate quantification of the internalized COM

crystals [21]. In concordance with the data obtained from the

plain COM crystals, the cells incubated with fluorescence-

labeled COM crystals had marked increase in percentage of

FITC-positive cells, which indicated the internalized crystals,

in a time-dependent manner (Fig. 2). Also, pretreatment

with nystatin and CPZ slightly decreased the number of the

FITC-positive cells with internalized crystals. However,
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pretreatment with cytochalasin D dramatically reduced the

number of FITC-positive cells with internalized crystals

(Fig. 2). These results strongly suggested that COM crystals

were internalized into renal tubular cells mainly through

macropinocytosis.

To confirm the flow cytometric data, we performed

immunofluorescence staining followed by laser-scanning

confocal microscopy to directly visualize the endocytosed

COM crystals with or without a specific inhibitor of

macropinocytosis, cytochalasin D. This experiment was

also to address whether cytochalasin D affected crystal

adhesion or not. The data obtained from top-view captures

revealed that the total number of crystals (adhered onto the

cell surface and/or internalized into the cells) remained
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Fig. 1 Flow cytometric analysis of cellular granularity of MDCK

cells incubated with plain (non-labeled) COM crystals. Before

incubation with or without 500 lg/ml plain COM crystals, MDCK

cells were pretreated with 50 lM nystatin, cytochalasin D, or CPZ for

15 min. After 1–6 h of incubation with crystals, the cells were

harvested and analyzed by flow cytometry. Dot-plot analysis of

granularity (SSC; y-axis) and size (FSC; x-axis) of the cells is

demonstrated in (a), whereas statistical analysis of the percentage of

cells with increased granularity is shown in (b). Each bar was derived

from 3 independent experiments. *P \ 0.05 vs. controls; #P \ 0.05

vs. COM-treated cells without inhibitor pretreatment
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unchanged by cytochalasin D (Fig. 3a, b). This data indi-

cated that the inhibitory effect of cytochalasin D on

endocytosis (macropinocytosis) was not a result of reduc-

tion of total number of crystals interacted with the cells, but

was really a result of the specific inhibition of macropin-

ocytosis. Similar results on number of adhered and/or

internalized crystals were observed when the cells were

treated with nystatin and CPZ (Supplementary Fig. S2A

and S2B, respectively).

Consistently, the depth- and sagittal-views showed that

the cells pretreated with cytochalasin D had the COM

crystals mostly at their apical surfaces with rare crystals

found inside the cells, whereas the cells without inhibitor

pretreatment demonstrated many of the internalized
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Fig. 2 Quantitative assay of the COM crystal endocytosis in MDCK

cells using fluorescence-labeled crystals. Before incubation with or

without 500 lg/ml FITC-labeled COM crystals, MDCK cells were

pretreated with 50 lM nystatin, cytochalasin D, or CPZ for 15 min.

After 1–6 h of incubation with crystals, the cells were harvested and

analyzed by flow cytometry. Dot-plot analysis of granularity (SSC;

y-axis) and mean fluorescence intensity (FL1-H; x-axis) of the cells is

demonstrated in (a), whereas statistical analysis of the percentage of

FITC-positive cells is shown in (b). Each bar was derived from 3

independent experiments. *P \ 0.05 vs. controls; #P \ 0.05 vs.

COM-treated cells without inhibitor pretreatment
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crystals (Fig. 3c). These findings indicated that cytochala-

sin D pretreatment did not interfere with crystal adhesion

on the cell surface (which is a crucial step required before

crystal internalization) and confirmed the flow cytometric

data that cytochalasin D dramatically prevented the cells to

internalize COM crystals.

Discussion

Nephrolithiasis (kidney stone disease) is a common disease

affecting general adult population worldwide. Although

physicochemical mechanisms of stone formation have been

partially described, little is known for the interaction

between renal tubular cells and crystalline compound of the

stones. To unravel pathogenic mechanisms of the disease,

the interaction between renal tubular cells and crystals has

become one of major research topics of this field during the

past decade. The fixed-particle model of the disease has

suggested that crystal retention is an important step prior to

the stone development [26, 27]. Several macromolecules

(in free forms or anchored on the cell surfaces) have been

demonstrated to involve in this step [26]. Subsequently, the

crystals are rapidly engulfed or endocytosed into renal

tubular cells. The endocytosis of crystals has been shown to

be a crucial step during the stone initiation [6, 7, 28]. In

many previous studies, animal models of kidney stone

disease and clinical samples obtained from stone formers

have demonstrated that CaOx crystals can be found inside

renal tubular cells [29, 30]. In addition, several in vitro

studies on renal tubular cell lines exposed to COM crystals

have shown that the crystals could adhere on microvilli of

Nucleus F-actin Merged & crystals

COM 500 
µg/ml

20 µm 20 µm 20 µm

50 µM Cyto D 
+ COM+

20 µm 20 µm 20 µm

NS (P value = 0.57)
80r 

60

70

re
d

 a
n

d
/o

ls
 (

/H
P

F
)

40

50

r 
o

f 
ad

h
e

d
 c

ry
st

a

20

30

al
 n

u
m

b
e

n
te

rn
al

iz
e

0

10

M Cyto D + COM

To
t i

COM 500 µg/ml 50 µ     

Depth view Sagittal view

E

COM 500 
/ml

20 µm

µg E

20 µm 20 µm

50 µM Cyto D 
+ COM

A A

20 µm

+ COM A

20 µm 20 µm

E = Endocytosed crystals
A = Adhered crystals

A

C

B

Fig. 3 Confirmation of the inhibitory effects of cytochalasin D on

COM crystal endocytosis. MDCK cells grown on cover slips were

pretreated with or without 50 lM cytochalasin D for 15 min before

incubation with COM crystals for 2 h. a F-actin was stained in green
with Oregon Green-conjugated phalloidin, whereas nuclei were

counterstained with Hoechst dye. The images were taken by top-
view. The last column shows merged view of bright field and

fluorescence staining. The internalized crystals are shown in red color

(by using light reflection at k633 nm) and marked with red arrows,

whereas the adhered crystals (by bright field) on cell surfaces are

located with white arrows. b Quantitative data and statistical analysis

of the total number of COM crystals interacted with MDCK cells by

adhesion and/or internalization. Each bar was derived from 3

independent experiments (HPF high-power field). c Depth- and

sagittal-views of cells with adhered (labeled as ‘‘A’’) or endocytosed

(labeled as ‘‘E’’) crystals. The images were captured under a laser-

scanning confocal microscope at an original magnification of 9630.

COM crystals were visualized in red by a light reflection at k633 nm

using the Kr laser (Color figure online)
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the cell surface and were sequentially internalized into the

cells within an hour [6, 7, 25, 31]. The term ‘‘endocytosis’’

has been generally used for internalization or engulfment

of the crystals adhered on the cell surface. However, there

had been no available data to address molecular pathway

underlying crystal internalization through endocytosis.

Several methods have been used for the investigations of

COM crystal endocytosis. The simplest one is using a phase

contrast microscope. Nevertheless, the data obtained are not

reliable since this technique cannot distinguish the internal-

ized crystals from those adhered on the cell surface. Therefore,

most of the studies have employed [14C]-labeled COM crys-

tals to determine the cells with the engulfed crystals [6, 32].

Although it provides higher sensitivity, this method may be

hazardous to health and environment. Another approach is to

distinguish cell size and granularity between the controlled

cells and those with endocytosed crystals. Flow cytometry

allows for such discrimination by using FSC and SSC signals,

which correlate very well with the cell size and the complexity

inside the cells (e.g., granules, vesicles), respectively. The

granularity of cells with endocytosed crystals was expected to

increase compared to the controlled cells [33]. Furthermore,

we have recently established a novel non-radioactive method

based on fluorescence labeling for visualizing and tracking the

crystals [21].

In the present study, we applied both flow cytometry and

fluorescence-labeled crystals for the investigations of COM

crystal endocytosis in renal tubular cells. It has been

hypothesized that distal nephron was the priming site for

stone nidus formation. Therefore, MDCK cells, which were

derived from normal canine kidneys (particularly from distal

renal tubule and collecting duct [34]), were employed in the

present study. We first used the plain or non-labeled COM

crystals and found the increased granularity of the cells with

endocytosed crystals (Fig. 1). However, the obtained data

could not be referred directly to the cells with the endocy-

tosed or internalized crystals. We then employed the FITC-

labeled COM crystals in combination with flow cytometry

for the more reliable analyses [21]. To avoid the false

positive generated by the adhered crystals, we completely

dissolved such adherent crystals by using EDTA before the

analysis [32]. Thus, the positive signals would directly refer

to the engulfed COM crystals inside the cells. The results

showed that the data obtained from fluorescence-labeled

COM crystals (Fig. 2) were consistent with those obtained

from the plain COM crystals (Fig. 1).

The analysis revealed that pretreatment with cytocha-

lasin D provided the greatest degree of reduction of the

endocytosed crystals, whereas nystatin and CPZ had only

modest degree of such inhibition (Figs. 1, 2). However,

higher degree of inhibition was observed when using

fluorescence-labeled crystals. The reason behind was that

detection of changes in fluorescence signal (%FITC-

positive cells) is more sensitive as compared to the detec-

tion of changes in cell granularity. This means that under

the same situation, if the cell engulfed only a tiny fluo-

rescence-labeled crystal, it could be counted as a FITC-

positive cell although such uptake might not affect the cell

granularity.

