Taurine protects HK-2 cells from oxidized LDL-induced cytotoxicity via the ROS-mediated mitochondrial and p53-related apoptotic pathways
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ABSTRACT

Oxidized LDL (oxLDL) induces a pro-oxidation environment and promotes apoptosis to cause the progression of renal diseases in humans. Mammalian taurine is a semi-essential amino acid and has been shown to be a potent endogenous antioxidant. The kidney plays a pivotal role in maintaining taurine balance. However, the protective effects of taurine against oxLDL-induced injury in renal epithelial cells have not been clarified. In the present study, we investigated the anti-apoptotic effects of taurine on human proximal tubular epithelial (HK-2) cells exposed to oxLDL and explored the related mechanisms. We observed that oxLDL increased ROS and malondialdehyde (MDA), which is a lipid peroxidation by-product as an indicator of cellular oxidation status. In addition, oxLDL induced cell death and apoptosis in HK-2 cells. Pretreatment with 100 μM taurine significantly attenuated oxLDL-induced cytotoxicity. We identified that oxLDL triggered phosphorylation of ERK and, in turn, activation p53 and apoptosis-related events, including calcium accumulation, destabilization of mitochondrial permeability and disruption of the balance between pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins. The malfunctions induced by oxLDL were effectively blocked by taurine. Thus, our results suggest that taurine exhibits potential therapeutic activity in preventing oxLDL-induced nephrotoxicity. The inhibition of oxLDL-induced epithelial apoptosis by taurine was at least partially due to its anti-oxidant activity and its ability to modulate the ERK and p53 apoptotic pathway.
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Introduction
The reactive oxygen species (ROS) comprise both free radical (O2-, OH, HO2 and RO) and non-radical (molecular) forms (H2O2 and 1O2). ROS are produced continuously as by-products of various metabolic pathways localized in different cellular compartments, such as chloroplasts, mitochondria and peroxisomes (del Río et al, 2006; Gill and Tuteja, 2010; Navrot et al., 2007). Oxidative stress has been found to play a key role in the initiation of cardiovascular, neurological diseases and complications of renal failure (Foyer and Noctor, 2005; Galle et al., 1999; Klahr, 1997; Martín-Mateo et al., 1999). The kidney is highly vulnerable to damage caused by ROS due to the abundance of polyunsaturated fatty acids (PUFAs) in the composition of renal lipids (Esterbauer et al., 1991). ROS induce DNA oxidation, protein nitration and lipid peroxidation, which are all involved in the pathophysiological processes underlying renal dysfunction (Baliga et al., 1999; Klahr, 1997; Paller et al., 1998). Clinical and experimental evidence of renal damage mediated by ROS can be grouped into glomerular, tubulointerstitial, and endothelial alterations (Baliga et al., 1999; Gwinner et al., 1998; Martín-Mateo et al., 1999). Therefore, scavenging and/or depuration of ROS (dietary and pharmacological antioxidants) should attenuate or prevent oxidative stress, thus mitigating subsequent damage to renal cells.

Dietary cholesterol intake is a known risk factor for various diseases including cardiovascular disease, atherosclerosis, hypercholesterolemia, steatohepatitis and acute or chronic renal disease (Freeman and Crapo, 1982; Irani, 2000; Klahr, 1997). Oxidative stress induced by oxidized low-density lipoproteins (oxLDL) plays an important role in the pathogenesis of vascular cell dysfunction (Galle et al., 1999; Irani, 2000; Ou et al., 2010). The oxLDL-induced pathophysiological signals involving ROS generation and alteration of intracellular Ca2+ ion homeostasis are now considered to be major contributors to the development of vascular diseases (Irani, 2000; Maziere et al., 2005). Moreover, oxLDL-induced cellular oxidative stress mediates a series of signaling pathways, including activation of the cellular suicide pathway, dysregulation of the mitochondria and endoplasmic reticulum and promotion of inflammation. Most of these pathways are potentially cytotoxic (Cominacini et al., 2000; Giovannini et al., 2002; Irani, 2000; Napoli et al., 2000; Rovin and Tan, 1993; Salvayre et al., 2002; Steinberg et al., 1997). In other words, oxLDL has been recognized to give rise to the pathogenesis of renal diseases. In the kidney, the process of inflammation was related to macrophage infiltration (Ou et al., 1999; Rovin and Phan, 1998). Proximal tubular epithelial cells are thought to mediate the interstitial macrophage infiltration because of their anatomic position and their ability to produce chemotactic cytokines, chemokines and other inflammatory mediators (Agarwal et al., 1996; Massy et al., 1999; Rovin and Phan, 1998). The accumulation of macrophages within the interstitial space of the renal cortex plays a pathogenic role in the development of tubular injury and interstitial fibrosis in progressive chronic renal diseases (Massy et al., 1999; Rovin and Tan, 1993). Furthermore, ROS were suggested to induce the expression of these mediator genes in kidney tubular epithelial cells, resulting in the recruitment of leukocytes and the promotion of inflammation (Ou et al., 1999; Rovin and Phan, 1998). Hence, epithelial dysfunction plays a central role in the progression of renal diseases, and apoptosis is emerging as a determinant process in the progression of renal diseases. 