Various drugs and chemical reagents were used to define

the specific mechanisms involved in COM crystal endo-

cytosis by MDCK cells. Previous findings suggested that

increased intracellular calcium concentration, blockade of

actin polymerization, inhibition of protein kinase C, and

cyclo-oxygenase activity were involved in the reduction of

COM crystal uptake [35]. We obtained similar findings that

cytochalasin D significantly reduced the number of crystals

uptake most likely via inhibition of actin polymerization.

In concordance with others [6, 25], using laser-scanning

confocal microscopy, we found that more than one crystal

could be engulfed into the cell. Microscopic examination

revealed that microvilli of the cells played a key role in

crystal internalization process [36]. Lieske et al. [6] dem-

onstrated that the adhered crystals were engulfed into

vesicles by the cellular projection. Using laser-scanning

confocal microscope, we also observed that the endocyto-

sed crystals were surrounded by actin vesicles. Pretreat-

ment with cytochalasin D did not affect crystal adhesion on

MDCK cell surface. As macropinosomes were derived

from actin-rich plasma membranes, so called ruffles, it was

unsurprising that disruption by cytochalasin D markedly

inhibited COM crystal uptake.

Although macropinosome shared some features with

other organelles, e.g., endosome, lysosome, and phagoly-

sosome, however, it has distinct organization process.

While phagosome formation is initiated and maintained by

interaction between Fc receptors and the internalized par-

ticles (opsonized particles), macropinosome formation is

rather independent of the external stimuli [16]. In addition,

maturation of macropinosome requires the exchange of

membrane components with those of other organelles,

including endolysosomal system (i.e., Rab7), making it

more difficult to define the unique molecular markers of

this process [37, 38].

Finally, it should be emphasized that the inhibition of

crystal endocytosis using cytochalasin D to block macr-

opinocytosis was not perfectly complete. This might be

simply explained that endocytosis of COM crystals by

renal tubular cells was also mediated partially through lipid

raft/caveolae- and clathrin-dependent pathways (as the

minor or alternative mechanisms to uptake COM crystals)

(Figs. 1, 2). Theoretically, using inhibitors specific to all

three endocytic pathways should completely inhibit the

crystal uptake. However, it may not be practical because

overdose of inhibitors will cause cytotoxicity and ulti-

mately cell death, which affects interpretation of the
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results. Also, the experimental condition used in our study

might not be optimal to completely inhibit the COM crystal

uptake. However, these findings could highlight that

endocytosis of COM crystals by MDCK renal tubular cells

was mainly actin cytoskeleton-dependent process (i.e.,

macropinocytosis).

In summary, we report herein for the first time that renal

tubular cells endocytose COM crystals mainly via macr-

opinocytosis. These novel findings will pave the way for

further tracking the endocytosed crystals inside renal

tubular cells during the course of kidney stone formation.

Further in-depth studies on subsequent signal transduction

cascade following macropinocytosis of COM crystals and

the fate of the endocytosed crystals after such uptake will

definitely provide valuable information to better under-

stand the precise mechanisms of kidney stone formation.

Acknowledgments This study was supported by Office of the

Higher Education Commission and Mahidol University under the

National Research Universities Initiative, The Thailand Research

Funds (RTA5380005, TRG5480005, and TRG5480008), and Faculty

of Medicine Siriraj Hospital. KS is supported by the Royal Golden

Jubilee PhD Program, whereas VT is also supported by the ‘‘Chal-

ermphrakiat’’ Grant, Faculty of Medicine Siriraj Hospital.

References

1. Moe, O. W. (2006). Kidney stones: Pathophysiology and medical

management. Lancet, 367, 333–344.

2. Khan, S. R., & Hackett, R. L. (1991). Retention of calcium oxalate

crystals in renal tubules. Scanning Microscopy, 5, 707–711.

3. De Bruijn, W. C., Boeve, E. R., van Run, P. R., van Miert, P. P.,

de Water, R., Romijn, J. C., et al. (1995). Etiology of calcium

oxalate nephrolithiasis in rats. I. Can this be a model for human

stone formation? Scanning Microscopy, 9, 103–114.

4. de Water, R., Noordermeer, C., van der Kwast, T. H., Nizze, H.,

Boeve, E. R., Kok, D. J., et al. (1999). Calcium oxalate nephro-

lithiasis: Effect of renal crystal deposition on the cellular com-

position of the renal interstitium. American Journal of Kidney
Diseases, 33, 761–771.

5. Tsujihata, M. (2008). Mechanism of calcium oxalate renal stone

formation and renal tubular cell injury. International Journal of
Urology, 15, 115–120.

6. Lieske, J. C., Swift, H., Martin, T., Patterson, B., & Toback, F. G.

(1994). Renal epithelial cells rapidly bind and internalize calcium

oxalate monohydrate crystals. Proceedings of the National
Academy of Sciences USA, 91, 6987–6991.

7. Schepers, M. S., Duim, R. A., Asselman, M., Romijn, J. C.,

Schroder, F. H., & Verkoelen, C. F. (2003). Internalization of

calcium oxalate crystals by renal tubular cells: A nephron seg-

ment-specific process? Kidney International, 64, 493–500.

8. Evan, A. P., Lingeman, J. E., Coe, F. L., Parks, J. H., Bledsoe,

S. B., Shao, Y., et al. (2003). Randall’s plaque of patients with

nephrolithiasis begins in basement membranes of thin loops of

Henle. The Journal of Clinical Investigation, 111, 607–616.

9. Kumar, V., Farell, G., Yu, S., Harrington, S., Fitzpatrick, L.,

Rzewuska, E., et al. (2006). Cell biology of pathologic renal

calcification: Contribution of crystal transcytosis, cell-mediated

calcification, and nanoparticles. Journal of Investigative Medi-
cine, 54, 412–424.

10. Evan, A. P., Coe, F. L., Lingeman, J. E., Shao, Y., Sommer, A. J.,

Bledsoe, S. B., et al. (2007). Mechanism of formation of human

calcium oxalate renal stones on Randall’s plaque. The Anatomical
Record (Hoboken), 290, 1315–1323.

11. Doherty, G. J., & McMahon, H. T. (2009). Mechanisms of

endocytosis. Annual Review of Biochemistry, 78, 857–902.

12. Ivanov, A. I. (2008). Pharmacological inhibition of endocytic

pathways: Is it specific enough to be useful? Methods in Molec-
ular Biology, 440, 15–33.

13. Seto, E. S., Bellen, H. J., & Lloyd, T. E. (2002). When cell

biology meets development: Endocytic regulation of signaling

pathways. Genes & Development, 16, 1314–1336.

14. Parton, R. G., & Richards, A. A. (2003). Lipid rafts and caveolae

as portals for endocytosis: New insights and common mecha-

nisms. Traffic, 4, 724–738.

15. Vassilieva, E. V., Gerner-Smidt, K., Ivanov, A. I., & Nusrat, A.

(2008). Lipid rafts mediate internalization of beta1-integrin in

migrating intestinal epithelial cells. American Journal of Physi-
ology Gastrointestinal and Liver Physiology, 295, G965–G976.

16. Kerr, M. C., & Teasdale, R. D. (2009). Defining macropinocy-

tosis. Traffic, 10, 364–371.

17. Sorkin, A. (2004). Cargo recognition during clathrin-mediated

endocytosis: A team effort. Current Opinion in Cell Biology, 16,

392–399.

18. Ros-Baro, A., Lopez-Iglesias, C., Peiro, S., Bellido, D., Palacin,

M., Zorzano, A., et al. (2001). Lipid rafts are required for GLUT4

internalization in adipose cells. Proceedings of the National
Academy of Sciences USA, 98, 12050–12055.

19. Peterson, J. R., & Mitchison, T. J. (2002). Small molecules, big

impact: A history of chemical inhibitors and the cytoskeleton.

Chemistry & Biology, 9, 1275–1285.

20. Inal, J., Miot, S., & Schifferli, J. A. (2005). The complement inhib-

itor, CRIT, undergoes clathrin-dependent endocytosis. Experimental
Cell Research, 310, 54–65.

21. Chaiyarit, S., Mungdee, S., & Thongboonkerd, V. (2010). Non-

radioactive labelling of calcium oxalate crystals for investigations

of crystal-cell interaction and internalization. Analytical Methods,
2, 1536–1541.

22. Thongboonkerd, V., Semangoen, T., Sinchaikul, S., & Chen, S.

T. (2008). Proteomic analysis of calcium oxalate monohydrate

crystal-induced cytotoxicity in distal renal tubular cells. Journal
of Proteome Research, 7, 4689–4700.

23. Semangoen, T., Sinchaikul, S., Chen, S. T., & Thongboonkerd,

V. (2008). Proteomic analysis of altered proteins in distal renal

tubular cells in response to calcium oxalate monohydrate crystal

adhesion: Implications for kidney stone disease. Proteomics
Clinical Applications, 2, 1099–1109.

24. Verkoelen, C. F., van der Boom, B. G., Houtsmuller, A. B.,

Schroder, F. H., & Romijn, J. C. (1998). Increased calcium

oxalate monohydrate crystal binding to injured renal tubular

epithelial cells in culture. American Journal of Physiology, 274,

F958–F965.

25. Kohjimoto, Y., Ebisuno, S., Tamura, M., & Ohkawa, T. (1996).

Interactions between calcium oxalate monohydrate crystals and

Madin–Darby canine kidney cells: Endocytosis and cell prolif-

eration. Urological Research, 24, 193–199.