Taurine (2-aminoethanesulfonic acid) occurs naturally in food, especially in seafood and meat. It is a major constituent of bile and can be found in the large intestine and in the tissues of many animals, including humans. Taurine has many fundamental biological roles, such as conjugation of bile acids and xenobiotics, antioxidation, osmoregulation, membrane stabilization, modulation of calcium signaling, as well as participating in the development of skeletal muscle, retinal tissue and the central nervous system (Bouckenooghe et al., 2006; Huxtable, 1992; Marcinkiewicz and Kontny, 2012). Mammalian taurine is a semi-essential amino acid synthesized in the pancreas via the cysteine sulfinic acid pathway (Brosnan and Brosnan, 2006). Due to the high solubility of taurine in aqueous solutions, the amino acid has been shown to be a potent endogenous antioxidant. Moreover, supplementation with taurine could prevent the oxidative stress induced by exercise (Zhang et al., 2004). Under steady-state conditions, ROS are scavenged by various renal antioxidative defense mechanisms (Ishikawa et al., 1994; Gill and Tuteja, 2010). Taurine was suggested to protect against renal damage by decreasing the production of oxidative stress and enhancing the activities of antioxidative enzymes in different animal models (Guz et al., 2007; Gwinner et al., 1998; Paller et al., 1998; Sener et al., 2005). Diabetic nephropathy is one major microangiopathy occurring in diabetes mellitus, often leading to end-stage renal failure (Bryla et al., 2003). Taurine was shown to have protective or preventive effects on many diabetic microangiopathies, such as diabetic cardiomyopathy and polyneuropathy, via different mechanisms (Li et al., 2005). Previous studies had revealed the functions of taurine; however, the detailed molecular mechanisms were rarely investigated. Recently, studies of taurine were focused on the apoptosis-related function (Kim and Kim, 2013; Setyarani et al., 2014). In the present study, the human proximal tubular epithelial (HK-2) cell line was used as a model to demonstrate the potential role of taurine in mitigating oxLDL-induced epithelial cell damage. The goal of this study was to investigate the cytoprotection of taurine and explore the underlying molecular mechanisms. We therefore sought to determine whether the treatment of taurine attenuated oxLDL-induced cytotoxicity involving ROS-mediated apoptotic signaling pathways in renal epithelial cells. 
Materials and methods
Materials. Taurine (2-aminoethanesulfur acid), Crystal violet, Glutaraldehyde and 3-(4,5-dimethylthiazol-2yl)- 2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma (St. Louis, MO, USA). Acetoxymethyl ester form of bis (aminophenoxy) ethan -N,N,N′,N′-tetraacetic acid (BAPTA-AM), DMEM/F12 medium, 4'-6-Diamidino-2'-phenylindole (DAPI), 2', 7'- dichlorofluorescein diacetate (DCF-DA), Fluo-4-AM, propidium iodide (PI) were purchased from Invitrogen (Auckland, NY, USA). Deoxynucleotidyl transferase (TdT) mediated dUTP nick end-labeling (TUNEL) staining kit was obtained from Roche Diagnostics (Boehringer Mannheim, Mannheim, Germany). The superoxide dismutase (SOD) and thiobarbituric acid-reactive substance (TBARS) assay kit were obtained from Cayman Chemical (Ann Arbor, MI, USA). The Annexin V-FITC/PI apoptosis detection kit was obtained from BD Biosciences Pharmingen (San Diego, CA, USA). The 5,58,6,68-tetraethylbenzimidazol-carbocyanine iodide (JC-1) and Caspase 3/CRP32 colorimetric assay kit were obtained from BioVision (Mountain View, CA, USA). The primary antibodies against cytochrome c, COX IV and β-actin were purchased from Abcam (Cambridge, MA, USA) and antibodies against cleaved caspase 9, cleaved caspase 3, p53, phospho-p53, ERK1/2, phospho-ERK1/2 and U0126 were purchased by Cell Signaling Technology (Danvers, MA, USA). All other chemicals were of analytical grade or purer.

Cell culture and treatment. HK-2 cells, a human renal proximal tubule cell line, were obtained from the Food Industry Research and Development Institute (Hsinchu, Taiwan). Cells were subcultured every 3-4 days in 100-mm dishes and grown in Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium (Invitrogen, Auckland, NY, USA) containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin, pH 7.4, at 37°C in a humidified 5% CO2 atmosphere incubator (RCO-3000T, Thermo scientific revco, Asheville, NC, USA). For experimental use, HK-2 cells were subcultured at 70-80% confluence and incubated at 37°C for 16 h. The cells were harvested at the end of treatment for further analysis. According to different experiments, HK-2 cells were grown to subconfluence in normal growth medium. Then the cells were switched to DMEM/F12 medium without serum for another 16 h. Pretreatment of taurine was carried out 2 h prior to the application of oxidized LDL. Control cells were not treated with anything in this study.
Lipoprotein separation and oxidation. The methods are modified from Ou, 2010. Native LDL will be isolated from fresh normolipidemic human serum by sequential ultracentrifugation (ρ = 1.019-1.063 g/ml). Cu2+-modified LDL will be prepared by the exposure of the LDL to 10 μM CuSO4 for 24 h at 37°C. The extent of oxidation will be monitored using a TBARS assay (defined as malondialdehyde equivalents per milligram of LDL protein), following the manufacturer's instructions. OxLDL containing approximately 30-60 nM of TBARS will be used for experiments.

Cell viability assay. The methods were modified from previous study (Sher et al., 2013). Approximately 1×104 cells/ well were seeded in 24-well plates and incubated overnight (37°C, 5% CO2). HK-2 cells were preincubated with graded concentration (10, 20, 50, 100 μM) of taurine for 2 h followed by incubation with oxLDL (150 μg/ml) for 16 h. At the end of the incubation period, the cell viability was evaluated by crystal violet assay. Briefly, fixing the cells with 1% Glutaraldehyde and incubated for 30 min at room temperature and protected from light. The glutaraldehyde in the crystal violet dye staining assay procedure fixed the viable cells. The plates were rinsed with water to wash off the dead cells and dried under airflow inside a laminar hood for 5-10 min. Adding 0.5% Crystal violet to each well, incubated for 30 min, washed and dried. After thoroughly rinsing with water, the plates were dried and crystal violet from the stained cells in each well was extracted with 0.5 ml Sorenson solution containing 0.02 M HCl in 50% ethanol. The absorbance of the samples against a background control (Sorenson solution alone), as a blank, was measured at 570 nm using a microtiter plate reader (VersaMaxTM, Molecular Devices, Sunnyvale, CA, USA). Absorbance values were assumed to be directly proportional to the number of viable cells.
TUNEL assay. Terminal DNA transferase-mediated dUTP nick end labeling (TUNEL) assay, used to determine apoptotic DNA breaks, was carried out with the in situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics). Briefly, HK-2 cells were seeded in 12-well plates and incubated with or without taurine (100 μM) for 2 h, followed by treatment with oxLDL (150 μg/ml) for 16 h. At the end of treatment, cells were harvested and then experiments were performed according to the manufacturer’s instructions. After fixing in 2% paraformaldehyde at room temperature for 1 h, washed the cells twice with PBS and resuspended cells in permeabilisation solution (0.1% Triton X-100 in PBS) for 2 min. The cells were then incubated with 50 μl/well TUNEL reaction mixture for 1 h at 37°C in a humidified atmosphere in the dark. Subsequently, washing the cells twice with PBS, and TUNEL positive cells were measured by flow cytometry (Becton Dickenson) under the examination of FL1 channel for FITC. As a positive control for the staining procedure, some cells were incubated with DNase I recombinant (3U/ml) before TUNEL staining, resulting in 100% TUNEL positive cells in each field. In addition, treated-HK-2 cells cultured on coverslips were fixed with 4% formaldehyde for 1 h at room temperature. DAPI stained nuclei and apoptotic domains were examined using an Olympus fluorescent microscope (Olympus BX50, Tokyo, Japan), and the images were then generated with a digital micro-image cooled CCD camera (Olympus DP72) in 400 fold magnification. 

Measurement of sub-G1 DNA content. Approximately 3×105 cells/well were seeded in 6-well plates and incubated overnight (37°C, 5% CO2). HK-2 cells were incubated with 100 μM taurine for 2 h followed by incubation with oxLDL (150 μg/ml) for 16 h. After that, the trypsinized cells were washed with PBS and fixed with ice-cold 70% (v/v) ethanol at -20°C freezer overnight. After being washed with PBS, cells were stained with PI at a concentration of 50 μg/ml in the presence of 0.1% (v/v) Triton X-100 and RNase A (20 ug/ml) for 30 min in a dark room. The stained cells were washed twice with PBS and analyzed using a FACScan laser flow cytometer (Becton Dickinson, San Jose, California). More than 10,000 individual cells of each group was collected. Each sample was analyzed and fluorescence intensity of DNA content in the FL-2 channel was determined. Nuclei displaying hypodiploid were identified as apoptotic cells and quantified by measurement of sub-G1 DNA content.

Detection of apoptotic cells with Annexin V-FITC/PI staining. The apoptotic cells were identified and quantified using an Annexin V-FITC/PI Apoptosis Detection kit (BD Biosciences Pharmingen) according to the manufacturer’s instructions. The assay is based on the ability of annexin V (green fluorescence) to bind to the phosphatidylserine (PS) exposed on the surface of cells undergoing apoptosis and the capacity of PI (red fluorescence) to enter cells that have lost their membrane integrity. After cells had been treated with oxLDL (150 μg/ml) for 16 h in the presence or absence of 100 μM taurine, cells (1×105 cells/12-well plates) were washed twice, and resuspended in a binding buffer containing FITC-conjugated annexin V and PI. After incubation in the dark at room temperature for 20 min, subsequently, the cells were analyzed using FACScan flow cytometer (Becton Dickenson) and BD CellQuest Pro software under the examination of FL1 channel for FITC and FL2 detector for PI. The cells in early stages of apoptosis were Annexin V positive and PI negative, whereas the cells in the late stages of apoptosis were both Annexin V and PI positive.

Measurement of reactive oxygen species (ROS) generation. To investigate the effect of TAU on oxLDL-induced intracellular ROS generation in HK-2 cells, a fluorometric assay using DCF-DA (Invitrogen), was used as a probe for the presence of hydroxyl radical. Confluent HK-2 (1×104 cells/well) in 96-well plates was preincubated with 100 μM taurine for 2 h, incubating with DCF-DA for another 1 h and followed by incubation with oxLDL for 2 h. The fluorescence intensity was measured at 485-nm excitation and 535-nm emission (before and after exposure to oxLDL) using a fluorescence microplate reader (PerkinElmer VICTOR3TM 1420, Waltham, MA, USA). The percentage of increase in fluorescence per well was calculated by the formula [(Ft2−Ft0)/Ft0]×100, where Ft2 was the fluorescence at 2 h- oxLDL-exposure and Ft0 was the fluorescence at 0 min of oxLDL exposure.

Determination of superoxide dismutase (SOD) activity. SOD activity was measured by colorimetric method with a commercially SOD assay kit (Cayman chemical). SOD activity was assessed by utilizing a tetrazolium salt for measuring the dismutation of superoxide radicals generated by xanthine oxidase and hypoxanthine. One unit of SOD is defined as the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical. The SOD assay measures all three types of SOD (Cu/Zn, Mn and Fe SOD). Samples were prepared according to manufactures' instructions. In brief, SOD standard and sample wells were added with 200 μl of radical detector and 10 μl of standard or sample. Reactions were initiated by adding 20 μl of xanthine oxidase and carefully shaking the 96-well plate for a few seconds to mix. Plates were covered and incubated on a shaker for 20 min at room temperature. Absorbance of both samples and standards were measured using a microplate reader at 450 nm (VersaMaxTM). SOD activity was expressed as units/mg of proteins and calculated from the linear regression of the standard curve by substituting the linearized rate for each sample. It has a 4.2% CV inter-assay precision.

Lipid peroxidation analysis. The levels of lipid peroxidation in the HK-2 cells were assessed by measuring the level of TBARS using an assay kit (Cayman Chemical) according to the manufacturer's protocol. The assay is based on the reaction of MDA with thiobarbituric acid (TBA) which is added to the sample. MDA-TBA adducts formed by the reaction of MDA and TBA under high temperature (90-100°C) and acidic conditions is measured colorimetrically at 540 nm (VersaMaxTM). Samples were prepared according to manufactures' directions. To perform the assay, briefly, cells were lysed with sonicating 3X for 5 sec intervals at 40V setting over ice. The cell lysates were centrifuged at 12,000 g for 10 min at 4°C. The supernatant was used for protein concentration analysis (BCA protein assay reagents, Pierce), standardized at 1 mg protein/ml solution and utilized for TBARS-assay immediately. The assay was done in duplicates in 96 well plates. The concentration of TBARS was calculated from a MDA standard curve and normalized to the amount of protein in the sample. 

Measurements of intracellular Ca2+ concentrations. To determine the effect of taurine on the rise of oxLDL-induced intracellular calcium, 2×105 cells per well were seeded in 12-well plates and incubated overnight (37°C, 5% CO2), pretreated with taurine for 2 h or BAPTA-AM (Ca2+ chelating reagent) for 1 h, and then stimulated with oxLDL (150 μg/ml) for a further 16 h. After treatment, cells were loaded with calcium indicator, 2 μM Fluo-4-AM (Invitrogen), at 37°C in the dark for 30 min. The fluorescence intensity was measured at an emission wavelength of 485 nm with excitation wavelengths of 535 nm using a fluorescence microplate reader (PerkinElmer VICTOR3TM 1420). 1×PBS with 2 μM Fluo-4-AM were defined as background signal. On the other hand, cells seeded on coverslips and treatment as same as previously described. Images were acquired using a confocal laser scanning microscope (FV2000, Olympus, Tokyo, Japan) with a 488 nm argon-ion laser.

Measurement of mitochondrial membrane potential. The lipophilic cationic probe fluorochrome JC-1 was used to explore the effect of taurine on mitochondrial membrane potential (ΔΨm). JC-1 exists either as a green fluorescent monomer at depolarized membrane potentials or as a red fluorescent J-aggregate at hyperpolarized membrane potentials. JC-1 exhibits potential-dependent accumulation in mitochondria, as indicated by the fluorescence emission shift from 530 nm to 590 nm. After cells had been treated with oxLDL (150 μg/ml) for 16 h in the presence or absence of 100 μM taurine, cells (1×105 cells/12-well plates) were rinsed with DMEM/F12, and JC-1 (5 μM) was loaded. After 30 min of incubation at 37°C, cells were examined with a fluorescence microscope. Determination of the ΔΨm was carried out using a FACScan flow cytometer (Becton Dickenson). A confocal laser scanning microscope (FV2000, Olympus, Tokyo, Japan) with a 488 nm argon-ion laser was used to confirm that the cell-associated fluorescence was the intracellular fluorescence. The cells were cultured on coverslips and labeled with JC-1 for determination of ΔΨm in similar conditions as for the flow cytometer.
Isolation of cytosolic fraction for cytochrome c analysis. To isolate mitochondria and cytosol for observation of the cytochrome c release from mitochondria, the cells were sonicated in cold 20 mM HEPES buffer, pH 7.2, containing 1 mM EDTA, 210 mM mannitol, and 70 mM sucrose. The cell lysates were centrifuged at 1500 g for 5 min at 4°C to pellet the nuclei. The obtained supernatant was subsequently centrifuged at 10,000 g for 15 min at 4°C to pellet the mitochondria. The resulting supernatant was termed as the cytosolic fraction. Protein was quantified by the BCA protein assay reagents (Pierce, Rockford, IL, USA) and BSA (Pierce) was used as the standard. The content of cytochrome c in mitochondrial and cytosolic fractions was performed by immunoblotting. 