26. Verkoelen, C. F., & Verhulst, A. (2007). Proposed mechanisms in

renal tubular crystal retention. Kidney International, 72, 13–18.

27. Kok, D. J., & Khan, S. R. (1994). Calcium oxalate nephrolithi-

asis, a free or fixed particle disease. Kidney International, 46,

847–854.

28. Lieske, J. C., & Toback, F. G. (1993). Regulation of renal epi-

thelial cell endocytosis of calcium oxalate monohydrate crystals.

American Journal of Physiology, 264, F800–F807.

29. Ebisuno, S., Kohjimoto, Y., Tamura, M., Inagaki, T., & Ohkawa,

T. (1997). Histological observations of the adhesion and

Cell Biochem Biophys

123



endocytosis of calcium oxalate crystals in MDCK cells and in rat

and human kidney. Urologia Internationalis, 58, 227–231.

30. Khan, S. R. (1995). Calcium oxalate crystal interaction with renal

tubular epithelium, mechanism of crystal adhesion and its impact

on stone development. Urological Research, 23, 71–79.

31. Lieske, J. C., Norris, R., Swift, H., & Toback, F. G. (1997).

Adhesion, internalization and metabolism of calcium oxalate

monohydrate crystals by renal epithelial cells. Kidney Interna-
tional, 52, 1291–1301.

32. Hovda, K. E., Guo, C., Austin, R., & McMartin, K. E. (2010).

Renal toxicity of ethylene glycol results from internalization of

calcium oxalate crystals by proximal tubule cells. Toxicology
Letters, 192, 365–372.

33. Borges, F. T., Michelacci, Y. M., Aguiar, J. A., Dalboni, M. A.,

Garofalo, A. S., & Schor, N. (2005). Characterization of gly-

cosaminoglycans in tubular epithelial cells: Calcium oxalate and

oxalate ions effects. Kidney International, 68, 1630–1642.

34. Dukes, J. D., Whitley, P., & Chalmers, A. D. (2011). The MDCK

variety pack: Choosing the right strain. BMC Cell Biology, 12,

43.

35. Campos, A. H., & Schor, N. (2000). Mechanisms involved in

calcium oxalate endocytosis by Madin–Darby canine kidney

cells. Brazilian Journal of Medical and Biological Research, 33,

111–118.

36. Kohjimoto, Y., Ebisuno, S., Tamura, M., & Ohkawa, T. (1996).

Adhesion and endocytosis of calcium oxalate crystals on renal

tubular cells. Scanning Microscopy, 10, 459–468.

37. Racoosin, E. L., & Swanson, J. A. (1993). Macropinosome

maturation and fusion with tubular lysosomes in macrophages.

Journal of Cell Biology, 121, 1011–1020.

38. Kerr, M. C., Lindsay, M. R., Luetterforst, R., Hamilton, N.,

Simpson, F., Parton, R. G., et al. (2006). Visualisation of mac-

ropinosome maturation by the recruitment of sorting nexins.

Journal of Cell Science, 119, 3967–3980.

Cell Biochem Biophys

123



ORIGINAL PAPER

Secreted Products of Macrophages Exposed to Calcium Oxalate
Crystals Induce Epithelial Mesenchymal Transition of Renal
Tubular Cells via RhoA-Dependent TGF-b1 Pathway
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Abstract Kidney stone disease is associated with renal

fibrosis by the unclear mechanisms. We hypothesized that

calcium oxalate (CaOx), a major crystalline component of

kidney stones, could induce secretion of fibrotic factors

from macrophages leading to ‘‘epithelial mesenchymal

transition/transdifferentiation’’ (EMT) of renal tubular

cells. Western blot analysis revealed an increased level of

vimentin (mesenchymal marker) but decreased levels of

E-cadherin and cytokeratin (epithelial markers) in MDCK

cells treated with ‘‘secreted products from CaOx-exposed

macrophages’’ (CaOx-M-Sup). Immunofluorescence study

confirmed the increased level of vimentin and decreased

level of cytokeratin, and also revealed the increased level

of fibronectin (another mesenchymal marker). The data

also showed decreased levels and disorganization of

F-actin (cytoskeletal marker) and zonula occludens-1 (ZO-

1) (tight junction marker) induced by CaOx-M-Sup. ELISA

demonstrated the increased level of transforming growth

factor-b1 (TGF-b1), the well-defined EMT inducer, in

CaOx-M-Sup. Downstream signaling of TGF-b1 was

involved as demonstrated by the decreased level of RhoA.

Interestingly, pretreatment with a proteasome inhibitor

(MG132) could restore RhoA to its basal level, most likely

through ubiquitin-proteasome pathway (UPP). Moreover,

MG132 successfully sustained cytoskeletal assembly and

tight junction, and could prevent the cells from EMT.

Altogether, these data demonstrate for the first time that

CaOx-M-Sup could induce EMT in renal tubular cells by

TGF-b1 signaling cascade via RhoA and UPP. This may

be, at least in part, the underlying mechanism for renal

fibrosis in kidney stone disease.

Keywords Calcium oxalate � Epithelial mesenchymal

transition (EMT) � RhoA � Secretome � Tubular cells

Introduction

Many studies have demonstrated the association between

kidney stone disease (nephrolithiasis/urolithiasis) and renal

fibrosis [1, 2]. Unlike other types of chronic kidney disease

(CKD) (e.g., diabetic nephropathy, glomerulopathies) in

which mechanisms underlying renal fibrotic changes have

been extensively investigated and some of them are well

accepted, the mechanisms underlying renal fibrosis in

kidney stone disease remain largely unknown. In general, a

process called ‘‘epithelial mesenchymal transition/trans-

differentiation’’ (EMT) plays a crucial role in many models

of renal fibrosis [3, 4]. Typical morphology and polarity of

tubular epithelial cells are lost during EMT, and the cells

transform to fibroblasts with spindle shape [5, 6]. With this

transition, the cells acquire mesenchymal characteristics,

including down-regulation of epithelial markers, i.e.,

E-cadherin, cytokeratin, and tight junction protein zonula

occludens-1 (ZO-1), resulting to disintegration and loss of

the cell contact. On the other hand, the cells undergoing

EMT up-regulates mesenchymal markers, i.e., vimentin

and fibroblast-specific protein 1 (FSP1). Over-production
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of extracellular matrix proteins (e.g., fibronectin, collagen,

matrix metalloproteinases (MMPs)) has been also found

during the EMT induction [5, 7]. Moreover, EMT can

induce actin disorganization or reorganization into the actin

stress fiber.

In a previous study by Iwano et al. [8] using chimeric

bone marrow and transgenic murine model, approximately

one third of renal interstitial fibroblasts have been found to

be derived from tubular epithelial cells by the EMT pro-

cess. In another study by Rastaldi et al. [4], 133 human

renal biopsies from patients with various kidney diseases

have shown EMT characteristics correlated with the degree

of interstitial damage. Transforming growth factor-b1

(TGF-b1) is the well-known proinflammatory cytokine that

plays a crucial role in the induction of EMT [3] and has

been reported to be associated with CKD [9]. A recent

study has shown that renal tubular epithelial cells derived

from collecting duct treated with insulin-like growth fac-

tors and TGF-b1 turned to fibroblasts by EMT [10]. These

aforementioned studies suggest that renal tubular epithelial

cells can be transformed via EMT mechanism in response

to some stimuli and may, in turn, participate in the path-

ogenesis of renal fibrosis. Hence, the investigations of

underlying mechanisms that regulate EMT in combination

with the studies to search for novel inhibitors that can

prevent or limit EMT process are of great importance.

In a rat model of kidney stone disease, macrophages

have been found to accumulate at the site of calcium

oxalate (CaOx) crystal deposition [11, 12]. It has been

generally presumed that these cells play important roles in

the elimination of CaOx crystals by phagocytosis. More-

over, the activated macrophages can also produce proin-

flammatory cytokines, which in turn may stimulate

production of other various cytokines in response to the

inflammation [13–15]. Consequently, progressive inflam-

mation develops and can amplify the tubulointerstitium

damage because of the synergistic effects of the leukocyte

recruitment and the secreted products derived from the

activated macrophages to initiate tissue fibrosis [15, 16].

In this study, we hypothesized that the secreted products

derived from macrophages exposed to CaOx, a major

causative crystalline component of kidney stones, could

induce secretion of fibrotic factors from macrophages

leading to EMT of renal tubular cells. EMT markers were

examined by Western blot analysis and immunofluores-

cence study. Level of TGF-b1 in the ‘‘secreted products of

CaOx-exposed macrophages’’ (CaOx-M-Sup) and cellular

levels of the cascade signaling molecule RhoA as well as

the ubiquitinated proteins were measured. Finally, a pro-

teasome inhibitor (MG132) was applied to examine whe-

ther the intervention of ubiquitin-proteasome pathway

(UPP) could prevent EMT and changes in RhoA induced

by CaOx-M-Sup.