Immunoblotting. To determine whether taurine could attenuate the expression of oxLDL-induced ROS-regulating proteins, HK-2 cells were pretreated with taurine for 2 h, and then stimulated with oxLDL for 16 h. After treatment, cells were harvested and incubated at 4°C for 10 min in the Cell Culture Lysis Reagent (Promega, Madison, WI, USA) containing 4% protease inhibitor cocktail (Roche, Indianapolis, IN, USA) (v/v: 25/1), and collected as total cell lysates. The pre-staining protein molecular weight marker was purchased from Fermentas (SM0671; Hanover, MD, USA). For inhibition experiment, ex: U0126 (MEK inhibitor) or BAPTA (Ca2+ chelator) were preincubated for 1 h before adding oxLDL. The expression levels of cleaved caspase 9, cleaved caspase 3, phospho-p53 and phospho-ERK1/2, Bcl-2 and Bax were determined using SDS-PAGE and immunoblot assay. Immunoblotting was modified from previous study (Chang et al., 2012). Probed with primary antibodies (1:1000 dilutions) overnight at 4°C, followed by incubation with horseradish peroxidase-conjugated secondary antibody (1:5000) for 1 h. COX IV and β-actin were used as the internal control with different fractions, respectively.The bound immunoproteins were detected using an enhanced chemiluminescent assay (ECL; Millipore). The luminescent signals were assessed using a cooling-CCD (charge-coupled device) camera (ChemiDoc XRS+, Bio-Rad) and the associated software (Quantity One version 4.6.8, Bio-Rad). Immunoreactive bands were analyzed using Image Lab software version 3.0 (Bio-Rad). 
Immunofluorescence staining and confocal Laser Scanning Microscopy. Cells seeded on coverslips were treated with oxLDL (150 μg/ml) for 16 h in the presence or absence of 100 μM taurine, washed twice, and then fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Subsequently, the cells were incubated with various fluorescence probes in different experiments according to manufactures' instructions. The coverslips were mounted onto microscopy glass slide with mounting solution and observed using a confocal laser scanning microscope (FV2000, Olympus, Tokyo, Japan) with a 488 nm argon-ion laser.

Measurement of active caspase-3. To explore the effect of taurine on oxLDL-induced activation of caspase-3, HK-2 cells were pretreated with taurine for 2 h and then stimulated with oxLDL for 16 h. The activity of caspase-3 was measured by the Caspase-3/CPP32 Colorimetric Assay Kit purchased from Biovision (Mountain View) according to the manufacturer’s instructions. Briefly, HK-2 cells (1×106 cells/well) were seeded in 6-well plates and incubated overnight (37°C, 5% CO2). To determine the caspase-3 activity, approximately 150 μg protein was incubated for 2 h at 37°C with 200 μM enzyme-specific colorimetric caspase-3 substrate (DEVD- pNA), 10mM DTT, and 2× Reaction buffer. Caspase-3 activity was determined by measuring the levels of the pNA cleavage product at an absorbance wavelength of 405 nm using a microplate reader (VersaMaxTM). Data were expressed as the percentage of caspase-3 activity in the treated groups relative to that in the control (untreated) group.
Statistical analysis. Data were presented as means ± S.E.M (the standard error of the mean). In the crystal violet assay, TBARS assay and activities of caspase 3, statistical significance was determined using the two-tailed Student’s t-test compared to the control group. Differences between groups were analyzed using one-way analysis of variance (ANOVA) followed by Fisher's pairwise method. A value of p＜0.05 was considered significant. 

Results
Taurine protected against oxLDL-induced cytotoxicity

To establish a suitable working model of taurine, we first examined whether the amino acid was toxic to HK-2 cells, and we observed no cytotoxicity in cells under taurine treatment (data not shown). Next, we treated HK-2 cells with various concentrations of oxLDL (0, 50, 100, 150, 200 μg/ml) for 16 h. The cell viability determined via crystal violet assay was 100%, 83.08%, 78.03%, 73.92% and 63.2%, respectively. (Suppl. Fig. 1). Moreover, to examine the effects of taurine on oxLDL-induced toxicity, HK-2 cells were then exposed to 150 μg/ml oxLDL alone for 16 h or pretreated with different concentrations of taurine (0-100 μM) for 2 h prior to exposure to oxLDL. As shown in Fig. 1, oxLDL reduced the viability of HK-2 cells; however, taurine significantly increased the viability in a dose-dependent manner (p < 0.05). Before performing with crystal violet assay, we determined the cell viability in MTT assay. Due to MTT assay is based on the activity of cellular dehydrogenases, which may be affected by the alterations on oxidants. By this way, we showed the cell viability with crystal violet assay and get the similar result as the MTT assay (Suppl. Fig. 2). Finally, we chose 150 μg/ml of oxLDL and 100 μM of taurine were used in subsequent experiments.

Taurine prevented cell death by inhibiting oxLDL-induced sub-G1 phase arrest and apoptotic cell death 

The induction of cell death in oxLDL-treated HK-2 cells was first analyzed using DAPI staining and TUNEL assays with microscopic observation and then analyzed by flow cytometry. As shown in Fig. 2, cells incubated with oxLDL for 16 h showed chromatin condensation (a characteristic of apoptosis) with TUNEL-positive green fluorescence. When HK-2 cells were pretreated with taurine, however, the green TUNEL-positive cells were significantly eliminated. Moreover, to clarify whether the oxLDL-induced cell death was due to cell cycle arrest or apoptotic death, HK-2 cells were pretreated with or without taurine and then incubated with oxLDL. Subsequently, the hypodiploid DNA contents (%) were analyzed to determine the sub-G1 and apoptotic cells populations using an Annexin V-FITC/PI Apoptosis Detection kit. As shown in Fig. 3A and 3B, the results revealed that oxLDL induced cell cycle arrest at the sub-G1 phase from 7.33% to 22.19% in oxLDL-treated cells and taurine reduced the percentage of sub-G1 with oxLDL treatment. Furthermore, Fig. 3C and 3D show that the percentage of apoptotic cells (annexin V positive cells) increased from 2.45% to 5.68% (Q2+Q4) within 16 h in the oxLDL-treated cells and taurine rescued the apoptotic cell percentage with oxLDL treatment. Taken together, pretreatment of HK-2 cells with taurine protected against oxLDL- induced cell cycle arrest and apoptotic cell death.

Taurine decreased the suppression of superoxide dismutase (SOD) activity and led to reduced oxLDL-induced ROS generation

Salvayre et al. (2002) demonstrated that oxLDL evoked a progressive rise in cellular ROS, which subsequently leads to the activation of apoptotic signaling. Therefore, the present study investigated the effects of taurine on the generation of ROS, a potential factor related to oxLDL-induced oxidative stress, using DCF-DA as a fluorescent probe for the presence of hydroxyl radical. Pretreatment of HK-2 cells with taurine significantly decreased the levels of oxLDL-induced ROS generation from 1.93-fold to 1.11-fold (Fig. 4A and 4B). In accordance with these findings, taurine also reduced the suppression of SOD activity, which was induced by oxLDL exposure asynchronously (2.26 ± 0.16, 1.35 ± 0.13 and 1.83 ± 0.16 U/ml for the control, oxLDL, and taurine plus oxLDL groups, respectively) (Fig. 4C).

Taurine reduced oxLDL-induced malondialdehyde (MDA) generation 
   Previous studies revealed that accumulation of MDA led to an increase in intracellular ROS, dysfunction of mitochondria and activation of various protein kinases in cellular injury (Jing et al., 1999; Cominacini et al., 2000). Levels of MDA, which is a secondary lipid peroxidation product (Esterbauer et al., 1992), are increased after oxidative damage to membrane lipids, and as such, is an indicator of cellular injury. As shown in Fig. 5, oxLDL elevated the levels of MDA almost 2-fold, and taurine significantly decreased MDA levels in a concentration-dependent manner (p < 0.05). 
Taurine alleviated oxLDL-induced intracellular calcium ([Ca2+]i) accumulation

Increased levels of intracellular calcium are involved in oxLDL-induced HUVECs apoptosis (Ou et al., 2010). To elucidate the potential upstream signaling pathways of oxLDL-induced apoptosis in HK-2 cells, we tested whether cytoplasmic Ca2+ levels stimulated by oxLDL related to oxLDL-activated apoptotic signaling. After pretreatment with or without taurine, HK-2 cells were incubated with oxLDL and followed by Fluo-4-AM fluorescent probe, and the levels of Ca2+ were then evaluated by microscopy and fluorescence microplate reader. The results indicated that oxLDL stimulated the accumulation of Ca2+ in the cytoplasm. As shown in Fig. 6B, the basal [Ca2+]i increased 2.19-fold compared to the control cells. In contrast, calcium levels increased only 1.3-fold in taurine-pretreated oxLDL-challenged cells, indicating that taurine substantially reduced the accumulation of intracellular calcium in HK-2 cells. To further assess the requirement of Ca2+ for oxLDL-induced apoptosis, the effects of the cell-permeable Ca2+ chelating reagent BAPTA-AM (acetoxymethyl ester form of bis (aminophenoxy) ethan -N,N,N′,N′-tetraacetic acid) on these processes were evaluated The data showed that pre-incubation of HK-2 cells with BAPTA-AM resulted in prevention of oxLDL-induced accumulation of intracellular calcium (Fig. 6C and Suppl. Fig. 3). 
Taurine modulated oxLDL-induced mitochondrial transmembrane permeability transition 

Calcium is the most important signal for opening the mitochondrial permeability transition pore, a mechanism that triggers apoptosis (Zoratti and Szabo, 1995). As a consequence of both the dysfunction of the electrochemical gradient caused by pore opening and the rupture of the outer mitochondrial membrane, the mitochondrial membrane potential (ΔΨm) generally collapses (Giovannini et al., 2002; Zoratti and Szabo, 1995). Ou et al. (2010) reported that oxLDL stimulated mitochondrial dysfunction in endothelial cells. To test whether the transition of ΔΨm related to oxLDL-induced apoptotsis of renal cells and the functional role of taurine, HK-2 cells were exposed to oxLDL with or without taurine and assessed the alteration ofΔΨm. When HK-2 cells were stimulated with oxLDL alone, the ΔΨm was depolarized, as shown by the increase in green fluorescence (Fig. 7A, middle panel). Pretreatment with taurine prevented the change in ΔΨm, as indicated by decreased green fluorescence and increased red fluorescence (Fig. 7A, right panel). These findings were further supported by flow cytometric analysis (Fig. 7B), which showed that oxLDL caused a marked increase in JC-1 green fluorescence (middle panel) compared with the control group (left panel). Pretreatment with taurine inhibited oxLDL-induced apoptosis (right panel). The disruption of mitochondrial membrane potential (ΔΨm) eventually causes the release of cytochrome c from the mitochondria to the cytosol and further activates the caspases, thereby resulting in apoptosis. Subsequently, we investigated the possible involvement of cytochrome c release in the process of oxLDL-induced apoptosis. As shown in Fig. 7C, western blot analysis of both the cytosolic and mitochondrial fractions demonstrated a consistent increase in cytochrome c in the cytosolic fraction, being 2.89-fold compared with untreated cells. Simultaneously, there was a decrease in cytochrome c in the mitochondrial fraction. In contrast, taurine significantly prevented oxLDL-induced cytochrome c release in the cytosolic fraction, avoiding inducing apoptosis (p < 0.05).
Taurine suppressed oxLDL-induced caspase-9 and caspase-3 activation

It is well known that the cytochrome c release may lead to the activation of caspase (Zoratti and Szabo, 1995). Caspases are key mediators of cell death, and caspase-3 is the primary ‘executioner’ of apoptosis. We examined the involvement of caspases in the process of apoptosis and showed that oxLDL-induced a significant activation of caspases 9, and 3 compared with untreated cells. These results show that oxLDL not only enhanced the release of cytochrome c but also activated the up-regulation of caspases 9 and 3. On the other hand, we analyzed the activity of caspase-3 using a caspase-3/CRP32 colorimetric assay kit. As shown in Fig. 8B, oxLDL significantly upregulated caspase-3 activity, whereas pretreatment with taurine effectively decreased oxLDL-induced caspase-3 activity in a dose-dependent manner (from 204% to 145% and 105%, respectively). These results suggested that the oxLDL-induced apoptosis in HK-2 cells is mediated by ROS via a mitochondria- caspases pathway.
Taurine decreased oxLDL-induced ERK activation

ROS are involved in various biological effects, such as cell activation, proliferation, survival and apoptosis, all of which are mediated by various signaling pathways. To explore the mechanism underlying oxLDL-induced renal epithelium damage, we measured the expression levels of apoptosis-related proteins in HK-2 cells. The mitogen-activated protein kinase (MAPK) family, also known as extracellular signal-regulated kinases (ERKs), is relevant to cell death and survival. To investigate whether ERK1/2 signaling was involved in the effects of taurine on oxLDL-induced apoptosis, we pretreated HK-2 cells with or without taurine prior to challenge with oxLDL. We next analyzed the cells by Western blot using specific antibodies. As shown in Fig. 9A, we found that phosphorylation of ERK1/2 in oxLDL-treated cells was upregulated about 5-fold compared with untreated cells. Moreover, pretreatment with taurine visibly antagonized the effect of oxLDL on ERK1/2 phosphorylation, the phosphorylation levels only 2.44-fold compared with untreated cells. 