Materials and Methods

Macrophage Cultivation, Intervention by CaOx

Crystals, and Collection of CaOx-M-Sup

Human monocytic cell line U937 was grown in complete

RPMI medium (Gibco; Grand Island, NY) supplemented

with 10 % (v/v) heat-inactivated fetal bovine serum (FBS)

(Gibco), 100 U/ml penicillin G and 100 mg/ml strepto-

mycin (Sigma; St.Louis, MO). The cells were maintained

in a humidified incubator at 37 �C with 5 % CO2. U937

cells were derived to human macrophages by incubation

with 100 ng/ml phorbol 12-myristate 13-acetate (PMA) for

48 h, and the biology and characteristics of macrophages

were confirmed as previously described [17]. During PMA

treatment, the cells were refreshed with growth RPMI

medium every 24 h. Thereafter, macrophages were treated

with 100 lg/ml CaOx crystals (prepared as described in

our previous studies [18, 19]) in complete RPMI without

FBS supplementation for 48 h and the culture supernatant

was then harvested. The collected supernatant (CaOx-M-

Sup) was clarified by a centrifugation at 3,500 rpm at 4 �C

for 15 min and kept as aliquots at -80 �C until used.

Cultivation of Distal Renal Tubular Cells and Induction

of EMT by CaOx-M-Sup

Mardin-Darby Canine Kidney (MDCK), a distal renal

tubular epithelial cell line, was cultivated in a growth

medium (Eagle’s minimum essential medium (MEM)

(Gibco) supplemented with 10 % (v/v) heat-inactivated

FBS (Gibco), 100 U/ml penicillin G and 100 mg/ml

streptomycin (Sigma)). The cells were maintained in a

humidified incubator at 37 �C with 5 % CO2. MDCK cells

were seeded into six-well plate at 4 9 104 cells/well and

further maintained in the growth medium for 24 h.

Thereafter, the cells were washed with serum-free medium

and then incubated in CaOx-M-Sup mixed 1:1 with a

maintenance medium (MEM supplemented with 1 % heat-

inactivated FBS) for 24 h. The cells incubated with plain

MEM mixed with a maintenance medium (1:1) served as

the controls.

Prevention of EMT by a Proteasome Inhibitor

MDCK cells were seeded into six-well plate at 4 9 104

cells/well and further maintained in the growth medium for

24 h, the cells were pretreated with either dimethyl sulf-

oxide (DMSO; as a chemical control for inhibitory effect)

or 0.1 lM MG132 (a specific proteasome inhibitor) (Tocris

Bioscience; Bristol, UK) for 2 h before incubation with or

without CaOx-M-Sup for 24 h as aforementioned. The

cells were then subjected to morphological analysis,
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immunofluorescence study and Western blot analyses as

follows.

Morphological Study and Immunofluorescence

Stainings

Cell morphology was observed under a phase contrast

microscope (Olympus CKX41; Tokyo, Japan) at 24 h after

treatment with or without CaOx-M-Sup. For immunofluo-

rescence stainings, the cells were grown on a coverslip and

EMT was induced by CaOx-M-Sup as aforementioned.

The cells were then processed for immunofluorescence

stainings of vimentin, fibronectin, cytokeratin, F-actin and

ZO-1. In brief, the cells were washed once with PBS and

then fixed with 3.7 % formaldehyde in PBS at room tem-

perature (RT) for 10 min and permeabilized with 1 % tri-

ton x-100 in PBS at RT for another 10 min. After washing,

the cells were incubated with anti-vimentin conjugated

with Alexa Fluor 488 (Invitrogen; Eugene, OR) or other

specific primary antibody (anti-fibronectin, anti-cytokera-

tin, or anti-ZO-1) (Santa Cruz Biotechnology; Santa Cruz,

CA), all at a dilution of 1:50 in 1 % BSA/PBS at 37 �C for

1 h. F-actin was stained by Oregon Green labeled-phal-

loidin (Invitrogen) at a dilution of 1:50 in 1 % BSA/PBS at

37 �C for 1 h. The cells were then extensively washed with

PBS. Except for stainings of vimentin and F-actin, the cells

were further incubated with respective secondary antibody

conjugated with Cy3 (Dako; Glostrup, Denmark) at a

dilution of 1:2,500 in 1 % BSA/PBS at RT for 1 h. After

the final washing step, the cells were mounted onto a glass

slide using ProLong Gold antifade reagent (Invitrogen) and

images were captured under the Nikon Eclipse 80i fluo-

rescence microscope (Nikon; Tokyo, Japan).

Western Blot Analyses

Proteins were extracted from the whole cells using Lae-

mmli’s buffer and concentrations of proteins derived from

individual samples were obtained using the Bio-Rad Pro-

tein Assay (Bio-Rad Laboratories; Hercules, CA) based on

the Bradford method. An equal amount of 20 lg proteins

derived from each sample was resolved by 12 % SDS-

PAGE. The resolved proteins were transferred onto a

nitrocellulose membrane and then incubated with specific

primary antibody (anti-vimentin, anti-E-cadherin, anti-

cytokeratin, anti-RhoA, anti-ubiquitin, or anti-GAPDH)

(Santa Cruz Biotechnology) at a dilution of 1:1,000 in 1 %

skim milk/PBS at 4 �C overnight. Note that GAPDH

served as the equal loading control. After washing, the

membrane was further incubated with corresponding sec-

ondary antibody conjugated with horseradish peroxidase

(HRP) (Dako) at a dilution of 1:2,000 in 1 % skim milk/

PBS at RT for 1 h. Finally, the reactive protein bands were

visualized by SuperSignal West Pico chemiluminescence

substrate (Pierce Biotechnology, Inc., Rockford, IL) and

autoradiography. Band intensity data were obtained using

ImageQuant software (GE Healthcare; Uppsala, Sweden).

ELISA

Level of TGF-b1 in CaOx-M-Sup was measured by a

commercially available ELISA kit (RayBiotech; Singa-

pore). The procedures were performed according to the

protocol provided by the manufacturer.

Statistical Analysis

Quantitative data are reported as mean ± SEM. Compari-

sons of the data between the two sets of samples were

performed using unpaired Student’s t test. P values less

than 0.05 were considered statistically significant.

Results

Induction of EMT in Renal Tubular Cells by CaOx-M-

Sup

MDCK cells were maintained in CaOx-M-Sup mixed 1:1

with a maintenance medium. After 24 h of such treatment,

the cells with typical epithelial-like morphology turned into

the fibroblast-like cells with spindle shape (Fig. 1a). We

then performed Western blot analysis to examine for

markers of the transition of epithelial cells to mesenchymal

cells, including the up-regulation of mesenchymal marker

(vimentin) and down-regulation of epithelial markers

(E-cadherin and cytokeratin). In concordance to the mor-

phological changes, Western blot data showed significant

increase in vimentin level and decreases in levels of

E-cadherin and cytokeratin as compared to the controlled

cells (Fig. 1b, c). In addition, the induction of EMT by

CaOx-M-Sup was also confirmed by immunofluorescence

study, which revealed increased expression levels of

vimentin and fibronectin (mesenchymal markers), whereas

expression level of cytokeratin (epithelial marker) was

decreased (Fig. 1d). Moreover, the data also showed the

decreased levels and disorganization of F-actin and tight

junction protein zonula occludens-1 (ZO-1) (Fig. 1d).

Induction of EMT by CaOx-M-Sup was Controlled

by TGF-b1-Induced RhoA Degradation through

Ubiquitin-Proteasome Pathway (UPP)

Because the proinflammatory cytokine TGF-b1 has been

recognized as the key factor for induction of EMT, we thus

measured level of TGF-b1 in CaOx-M-Sup using ELISA.
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Fig. 1 Induction of EMT in MDCK cells by secreted products from

CaOx-exposed macrophages (CaOx-M-Sup). The cells were cultivated

with the controlled maintenance medium or with CaOx-M-Sup mixed

1:1 with the maintenance medium for 24 h and were then subjected to

morphological study (a). Western blot analysis was performed (b) and

band intensity data were obtained from 3 independent experiments and

normalized with GAPDH, which served as the loading control (c).

Immunofluorescence study was performed for staining mesenchymal

markers (vimentin and fibronectin) and epithelial markers (E-cadherin,

cytokeratin, F-actin and ZO-1) (d). *p \ 0.05 versus control
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The results showed that level of TGF-b1 in CaOx-M-Sup

was significantly greater than that of the controlled medium

(Fig. 2a). Recent lines of evidence have reported that

RhoA might be a cascade signaling molecule responsible

for TGF-b1-induced EMT [3–10]. Once triggered by TGF-

b1, RhoA would be degraded by UPP. To examine the

involvement of RhoA and UPP in EMT in our model, we

performed Western blot analysis to determine cellular level

of RhoA (Fig. 2b). The data showed that RhoA was

significantly reduced in MDCK cells treated with CaOx-M-

Sup as compared to the controls. Interestingly, pretreat-

ment of the cells with a proteasome inhibitor (MG132)

prior to EMT induction successfully restored RhoA to its

basal level, whereas pretreatment with DMSO (as a

chemical control for inhibitory effect) had no influence on

RhoA level (Fig. 2b). In parallel, we also determined levels

of ubiquitin-tagged proteins using an antibody specific

to ubiquitin molecules. As expected, levels of the

ubiquitinated proteins were significantly increased in the

cells pretreated with MG132 prior to the induction of EMT,

whereas their levels were comparable among the controlled

cells, CaOx-M-Sup-treated cells, and CaOx-M-Sup-treated

cells pretreated with DMSO (Fig. 2c, d). Taken together,

these data implicated that the decreased RhoA level in

CaOx-M-Sup-treated cells was most likely due to the UPP-

mediated degradation.