Taurine diminished oxLDL-induced apoptosis by modulating p53 phosphorylation and regulating the expression of p53-related apoptotic or anti-apoptotic proteins 

A sustained rise in cytosolic calcium plays a central role in oxLDL-induced apoptosis and necrosis (Salvayre et al., 2002). Following cellular stress, protein 53 (p53) was stabilized by phosphorylation via calcium-dependent protein kinase C, allowing it to regulate the expression of numerous pro-apoptotic genes (Shieh et al., 1997; Yang, 2003). Therefore, the effects of taurine on p53-regulated intrinsic pro-apoptotic proteins were examined in renal tubular cells. As shown in Fig. 9B, incubation of HK-2 cells with oxLDL for 16 h resulted in the phosphorylation of p53 and elevated total p53 protein levels and the phosphorylation of p53 at serine 15 and 20 was shown related to oxLDL-induced apoptosis with our findings. Since the increase in p53 protein levels was primarily due to post-translational regulation with multiple-site phosphorylation rather than transcriptional regulation of p53 (Banin et al., 1998; Shieh et al., 1999), we suggest the taurine decreased of p53 phosphorylation at serine 15 and 20 in cells and subsequently reduced the total p53 proteins. Furthermore, phosphorylation of p53 increased the expression of pro-apoptotic Bax protein and decreased the expression of the anti-apoptotic Bcl-2 protein (Fig. 9A), suggesting the permeabilization of mitochondria and the release of cytochrome c. Taken together, these observations show that oxLDL provoked the activation of p53 protein and subsequently modulated the expression of its downstream apoptotic- related protein, thereby promoting to apoptosis. In addition, pretreatment with taurine moderated the p53-evoked pro-apoptotic signaling, showing that taurine played a protective role in antagonizing oxLDL-induced cell death. 
Discussion


Various biotic stresses lead to the overproduction of ROS in many organisms. ROS were traditionally regarded as toxic byproducts of aerobic metabolism, which were highly reactive and ultimately resulted in oxidative stress (Freeman and Crapo, 1982; Finkel, 1998). In the present study, we demonstrated for the first time about cryoprotection of taurine against oxLDL-induced cytotoxicity in HK-2 cells, and we elucidated the underlying mechanisms. Our results revealed that oxLDL inhibited the growth of HK-2 cells through induction of apoptosis, with the involvement of ROS generation, caspase activation, mitochondrial dysfunction and subsequent induction of p53 phosphorylation. These oxLDL-induced insults were significantly blocked by pre-treatment with taurine, mainly due to the attenuation of oxidative stress, reduction of p53 activation and modulation of the ERK signaling pathways.

ROS are involved in various biological effects, such as cell activation, proliferation, survival, development, pathogen defense and apoptosis; these effects are mediated by systemic signaling pathways and influence the expression of a number of genes, thereby controlling many physiological processes (del Río et al., 2006; Irani, 2000). Hyperlipidemia promotes the cells continually exposed to free radicals in humans. The imbalance between free radical production and antioxidant defenses results in oxidative stress, which has been recognized to give rise to the pathogenesis of human diseases. Recent studies have focused on the antioxidant properties of pure compounds for application to the chemoprevention of oxidative stress-related diseases. The cell viability assay in this study showed that oxLDL induced cytotoxicity in HK-2 cells, and taurine protected those cells from death. Furthermore, we detected ROS signals in oxLDL-exposed cells, which were protected by taurine via inhibition of ROS generation. The results confirmed that antioxidants inhibited oxLDL-induced ROS generation, thereby preventing cell death (Maziere et al., 2005). The data presented here support an antioxidant/scavenger function for taurine and show that taurine acts as an important intracellular ROS/RNS scavenger and antioxidant. 
Taurine plays important roles in numerous physiological homeostasis mechanisms and is widely distributed throughout animal tissues (Huxtable, 1992; Bouckenooghe et al., 2006). Previous studies reported that taurine exerted beneficial effects on vascular cells and cardiomyocytes through its antioxidant action, protecting against toxicity by diminishing production of ROS (Irani, 2000; Li et al., 2005). The abundance of fatty acids in the kidney makes the organ particularly vulnerable to attack by ROS and leads to renal dysfunction (Esterbauer et al., 1991; Klahr, 1997). Mammals possess very efficient enzymatic (e.g., SOD, CAT, GPx) antioxidant defense systems, and these work in concert to counteract the cascades of uncontrolled oxidation products, protecting organisms against oxidative-stress-induced damage by scavenging ROS. In our study, pre-treatment with 100 M taurine for 2 h significantly elevated the oxLDL-attenuated SOD activity and decreased the ROS level. The results confirmed those of previous studies, suggesting that taurine protected against renal damage via mitigation of oxidative stress and augmentation of the activities of antioxidant enzymes (Guz et al., 2007; Li et al., 2005; Sener et al., 2005). In contrast, malondialdehyde (MDA), a lipid peroxidation by-product, has been used as an indicator of cellular oxidation status (Esterbauer et al., 1992; Slatter et al., 2000). Previous studies revealed that accumulation of MDA led to an increase in intracellular ROS, dysfunction of mitochondria and activation of various protein kinases in cell signaling pathways (Cominacini et al., 2000; Jing et al., 1999; Kuniyasu et al., 2011; Ou et al., 2010; Salvayre et al., 2002). Our study showed that taurine reduced MDA generation in a concentration-dependent manner. Our results indicated that taurine was a potential antioxidant and could prevent lipid peroxidation 

ROS generation is the earliest apoptotic signal elicited by the addition of oxLDL.  ROS and oxidative stress would disrupt endoplasmic reticulum (ER) function, a major cause of the release of intracellular calcium stores (Hunter and Haworth, 1979; Maziere et al., 2005). Excess calcium has been reported to induce mitochondrial outer membrane permeabilization and, in turn, to increase mitochondrial ROS release, further contributing to apoptotic death (Giovannini et al., 2002; Jong et al., 2011; Zoratti and Szabo, 1995). Ou et al. (2010) reported that oxLDL increased the activation of the cellular suicide pathway in endothelial cells, inducing reduction of the mitochondrial transmembrane potential (ΔΨm) with concomitant release of the mitochondrial protein cytochrome c and subsequent activation of caspase 3, leading to apoptosis. In our study, we observed that treatment of renal cells with oxLDL resulted in an alteration of ΔΨm and calcium levels in the mitochondria, induction of DNA damage, cell cycle arrest, elevation of cytochrome c in the cytosol and activation of caspase 3, all of which are hallmark features of apoptosis. Pretreatment with taurine significantly mitigated these oxLDL-induced disruptions and prevented HK-2 cells from undergoing apoptosis. According to our findings, the anti-apoptotic effects of taurine were derived from its inhibition of ROS generation, which in turn repressed the accumulation of [Ca2+]i, stabilized ΔΨm, prevented the release of cytochrome c, a molecule required for the activation of caspase-3, and thus, improved the viability of oxLDL-treated renal cells. Combined with the previous findings are results suggesting that taurine functions as a direct antioxidant by scavenging free radicals (Sener et al., 2005; Zhang et al., 2004). Even when oxLDL administration was continued, taurine maintained its protective effects during the study, suggesting that it could abolish the cytotoxic effects of oxLDL. More detail studies are required to elucidate the working mechanisms of taurine with the anti-oxidative and anti-apoptotic actions. 

Many genes reported to participate in the regulation of apoptosis under oxidative stress may not be direct targets of ROS. Tyrosine phosphatases are prime candidates for such intermediaries. Tyrosine phosphatases share redox-sensitive cysteine residues in their active sites, which are essential for their biological activity (Fischer et al., 1991; Hecht and Zick, 1992). To date, the connections and mechanisms of activation of these primary molecular targets mediating oxidative stress are partially be clarified . The generally accepted paradigm is that an increase in intracellular ROS by inhibiting tyrosine phosphatase activity transiently favors the activities of tyrosine kinases, leading to phosphorylation of their cellular targets, such as MAPK and SAPK family (Baas and Berk, 1995; Irani, 2000). Tyrosine kinases are important mediators of signal transduction and normally prevent deregulated proliferation or contribute to sensitivity towards apoptotic stimuli (Baas and Berk, 1995). A previous study showed that the MAPK family (ERK1/2) might be able to regulate p53 and participate in apoptosis in response to nitric oxide (Isenberg et al., 2005). To further elucidate the molecular events associated with oxLDL-triggered apoptotic signals, we tested the expression of the proteins relevant to apoptosis. We showed that oxLDL-induced phosphorylation of ERK in HK-2 cells, whereas pretreatment with taurine visibly antagonized this effect. In general, activation of ERK is related to cell proliferation (Fischer, 1991). Recently, Cheng et al. (2009) found that Oridonin induces G2/M arrest and apoptosis by activating the ERK–p53 apoptotic pathway. Taken together, we considered that taurine inhibited oxLDL-induced tubular epithelial cell death possibly through the ERK-related signaling pathway. Whether the cross-talk between p53 and ERK reflects the cytotoxicity of oxLDL exposure in the nephrotic syndrome and the effects of taurine need to be addressed in future investigations. 
Accumulating evidence indicates that post-translational modifications of p53 could modulate its stability and activity. The p53 gene, a stress-activated transcription factor and positive regulator of apoptosis, is phosphorylated in vitro at multiple sites in the N- and C-termini by a number of kinases, and similar phosphorylation events in vivo control the expression of hundreds of genes (Yang, 2003). Johnson et al. (1996) found that suppression of p53-induced ROS abrogated p53-induced apoptosis. In other words, in the context of p53-regulated cell-cycle progression, ROS are negative regulators of cell growth and survival. In response to DNA damage and other cellular stresses, protein levels of p53 are greatly upregulated and its activities are induced (Yang, 2003). One of the key contributions of p53 to apoptosis is the up-regulation of the pro-apoptotic Bax gene or the down-regulation of the anti-apoptotic Bcl-2 gene (Basu and Haldar, 1998). In our study, taurine significantly reduced the activation of the pro-apoptotic protein Bax and increased the expression of the anti-apoptotic protein Bcl-2 in oxLDL-exposed renal cells. These results confirmed that oxLDL induced generation of ROS in endothelial cells, activating p53 and subsequently inducing a conformational change in Bax enabling the mitochondrial translocation of that pro-apoptotic protein (Cheng et al., 2007). The identification of the phosphorylation events and subsequent signaling pathways required for p53 activation in response to DNA damage will have important clinical applications. ATM family kinases are required for the rapid phosphorylation of human p53 at Ser15 following DNA damage (Banin et al., 1998). Previous studies revealed that phosphorylation of p53 at Ser15 and/or Ser 20 disrupted its interactions with MDM2, leading to p53 stabilization (Shieh et al., 1997, 1999). Another study suggested that Ser15 phosphorylation might stabilize p53 by preventing the nuclear export of p53 (Zhang and Xiong, 2001). To address the physiological significance of p53 activation in response to DNA damage, we screened several phosphorylation sites in the p53 protein. Our results indicated that phosphorylation of p53 at Ser15 and 20 occurred in oxLDL-induced apoptotic renal cells. The results were comparable to previous studies identifying phosphorylation of p53 at Ser15 and/or Ser20 following DNA damage. Identification of those genes whose expression is either activated or repressed by p53 gene expression will be essential for understanding the mechanism of p53-dependent ROS-induced apoptosis. According to these results, the oxLDL-induced apoptosis in HK-2 cells came from the activation of p53 and subsequently modulated its downstream Bax and Bcl-2 genes. These observations provided a novel mechanism of action of taurine and may explain its protective effect on oxLDL-induced apoptosis. 

In smooth muscle cells (SMCs), studies using exogenously generated oxidants have also reported that ROS led to cell death (Baas and Berk, 1995). Interestingly, exposure of SMCs to relatively low levels of oxidative stress for short periods of time promoted growth, whereas prolonged exposure to higher levels of oxidative stress led to cell death (Baas and Berk, 1995). Moreover, the species of oxidant added was important for determining the fate of the cell: superoxide anion (O2-) resulted in cell growth whereas hydrogen peroxide (H2O2) led to cell death (Irani, 2000). H2O2 is a reactive oxygen species and can cross cell membranes and react with iron to form more harmful species, such as OH- (Irani, 2000). In accordance with our findings, suggesting that oxLDL-induced cytotoxicity of HK-2 cells may be due to the generation of H2O2, eventually leading to cell death. Furthermore, oxLDL-induced cytotoxicity was antagonized by taurine, indicating that taurine mitigated cytotoxicity by reducing oxLDL-induced ROS generation. Recently, studies of taurine toward the field of cancer research. However, it is shown that taurine enhances apoptosis in cervical cancer cells (Kim and Kim. 2013), suggesting that taurine plays a different role in different cell types. These studied pointed out the multiple biological roles of taurine in humans.
Taurine is now a requirement of the Association of American Feed Control Officials (AAFCO) and any dry or wet food product labeled approved by the AAFCO should have a minimum of 0.1% taurine in dry food and 0.2% in wet food. Though several lines of report indicate that dietary taurine can reduce diseases in humans and in animal models, that supplementation with taurine clinically in humans with dyslipidemias, required more serious evaluation in our present study. In conclusion, we explored the cytoprotective effect of taurine, and we clarified the molecular mechanisms by which taurine prevented oxLDL-induced apoptosis of epithelial cells via anti-oxidative processes. Our data suggest that taurine, an antioxidant, plays a potential role in the process of renal disorders. It is imperative that future efforts be directed toward better defining and characterizing the signaling pathways regulated by ROS in epithelial cells. Such efforts will likely yield new molecular targets, develop the beneficial biochemical function of endogenous antioxidants and ultimately lead to more effective therapies for preventing or ameliorating renal diseases through the fine modulation of the ROS-related apoptosis signaling pathway.