Disorganization of the Actin Cytoskeletal Assembly

and ZO-1 Induced by CaOx-M-Sup was Successfully

Prevented by a Specific Proteasome Inhibitor

We next examined whether MG132 could prevent disor-

ganization of the actin cytoskeletal assembly and the tight

junction protein ZO-1 upon the induction of EMT by

CaOx-M-Sup. Immunofluorescence study revealed that the

decreased levels and disorganization of actin and ZO-1
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Fig. 2 Measurements of TGF-b1 level in CaOx-M-Sup and cellular

levels of RhoA and ubiquitinated proteins in MDCK cells. The level

of TGF-b1 in CaOx-M-Sup was measured by ELISA (a), whereas the

cellular levels of RhoA (b) and ubiquitinated proteins (c) in MDCK

cells were evaluated by Western blot analyses. Band intensity data of

ubiquitinated proteins were obtained from 3 independent experiments

and normalized with GAPDH, which served as the loading control

(d). A specific proteasome inhibitor MG132 was employed to

demonstrate the significant role of UPP in RhoA degradation. DMSO

served as the chemical control of the inhibitory effects by MG132.

*p \ 0.02 versus control; **p \ 0.05 versus control; #p \ 0.05

versus CaOx-M-Sup group
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were successfully prevented by the MG132 pretreatment,

not by DMSO pretreatment (Fig. 3a).

Restoration of Epithelial Marker and Suppression

of Mesenchymal Marker by MG132

Our findings suggested the significant role of the protea-

some inhibitor MG132 in the prevention of EMT induced

by CaOx-M-Sup. We finally examined whether MG132

could restore the epithelial marker, while suppressed the

mesenchymal marker. The results confirmed that pretreat-

ment with MG132 successfully prevented the induction of

EMT as demonstrated by the restoration of the epithelial

protein E-cadherin and suppression of the mesenchymal

protein vimentin to their basal levels (Fig. 3b, c).

Discussion

The common manifestation of CKD is characterized by

renal fibrosis, of which pathology can be found in both

glomerulus (glomerulosclerosis) and tubulointerstitium

(tubulointerstitial fibrosis). Although the pathogenic mech-

anisms leading to renal fibrosis remains hazy, transforma-

tion of epithelial cells to fibroblasts (also known as EMT)

has been implicated as a crucial mechanism underlying renal

(A)

(B)

ZO-1

Control

Sup

DMSO+Sup

0.1 µM MG132
+Sup

Actin

20 µm 20 µm

20 µm 20 µm

20 µm 20 µm

20 µm 20 µm

E-cadherin

Vimentin

GAPDH

120 kDa

57 kDa

37 kDa

(C)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Control Sup DMSO+Sup 0.1µM 
MG132+Sup

#

R
el

at
iv

e 
b

an
d

 in
te

n
si

ty
o

f 
E

-c
ad

h
er

in
/G

A
P

D
H

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Control Sup DMSO+Sup 0.1µM 
MG132+Sup

#

*

R
el

at
iv

e 
b

an
d

 in
te

n
si

ty
o

f 
vi

m
en

ti
n

/G
A

P
D

H

Fig. 3 Effects of the specific proteasome inhibitor MG132 on EMT

induced by CaOx-M-Sup. Immunofluorescence study was per-

formed to determine the effects of MG132 on restoration of F-actin

cytoskeletal assembly and tight junction complex (a). Western blot

analysis was done to demonstrate the effects of MG132 on

epithelial marker (E-cadherin) and mesenchymal marker (vimentin)

(b). Band intensity data were obtained from 3 independent

experiments and normalized with GAPDH, which served as the

loading control (c). *p \ 0.05 versus control; #p \ 0.05 versus

CaOx-M-Sup group
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fibrosis [3–10]. Many lines of evidence have demonstrated

the important role of macrophages in inflammatory response

of renal tissues as well as the initiation of renal injury in

CKD [12, 15, 16, 20]. Macrophages represent the predom-

inant interstitial leukocytes in the diseased kidney.

Once interstitial inflammation occurs, both activated resi-

dential and infiltrating macrophages produce various

secretory products, including cytotoxic factors (e.g., reac-

tive oxygen species, nitric oxide, etc.), angiogenesis factors

(e.g., thrombospodin-1, angiotensin-II, endothelin, vascular

endothelial growth factor, etc.), and fibrotic factors (e.g.,

TGF-b, platelet-derived growth factor, tumor necrosis fac-

tor-a, tissue inhibitor of MMPs, etc.) that not only aggravate

the tissue injury but also promote the organ fibrosis [15].

In kidney stone disease, CaOx crystals are predominate

as the major crystalline composition in the stone matrix.

During the initiation of stone formation, CaOx crystals

have undergone crystal growth, aggregation and adhesion

to renal tubular epithelial cells [11, 21]. In addition, CaOx

crystals have been thought to participate in the renal

interstitial inflammation by interacting with tissue macro-

phages [11–13]. A previous study has demonstrated that

upon interaction with CaOx crystals, macrophages had

increased secretion of the proinflammatory cytokines,

including tumor necrosis factor-a and interleukin-6, in

response to binding and phagocytosis of CaOx crystals

[13]. Based on these backgrounds, we thus hypothesized

that the ‘‘secreted products of macrophages exposed to

CaOx’’ (CaOx-M-Sup) might contain some factors that

contributed to the interstitial fibrosis through the induction

of EMT.

To address our hypothesis, we first confirmed that

MDCK cells switched-on mesenchymal features while the

epithelial phenotypes were switched-off upon treatment

with CaOx-M-Sup. In concordance with other studies [22,

23], we found the increased expression levels of mesen-

chymal markers, including vimentin and fibronectin, as

well as the decreased expression levels of epithelial

markers, including E-cadherin, cytokeratin, F-actin, and

ZO-1, by immunoblotting and immunofluorescence stain-

ings (Fig. 1). Our findings suggested that CaOx-M-Sup

contained some particular fibrotic factors that could induce

the cells to undergo EMT. As TGF-b1 is the well-defined

factor that plays a prominent role in the regulation of EMT,

both at transcription and translation levels [7, 24, 25], we

then measured the TGF-b1 level in CaOx-M-Sup. The

striking results obtained from ELISA confirmed the

markedly increased level of TGF-b1 in CaOx-M-Sup

(Fig. 2a).

The increase of TGF-b1 in CaOx-M-Sup raised our

attention to the Rho family, the small GTPase that is rec-

ognized as the downstream effector during TGF-b1-

induced EMT [26]. Each isoform of Rho (RhoA, RhoB and

RhoC) displays unique function during the progression of

EMT in renal proximal tubular cells [27]. Among these,

RhoA seems to be the most important isoform in TGF-b1-

induced EMT [27]. Accordingly, TGF-b1-mediated EMT

has been proven to be a RhoA-dependent mechanism in a

previous study, which showed that inactivation of RhoA or

its downstream effector successfully inhibited the conver-

sion of EMT in a mammary epithelial cell line (NMuMG)

[28]. On the other hand, RhoA is a small GTPase playing

multiple roles through interactions with various partners. It

also plays an important role for maintaining cell polarity,

junctions, and migration [29]. A previous study by Ozda-

mar et al. [30] has demonstrated that RhoA turnover is

required for TGF-b1-dependent EMT. They have shown

the role of TGF-b-Par6 signaling in regulation of tight

junction disruption during EMT process. After binding

with its ligand, TGF-b receptor type II (TGFbRII) phos-

phorylates the preformed complex Par6-TGFbRI (TGF-b
receptor type I), which then stimulates the binding of Par6

to ubiquitin E3, Smurf1 [30]. These bindings lead to RhoA

degradation via UPP, resulting to the disruption of tight

junction [7, 30, 31].

We then examined the potential role of RhoA in main-

tenance of cellular integrity and junctional protein com-

plexes. The early event of EMT requires the disruption of

epithelial integrity, particularly the tight junction complex

[7] and also the reorganization of the cytoskeletal assembly

[32]. ZO-1 is associated with actin filament and functions

to maintain the strength of the tight junction. The signifi-

cant role of RhoA in CaOx-M-Sup-induced EMT in

MDCK cells has been confirmed in our present study as

demonstrated in Fig. 2b. In concordance with previous

studies, RhoA expression level was reduced during TGF-b-

induced EMT [30, 31, 33]. In addition, targeting RhoA for

degradation is required in regulation of cell polarity and

protrusion [31]. Interestingly, pretreatment of the cells with

a specific proteasome inhibitor MG132 successfully pre-

vented the decrease in RhoA level in the CaOx-M-Sup-

treated cells. The data also confirmed that such prevention

of RhoA degradation by MG132 was most likely through

UPP (Fig. 2b–d). In this study, we demonstrated that both

F-actin cytoskeletal assembly and ZO-1 were disorganized

and disrupted upon CaOx-M-Sup-induced EMT in MDCK

cells (Fig. 1d). Using the specific proteasome inhibitor

MG132, we could successfully prevent the CaOx-M-Sup-

induced disorganization of both F-actin and ZO-1 (Fig. 3a).

Moreover, we could successfully restore the expression of

E-cadherin and attenuate the increase in vimentin expres-

sion to their basal levels using the specific proteasome

inhibitor MG132 (Fig. 3b, c). Our findings suggest that

maintaining the RhoA expression by inhibition of
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proteasome-mediated degradation of RhoA during EMT

could reserve cellular junctions and prevent reorganization

of actin cytoskeleton from stress fiber formation.

It should be noted that not only TGF-b1 but also other

pro-fibrotic factors that might be present in CaOx-M-Sup.

Thus, other mechanisms, e.g., oxidative stress [34, 35] and

disruption of basement membrane via overproduction of

MMPs [36], should be taken into account for the CaOx-

M-Sup-induced EMT. A recent study has revealed the

presence of MMPs in conditioned medium derived from

lipopolysaccharide-activated macrophages that could induce

EMT in both C1.1 cells and primary tubular epithelial cells

[36]. Moreover, TGF-b1 has several signaling cascades,

e.g., through Smad, PI3K/Akt-mTOR, Wnt, and the Notch-

activated signaling pathways [37–41]. Therefore, it is not

surprising that the pretreatment with a proteasome inhibitor

MG132 might not completely prevent the EMT induction by

CaOx-M-Sup.

In summary, we have demonstrated herein for the first

time that CaOx-M-Sup could induce EMT in renal tubular

cells by TGF-b1 signaling cascade via targeting RhoA to

proteasome degradation. In addition, a proteasome inhibi-

tor MG132 could successfully prevent such phenomenon

via UPP-dependent prevention of RhoA degradation. The

TGF-b1 signaling cascade via RhoA may be, at least in

part, the underlying mechanism for renal fibrosis in kidney

stone disease.
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ABSTRACT 

 This study aims to apply a natural compound to prevent the process of epithelial 

mesenchymal transition (EMT) induced by oxalate treatment. Sodium oxalate was used to induce 

tubular cell injury and EMT in Mardin-Darby Canine kidney (MDCK) cell line. Oxalate 

exposure is known to induce cellular injury and presumed to be involved in the pathogenesis of 

calcium oxalate stone formation. Epigallocatechin gallate (EGCG) extracted from green tea 

(Camellia Sinensis) was assessed for its anti-fibrotic and anti-oxidative property. EGCG is the 

most abundant polyphenol compounds found in green tea with high potential anti-oxidative 

property. Microscopic examination revealed that oxalate could induce morphological change of 

MDCK from a cobble-stone like into fibroblast-like shap within 24 h. In addition, 

immunoblotting and indirect immunofluorescence assay confirmed that oxalate-treated cells 

gained mesenchymal phenotypes by increase expression of vimentin and fibronectin while 

decrease expression of epithelial markers including, E-cadherin, cytokeratin, occludin, and ZO-1. 

Interestingly, pretreatment of MDCK cells with 25 µM EGCG could prevent EMT induced by 

oxalate exposure as it could retain typical epithelial cell morphology as well as epithelial protein 

markers. The molecular mechanism underlying the prevention of EGCG is most likely by 

reduction of intracellular reactive oxygen species (ROS) production. Taken together, this study 

demonstrated a preventive effect of EGCG against oxalate-induced EMT in renal tubular cells 

which would shed light on the development of novel therapeutics of renal fibrosis in the near 

future. 

Keywords : Epithelial mesenchymal transition, Oxalate, EGCG, Renal fibrosis 

  



INTRODUCTION 

 Unsolved chronic kidney diseases (CKD) mostly leads to end-stage renal failure due to 

kidney fibrosis. Renal fibrosis or scar in the kidney requires a number of cellular events and 

mediators to act in concert that result in the deterioration of kidney function (1). The risk factors 

contributing to the development of fibrous kidney can be derived from various primary causes 

such as hypertension, diabetes mellitus, glomerulopathies and cell injury due to toxic substances, 

etc (1, 2). Recently, the epithelial plasticity known as epithelial mesenchymal transition (EMT) 

has been discovered to associate with renal fibrogenesis in injured kidney of adults (3-6). EMT 

indeed is the important process required during normal embryonic development. EMT process 

allows the anchored epithelial cells to rearrange into a developing organ (7). During EMT, 

typical morphology of epithelial cell turns into spindle-shape of fibroblast and the cell lose its 

polarity (7, 8). Importantly, cells lose their epithelial phenotypes while gain the mesenchymal 

characteristics. Those include down expression of E-cadherin and tight junction protein ZO-1, 

resulting in disintegration of cell-cell contact. Cells undergoing EMT up-regulate the 

mesenchymal marker, including fibroblast-specific protein 1 (FSP1) and vimentin. In addition, 

over production of extracellular matrix proteins (such as fibronectin and collagen) and 

metalloproteases was found during EMT induction (7, 9). Moreover, induction of EMT results in 

actin reorganization and formation of actin stress fiber. Expression of FSP1 was found in acute 

and chronic injured renal tubular cell, suggested the involvement of EMT in response to tissue 

repairing (10). Interestingly, study using transgenic mice model that allowed discrimination of 

the cell origin demonstrated that one third of renal interstitial fibroblasts were derived from 

tubular epithelial cells underwent EMT (11). Strong association between EMT and renal fibrosis 

was confirmed in the study provided by Rastaldi et al, (12). They demonstrated that EMT 

features were observed in 133 human renal biopsies and also correlated with a degree of 



interstitial damage. In addition, it has been reported that kidney epithelial cells of collecting duct 

treated with insulin-like growth factors (IGFs) and transforming growth factor-beta 1 (TGB-

beta1) were induced to undergo EMT (13). Most recently, EMT marker Twist was evidenced in 

renal biopsies from nephrolithiasis patients with large calculi (14). These aforementioned studies 

suggest that renal epithelial cells can transform through EMT mechanism in response to some 

stimuli and might participate in the pathogenesis of renal fibrosis.  

 At present, drinking of green tea is more widespread because of the beneficial effects to 

prevent from lifestyle-related diseases, including cancer and cardiovascular diseases (15-17). 

Medical studies have demonstrated that green tea contains not only an anti-oxidative but also 

anti-allergic, anti-carcinogenic and anti-bacterial effects (15, 18-20). Among the polyphenols 

found in green tea extract, (-)- epigallocatechin gallate (EGCG) is the major abundant catechins 

with high potential anti-oxidative property (21, 22). Anti-oxidative effect of green tea was 

demonstrated in rats with ethylene glycol-induced nephrolithiasis (23). Rats treated with green 

tea decreased excretion of urinary oxalate and calcium oxalate deposition while increased 

superoxide dismutase (SOD) activity. Moreover, lower number of cell apoptosis was found when 

compared to the control group. These findings suggest the inhibitory effect of green tea on 

calcium oxalate formation by its anti-oxidative property (23). Accordingly, green tea could 

attenuate the development of nephrolithiasis induced by oxalate treatment in rats. Green tea 

could protect the rats from oxalate-induced cytotoxic effect by reducing free radical production 

and lower number of crystal formation in the kidney (24). In addition, protective effect of green 

tea against nephrotoxicity of reserpine, the important anti-hypertensive drug was demonstrated in 

rat model. Administration of green tea extract in rats treated with reserpine showed a significant 

recovery of kidney proximal tubule cells when compared to the control groups (25). In addition, 

epigallocatechin gallate (EGCG) could protect human lens epithelial cells from H2O2-induced 



apoptosis through the series of caspases and also modulation of the Bcl-2 family and the MAPK 

and Akt pathway (22). Recently, anti-fibrotic property of green tea has been demonstrated in an 

experimental hepatic fibrosis (26) and a pulmonary fibrosis (27). Experimental hepatic fibrosis in 

rats was induced by dimethylnitrosamine (DMN). However, administration of green tea extract 

could prevent the rats from development of fibrosis. The histophatological results of kidney 

tissues revealed that the lower hydroxyproline content was found in green tea treated rats. These 

results indicated the lower deposition of collagen and down expression of collagen type 1 (26). 

In addition, administration of EGCG in rat model of bleomycin-induced pulmonary fibrosis 

demonstrated the involvement of Nrf2-Keap1 signaling to enhance the anti-oxidative activities of 

phase II enzymes, including glutathione-S-transferase (GST) and NAD(P)H:quinine 

oxidoreductase 1 (NQO1). This cascade could attenuate the subsequent inflammation. These 

findings suggest that green tea extract contains the combination of beneficial effects on anti-

inflammation, anti-oxidative stress and anti-fibrosis (27). Therefore, better understanding in 

the progression of EMT and modulation on this pathogenic mechanism during renal epithelial 

cell damage would benefit a prevention of fibrosis. This study thus aims to apply a natural 

compound to reduce or prevent the process of EMT induced by oxalate treatment. In this study, 

sodium oxalate was used to induce tubular cell injury and EMT in Mardin-Darby Canine kidney 

(MDCK) cell line. Oxalate exposure is known to induce cellular injury and presumed to be 

involved in the pathogenesis of calcium oxalate stone formation (28-30). Epigallocatechin gallate 

(EGCG), the most abundant polyphenol compounds found in green tea (Camellia Sinensis) with 

high potential anti-oxidative property was assessed for its anti-fibrotic and anti-oxidative 

property.  

  



MATERIALS AND METHODS 

Cell culture 

 Mardin-Darby Canine kidney (MDCK), a distal tubular epithelial cell line was cultured in 

growth Eagle’s minimum essential medium (MEM) (Gibco; Grand Island, NY) [MEM 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibgo) in the presence of 

100 U/ml penicillin G and 100 mg/ml streptomycin (Sigma, St.Louis, MO)]. Cells were 

maintained in a humidified incubator at 37°C with 5% CO2.  

Cytotoxicity test of EGCG by cell viability assay 

 MDCK cells were seeded in 24-well plate in growth medium 1 day prior to experiment. 