Figure legends   
Fig. 1. Effects of taurine on oxLDL-induced cell death in HK-2 cells. (A) Photomicrographs of the phase-contrast microscopy. HK-2 cells (left) were incubated with oxLDL (150 g/ml) in the absence (middle) or the presence (right) of 100 M taurine for 16 h. (B) HK-2 cells was pretreated with the indicated concentrations of taurine (0-100 M) for 2 h followed by exposure to 150 μg/ml oxLDL for 16 h. Cell viability was determined by crystal violet assay. Data are the means ± SEM (n=4). * p<0.05, the oxLDL-treated (taurine 0 M) group vs. the untreated control; # p<0.05, the taurine-treated (10-100 M) group vs. the oxLDL-treated group.
Fig. 2. Effects of taurine on oxLDL-induced apoptosis in HK-2 cells detected with the DAPI stain and TUNEL assay. Cells were pretreated with or without 100 M taurine followed by incubation for 16 h with oxLDL (150 g/ml). Top: cells stained with DAPI. Middle: cells stained using TUNEL assay. TUNEL-positive nuclei due to DNA fragmentation appeared as green fluorescence. Bottom: flow cytometric analysis (Control: white; oxLDL: dark gray; oxLDL with taurine: light gray). The images shown here are representative of three independent experiments with similar results. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. Effects of taurine on oxLDL-induced cell cycle arrest and apoptotic cell death in HK-2 cells. Cells were pretreated with or without 100 M taurine, followed by incubation for 16 h with oxLDL (150 g/ml). (A) Cell cycle distribution was monitored by flow cytometry. (B) Cells with sub-G1 phase and hypodiploid DNA contents (%) in the cell cycle represent the fractions undergoing apoptotic DNA degradation. Data are the means ± SEM (n=6). (C) Apoptotic cells (annexin V-FITC positive) stained with FITC-conjugated annexin V and propidium iodide (PI) and examined by flow cytometry. (D) Quantification of annexin V-positive cells (Q2+Q4) was measured using an Annexin V/PI kit. Data are the means ± SEM (n=11). Different lowercase letters (a and b) indicate significant differences (p<0.05) among groups by one-way ANOVA with Fisher's pairwise test.  
Fig. 4. Effects of taurine on oxLDL-induced ROS production in HK-2 cells. (A) Fluorescence images of HK2 cells incubated for 1 h with 10 M fluorescent probe DCF-DA showed the ROS level in the cells. Top: cells stained with DAPI. Bottom: cells stained using DCF-DA probe. ROS-positive cell appeared as green fluorescence. (B) Fluorescence intensity of DCF-DA was measured with a fluorescence microplate reader and expressed as a percentage of ROS generation. (C) The activities of SOD were assayed. Data are the means ± SEM (n=6). Different lowercase letters (a and b) indicate significant differences (p<0.05) among the three groups by one-way ANOVA with Fisher's pairwise test. 
Fig. 5. Effects of taurine on oxLDL-induced MDA production in HK-2 cells. Cells were pretreated with the indicated concentrations of taurine (0-100 M) for 2 h followed by exposure to oxLDL (150 g/ml) for 16 h. MDA levels were determined by the TBARS assay. Data are expressed as means ± SEM (n=7). * p<0.05, the oxLDL-treated (taurine 0 M) group vs. the untreated control; # p<0.05, the taurine -treated (10-100 M) group vs. the oxLDL-treated group.
Fig. 6. Effects of taurine and BAPTA-AM on oxLDL-induced intracellular calcium ([Ca2+]i) accumulation in HK-2 cells. (A) Cells pretreated with or without taurine followed by incubation with oxLDL and Fluo-4-AM fluorescent probe. Fluorescence images showed the Ca2+ level in the group of control (left), oxLDL (middle), and pretreated with 100 M taurine (right), respectively. (B) The fluorescence intensity of calcium was measured at an emission wavelength of 485 nm with excitation wavelengths of 535 nm using a fluorescence microplate reader. Data are expressed as means ± SEM (n=6). (C) Effect of BAPTA-AM on oxLDL-induced intracellular Ca2+ concentration. Data are the means ± SEM (n=4). Different lowercase letters (a, b and c) indicate significant differences (p<0.05) among the three groups by one-way ANOVA with Fisher's pairwise test. 
Fig. 7. Effects of taurine on mitochondrial transmembrane permeability transition. (A) Mitochondrial membrane potential (ΔΨm) was assessed with the signal from monomeric and J-aggregate JC-1 fluorescence. (left) no treatment; (middle) oxLDL; and (right) oxLDL+100 M taurine. (B) JC-1 fluorescence was confirmed by using flow cytometry. Green fluorescence intensity indicated the cells with low ΔΨm, while the red fluorescence intensity indicated the cells with stable ΔΨm. (C) oxLDL detected by Western blotting stimulated the translocations of cytochrome c from the mitochondria to the cytosol. Results were subjected to densitometric analysis. Data are the means ± SEM (n=11). Different lowercase letters (a and b) indicate significant differences (p<0.05) among the groups by one-way ANOVA with Fisher's pairwise test. 
Fig. 8. Effects of taurine on oxLDL-induced caspase 9 and 3 activation in HK-2 cells. Cells were pretreated with or without of taurine followed by incubation for 16 h with oxLDL. (A) Western blot analysis shows the protein expression levels of cleaved caspases 9 and 3 and the results were subjected to densitometric analysis. Data are the means ± SEM (n=4). (B) Dose-dependent effects of taurine on oxLDL-induced caspase 3 activation. The activity of caspase 3 of HK-2 cells was measured using a Caspase-3/CRP32 colorimetric assay kit. Data are the means ± SEM (n=6). * p<0.05, the oxLDL-treated (taurine 0 M) group vs. the untreated control; # p<0.05, the taurine-treated (10-100 M) group vs. the oxLDL-treated group.
Fig. 9. Taurine reduced oxLDL-induced apoptosis by regulating ERK and p53 phosphorylation and subsequently modulated p53-related apoptotic proteins. HK-2 cells were pretreated with or without 100 M taurine, followed by incubation for 16 h with oxLDL (150 g/ml). (A) Representative Western blots and summary data showing that oxLDL upregulated the levels of pro-apoptotic proteins (phosphorylated p53 and Bax) and of phosphorylated ERK while downregulating anti-apoptotic (Bcl-2) proteins. Pretreatment with taurine suppressed these apoptosis-provoking alterations. The results of protein assays were subjected to densitometric analysis. Data are the means ± SEM (n=11). (B) The expression levels of phosphorylated p53 in HK-2 cells. Equal protein loading was confirmed by analysis of -actin in the protein extracts. Data showed a representative experiment from a minimum of three independent experiments. The relative ratio of protein expression levels were showed under the Blots. * p<0.05, the oxLDL-treated (taurine 0 M) group vs. the untreated control; # p<0.05, the taurine-treated (10-100 M) group vs. the oxLDL-treated group.
Fig. 10. Schematic representation of potential pathways involved in the beneficial action of taurine against oxLDL-induced proximal tubule epithelial cell (HK-2) apoptosis. Coupled with dysregulation of the apoptosis-related proteins p-ERK, p53, Bcl-2 and Bax, oxLDL elevated the formation of ROS that led to apoptosis in HK-2 cells. In contrast, taurine inhibited the apoptotic signaling cascades initiated by oxLDL-generated ROS levels. Taken together, these results show that taurine attenuated oxLDL-induced peroxidation by decreasing ROS generation and alleviating apoptosis by inhibiting the dysregulation of p-ERK, p53, Bcl-2, Bax and prevent oxLDL-induced mitochondrial transmembrane permeability transition. The → indicates activation or induction, and ⊥ indicates inhibition or blockade.
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