Cells were treated with 12, 25 and 50 µM EGCG for 1 h. Cells left untreated were used as a 

control of treatment. Thereafter, treated cells were detached by trypsinization and determined 

cell viability by trypan blue exclusion assay. 

Induction of epithelial mesenchymal transition (EMT)  

 MDCK cells were seeded into 6-well plate and cultured in a growth medium for 24 h. 

Prior to treatment, cells were washed with serum-free medium and then treated with 500 µM 

sodium oxalate in maintenance MEM medium [MEM supplemented with 1% heat-inactivated 

FBS] for 24 h.  

Morphological study and immunofluorescence microscopy 

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

Tokyo, Japan) at the beginning and 24 h after treatment. For immunofluorescence staining, cells 

were grown on coverslip and EMT was induced as previously described. Cells were processed 

for immunofluorescence staining of vimentin, fibronectin, cytokeratin, and ZO-1 using 

corresponding antibodies. In brief, cells were fixed with 3.7% (V/V) formaldehyde in PBS for 10 



min and then permeabilized with 0.2% triton X-100 in PBS for 10 min. After washing step, cells 

were incubated overnight with primary antibody at dilution of 1:50 (in 1%BSA/PBS) at 4°C. 

Corresponding secondary antibody was used at dilution of 1:2000 (in 1%BSA/PBS) and 

incubated at RT for 1 h. The nuclei were counterstained with Hoechst dye (Invitrogen/Molecular 

Probes) at dilution of 1:1000. Thereafter, the cells were extensively washed with PBS and 

mounted onto a glass slide using ProLong Gold antifade reagent (Invitrogen). The images were 

captured under the Nikon Eclipse 80i fluorescence microscope (Nikon; Tokyo, Japan).  

Prevention of EMT by epigallocatechin gallate (EGCG) 

 MDCK cells were cultured in growth medium for 24 h and were pretreated with 25 µM 

EGCG in maintenance medium (MEM containing 1% heat inactivated FBS) for 1 h followed by 

sodium oxalate to complete 24 h-incubation. The cells treated with sodium oxalate without 

EGCG and those left untreated will serve as positive and negative controls, respectively.  

Immunoblotting 

 The cells were induced to undergo EMT as previously described. Cell lysate was 

prepared in sample buffer (Leammli’s buffer) and 30 µg of total protein were resolved by 

SDSPAGE under reducing and denaturing condition. The resolved protein bands were 

electrophoretically transferred onto a nitrocellulose membrane and non-specific bindings were 

blocked by 5% non-fat milk in PBS. The membrane was detected for the expression of vimentin, 

E-cadherin, occludin, catalase, and GAPDH (as a loading control) using specific antibodies (all 

was purchased from Santa Cruz Biotechnology, Santa Cruz, CA). After probing with 

corresponding secondary antibodies, the reactive protein bands were visualized by SuperSignal 

West Pico chemiluminescence substrate (Pierce Biotechnology, Inc., Rockford, IL) and 

autoradiography. 



Detection of reactive oxygen species (ROS) 

 ROS production inside the cells was analyzed by flow cytometry. Briefly, the cells were 

collected as suspension by trypsinization and pretreated with 25 µM EGCG for 20 min. 

Thereafter, the cells were loaded with 50 µM dichlorofluorescein diacetate (DCFH-DA) for 30 

min, followed by oxalate exposure for 30 min. The cells left untreated and treated with 

0.02%H2O2 for were served as negative and positive control, respectively. After complete 

incubation period, the cells were kept on ice and immediately analyzed by FACScan equipped 

with CellQuest software (Benton Dickinson; Franklin Lake, NJ).  

Statistical analysis 

 Data were presented as mean ± SD. The significant difference among groups was 

performed by One-Way ANOVA with Tukey’s HSD Post-hoc test using SPSS (version 11.5). 

Statistical significance was considered at P-value less than 0.05. 

  



RESULTS 

Sodium oxalate induced EMT in MDCK cells 

 MDCK cells were seeded into 6-well plate and cultured in a growth medium for 24 h 

prior to treat with 500 µM sodium oxalate for 24 h. As expected, Oxalate-treated MDCK cells 

underwent morphological change into more fibroblast-like in shape within 24 h compared to 

those left untreated (Figure 1). A number of calcium oxalate monohydrate crystals were 

observed in the treated condition. To examine whether oxalate exposure could induce EMT in 

renal epithelial cells, Western blot analysis and indirect immunofluorescence assay (IF) were 

performed to validate expression of epithelial and mesenchymal protein markers. The results by 

Western blot analysis revealed that oxalate-treated cells increased expression of vimentin 

(mesenchymal marker) whereas decreased expression of E-cadherin and occludin (epithelial 

markers) when compared to those of untreated cells (Figure 2). In according to Western blot 

results, IF revealed the increased level of vimentin and fibronectin (Figure 3A) while decreased 

level of cytokeratin, occludin and  ZO-1 (Figure 3B). These findings suggest that MDCK were 

induced to undergo EMT by sodium oxalate exposure within 24 h. 

Cytotoxicity test of EGCG in MDCK cells 

 To examine cytotoxicity of EGCG in MDCK cells, the cells were treated with various 

dose of EGCG for 1 h and cell viability was determined by trypan blue exclusion assay. The 

results showed that more than 95% cell viability could be observed in the control cells left 

untreated. Similar results were obtained when cells were treated with EGCG at 12.5 and 25 µM. 

However, incubation with higher concentration of EGCG at 50 µM could apparently reduce cell 

survival when compared to the control cells left untreated (92.5% compared to 98.48%; 

P=0.0543). Percentage of cell viability after EGCG treatment was shown in Figure 4. These 



results suggest that low concentrations of EGCG at 12.5 and 25 µM for 1 h did not significantly 

affect to MDCK cell survival. Therefore, pretreatment of cells with 25 µM for 1 h was used in 

further experiments. 

Preventive effect of EGCG against sodium oxalate-induced EMT 

 MDCK cells were pretreated with 25 µM EGCG in maintenance medium (MEM 

containing 1% heat inactivated FBS) for 1 h followed by 500 µM sodium oxalate to complete 24 

h-incubation. Cells treated with 500 µM sodium oxalate without EGCG and cells left untreated 

were served as positive and negative control of EMT induction, respectively. Epithelial and EMT 

protein markers were evaluated by Western blot analysis and indirect immunofluorescence 

staining. Western blot analysis showed a slight increased vimentin expression, while E-cadherin 

and occludin were decrease when compared to the control cells. However, expression of 

vimentin , E-cadherin, and occludin was comparable to basal level when cells were pretreated 

with 25µM EGCG (Figure 5). In addition, immunofluorescence assay showed that EMT protein 

markers including vimentin, and fibronectin expression were obviously induced in MDCK cells 

treated with sodium oxalate for 24 h compared to control cells left untreated (Figure 6A). In 

contrast, epithelial protein markers including cytokeratin, occludin, and ZO-1 were down-

regulated in EMT-induced cells. However, expression of these protein markers were found 

comparable to those of control cells when cells were pretreated with 25 µM EGCG (Figure 6B). 

These results suggest that pretreatment of cells with 25 µM EGCG could prevent the cells from 

sodium oxalate-induced EMT process.  

Reduction of reactive oxygen species (ROS) by EGCG 

 Intracellular ROS production was analyzed by flow cytometry. The cells were collected 

as suspension and incubated with or without EGCG. Thereafter, the cells were loaded with 



dichlorofluorescein diacetate (DCFH-DA) for 30 min, followed by oxalate exposure. Cells 

treated with H2O2 were served as positive control. Cells left untreated were served as negative 

control.  

Intracellular ROS production was basically found in the control cells (less that 5%); however, it 

was markedly increased when cells were treated with H2O2. Cells underwent EMT process by 

sodium oxalate induction significantly produced more ROS inside the cells compared to those of 

control cells. As expected, pretreated the cells with 25 µM EGCG before sodium oxalate 

treatment can significantly lower intracellular ROS production (Figure 7). The results confirmed 

the anti-oxidant property of EGCG and it is possible that EGCG might prevent the cells from 

undergoing EMT by mediated through intracellular ROS production. 

  



DISCUSSION 

 There is an increasing evidence for EMT and renal fibrosis over time. Strutz et al, firstly 

reported the expression of fibroblast-specific protein 1 (FSP-1), which suggest the conversion of 

epithelial cells into fibroblast type in murine fibrotic kidney (10). In the context of renal stone 

diseases and EMT, Boonla et al, demonstrated that signs of tubular EMT can be found in 

nephrolithiasis patients with staghorn calculi. The plausible cause of tubular EMT might be the 

production of a well-know fibrotic factor TGF-beta 1, which was strongly positive in fibrotic 

kidney tissues (31). Most recent study in nephrolithiasis patients with large calculi evidenced that 

the EMT marker Twist was markedly expressed in tubular epithelial cells of kidney biopsies 

from patients compared to those obtained from normal kidneys. The researchers also 

demonstrated the inverse correlation of Twist and E-cadherin (epithelial marker) expression and 

suggested that Twist might be used as an index to predict the progression of renal fibrosis in 

patients (14). For this reason, it is in need of seeking for the effective therapeutics to prevent the 

progression of renal fibrosis.  

 In this study, we thus test the anti-fibrotic property of EGCG against EMT induction by 

high sodium oxalate. We demonstrated that high concentration of oxalate can induce fibroblast-

like feature as shown in Figure 1. Treatment with 500 µM sodium oxalate for 24 h could induce 

morphological changes of the cells from cobble stone-like into more spindle of fibroblast-like 

compared to the control cells with unchanged. Interestingly, pretreatment of 25 µM EGCG 

follow by sodium oxalate could prevent the cells from deteriorate effect. Higher concentration of 

EGCG at 50 µM; however, did not show protective effect but rather provided cytotoxic effect 

(data not shown) supporting a number of studies that revealed the pro-oxidative property of 

EGCG in inbition of cell proliferation and induction of apoptosis (32-34). Previous study 

reported that EGCG supplementation could attenuate the development of nephrolithiasis in rat by 



lower number of crystal formation in kidney (23, 35). We also observed a lower number of COM 

crystals formed under EGCG treated condition compared to those treated with oxalate alone. 

Interestingly, typical calcium oxalate dihydrate (COD) crystals with octahedral shape could be 

observed in MDCK cells pretreated with EGCG before oxalate treatment (data not shown). The 

results suggest that EGCG treatment favors COD crystallization after treatment with high 

concentration of oxalate. It might be possible that EGCG affect COM crystal formation by 

shifting pH of the solution to become higher (more basic pH). Retrospective study in renal stone 

patients revealed that urinary pH could influence the type of crystals formed. They found that 

COD crystals were common in patients with higher urine pH (36). We observed that MEM 

containing 25 µM EGCG has higher pH (approx. pH 8) compared to that of MEM (pH 7.4) 

alone. It is also possible that the formation of COD crystals might a direct consequent of the 

physicochemical property of EGCG when interacts with ions. The precise mechanism underlying 

this phenomenon requires further investigations. 

 We sought to determine whether the change in cell morphology in response to high 

oxalate was implicated with EMT through examination of mesenchymal and epithelial markers. 

In according to other studies, oxalate-treated cells lost their epithelial features while gained 

mesenchymal characteristics. We found decreased expression of E-cadherin the hallmark of 

EMT in cells treated with oxalate; however E-cadherin expression was retained at basal level 

when cells were pretreated with EGCG (Figure 5). In addition, the results by indirect 

immunofluorescence revealed that oxalate-treated cells increased expression of vimentin as well 

as fibronectin, whilst decreased expression of tight junction proteins, occludin and ZO-1. In 

addition, occludin and ZO-1 redistribution was observed significantly in oxalate-treated cells. 

Occludin and ZO-1 were markedly disappeared from the TJ locating at the cell borders into the 

cytoplasm (Figure 3). Expression of vimentin was up-regulated in oxalate-treated cells but 



decreased into basal level when cells were pretreated with EGCG followed by oxalate (Figure 

6). These findings suggest that TJ disruption occurred when cells were underwent EMT-induced 

by oxalate. Role of EGCG in protection of tight junction (TJ) barrier has been reported. EGCG 

can preserve the TJ integrity of the colonic epithelial cells induced by IFN-γ via STAT1 

independent manner (37, 38). In addition, EGCG could reduce ritonavir-induced endothelial 

permeability through its effective anti-oxidative property (39). In the present study, both 

immunofluorescence microscopy and Western blot analysis indicated that EGCG could 

effectively prevent TJ disassembly induced by oxalate.  

 Several lines of evidence revealed that oxalate could induce reactive oxygen species 

(ROS) production in renal epithelial cells. Thamilselvan S, et al. demonstrated that peroxidatve 

injury initiated by oxalate was involved with the induction of TGF-beta1 and the imbalance of 

redox reaction by glutathione (GSH) system (40). However, GSH redox status as well as the 

level of TGF-beta1 was restored to the basal stage by addition of antioxidants, including vitamin 

E and catalase (40). Evidence from clinical studies indicates that oxidative injury was found in 

kidney of stone patients with hyperoxaluria (41-43). Several markers indicating the occurrence 

of oxidative stress and epithelial cell injury were found in the urine of the patients, including 

higher level of malondialdehyde (MDA), glutathione (GSH), beta-galactosidase (GAL) and N-

acetyl-beta-glucosaminidase (NAG) (41, 44, 45). Recent study revealed that administration of 

green tea can prevent renal tubular microstructure change and oxidative stress induced by 

glyoxylate in mice (46). One of a molecular mechanism of oxalate-induced oxidative stress is a 

production of reactive oxygen species (ROS). Anti-oxidant property of EGCG could protect cell 

injury by hypoxia-induced oxidative stress in MDCK cells (47). Recent studies showed that 

regulation of NADPH oxidase, a plasma membrane enzyme generated ROS by the activation of 

protein kinase C (PKC)-alpha and –delta (48). Importantly, TGF-beta1 a potent fibrotic factor 



that triggers EMT could also induce a production of intracellular ROS of the rat proximal tubular 

epithelial cells (49) and MDCK cells (50). 

 Based on these aforementioned studies, ROS and alterations in redox homeostasis 

potentially contribute to EMT process. Theoretically, EGCG with highly anti-oxidative activity 

might control the progression of EMT through the action of ROS scavenger. However, there was 

no direct evidence to show that ROS generation-induced by oxalate could trigger the process of 

EMT. In attempt to address this issue, we then assayed for the intracellular ROS after oxalate 

treatment by pulsing with DCFH-DA and analyzed by flow cytometer. As expected, the results 

clearly showed that intracellular ROS was significantly elevated when cells were induced to 

undergo EMT by high oxalate concentration compared to the control cells left untreated. 

Pretreatment with EGCG markedly reduced ROS production induced by oxalate (Figure 7). In 

consistent with study of peritoneal fibrosis in a mouse model, EGCG could suppress NF-kB 

activation and ROS generation and thus prevent from progression of peritoneal fibrosis (51). In 

addition, although we did not investigate whether TGF-beta1 is mediated in ROS generation and 

the consequent activation/inactivation of the well-known pathways (i.e. SNAIl, GSK-3β and 

Wnt/βcatenin) to trigger EMT (49, 52), we showed that oxalate could induce EMT phenotype 

concomitantly with the increased ROS production. EGCG pretreatment could prevent the 

conversion of epithelial cells into fibroblast-like cells and reduce intracellular ROS to a greater 

extent that comparable to the basal level. 

 To our knowledge, this is the first report to demonstrate that high oxalate concentration 

could induce alteration in epithelial cell shape to become fibroblast-like morphology through the 

process so-called EMT and a major component of natural green tea extract, EGCG significantly 

prevents induction of EMT at least by maintaining cell junctional integrity as well as through its 

antioxidant property to counteract intracellular ROS production. At present, we provide ongoing 



effort to study the signaling pathways triggered by EGCG in prevention of oxalate-induced 

EMT. This would pave the way to the understanding of renal fibrogenesis and ultimate goal in 

therapeutics of renal fibrosis in chronic kidney diseases. 
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Figure legends 

 

Figure1. Morphological change induced by oxalate exposure. A) Control MDCK cells left 

untreated was appeared as a cobble-stone like morphology whereas B) the cells treated with 500 

µM sodium oxalate were induced to undergo morphological change within 24 h as more 

fibroblast-like in shape have been observed. Calcium oxalate monohydrate crystals (COM), the 

pathologic crystals were observed under treatment with 500 µM sodium oxalate as indicated by 

arrows in B). Original magnification = 400X.  

 

Figure 2. Western blot analysis to detect expression of vimentin (EMT marker), E-cadherin and 

occludin (epithelial markers). Vimentin was increase while E-cadherin and occludin were 

decreased in sodium oxalate-treated MDCK cells. GAPDH expression was used to control equal 

protein loading. 

 

Figure 3. Alterations in expression level of EMT and epithelial markers by indirect 

immunofluorescence after sodium oxalate exposure. A) Increased level of vimentin and 

fibronectin (EMT protein markers while B) decreased level of cytokeratin, occludin, and ZO-1 

(epithelial protein markers) were observed in sodium oxalate-treated MDCK cells. 

 

Figure 4. Cytotoxic effect of EGCG to MDCK cells. Cells were treated with various dose of 

EGCG for 1 h and then trypsinized for determination of cell viability by trypan blue exclusion 

assay. 



Figure 5. Western blot analysis of EMT and epithelial markers after pretreatment with EGCG. 

Western blot analysis showed a slight increased vimentin expression, while E-cadherin and 

occludin were decreased expression when compared to the control cells. Basal level of vimentin, 

E-cadherin, and occludin was found when cells were pretreated with EGCG. GAPDH expression 

was used to control equal protein loading 

 

Figure 6. Expression of A) vimentin, fibronectin, B) cytokeratin, occludin, and ZO-1 was 

comparable to that of control cells when MDCK cells were pretreated with 25µM EGCG for 1 h 

before sodium oxalate exposure.  

 

Figure 7. Preventive effect of EGCG by lower production of intracellular reactive oxygen 

species (ROS). ROS production was measured by DCFH-DA loading and analyzed by flow 

cytometry. MDCK cells left untreated and treated with hydrogen peroxide were serve as negative 

and positive control, respectively. Sodium oxalate treatment could induce ROS production 

significantly compared to the basal stage (P<0.0001). Pretreatment with EGCG before sodium 

oxalate treatment could markedly reduce production of ROS (Oxalate VS EGCG+oxalate, 

P<0.0002). P<0.05 was considered statistical significant. Symbols: §, statistically significant 

versus control; ¥, statistically significant versus oxalate. 
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