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  Podocytes play a major role in glomerular filtration barrier, and also participate in 

pathogenic process of diabetic nephropathy. Diabetic patients have elevated plasma 

levels of saturated free fatty acid (FFA) that induces ER stress and apoptosis in different 

cell types. The purpose of this study is to investigate the cytotoxic mechanism of FFA in 

immortalized mouse podocyte.  

  Incubation with palmitate, a saturated FFA, increased cytosolic and mitochondrial 

reactive oxygen species (ROS) production and apoptotic cell death in a dose dependent 

manner. However, a mono-unsaturated FFA oleate itself or combination with palmitate 

neither increased ROS level nor induced cell death. Palmitate depolarized the 

mitochondrial membrane potential and reduced ATP generation. As morphodynamic 

changes, palmitate caused not only a mitochondrial fragmentation but a marked ER 

lumen dilation. Consistently, palmitate upregulated ER stress proteins such as 
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GRP78/Bip, spliced xbp1 and CHOP. Palmitate depleted the luminal Ca2+ level in ER and 

abolished the cyclopiazonic acid (CPA)-induced cytosolic Ca2+ increase. Palmitate-

induced ER Ca2+ depletion and cytotoxicity were blocked by sulfo-N-succinimidyl oleate 

(SSO), a selective inhibitor of FAT/CD36 known as a fatty acid transporter. In addition, a 

mitochondrial antioxidant mitoTEMPO blocked palmitate-induced ER Ca2+ depletion as 

well as ER stress and partially reduced cytotoxicity. Loss of ER Ca2+ pool induced by 

palmitate was recovered by inhibitors of phospholipase C (PLC) and protein kinase C, but 

strongly potentiated by a diacylglycerol (DAG) kinase inhibitor which prevents DAG 

degradation.  

  Taken together, these data suggest that palmitate as the predominant circulating 

saturated FFA leads to mitochondrial dysfunction and ER stress through oxidative stress 

and ER Ca2+ depletion, and these effects might be mediated by FAT/CD36 and PLC 

signaling in mouse podocyte. 

 

Key words : Mouse podocyte, Diabetic nephropathy, Palmitate, Oleate, ER stress, 

Apoptosis, Reactive oxygen species, Mitochondrial dysfunction, 

Mitochondrial fragmentation, ER lumen dilation, ER Ca2+ depletion, 

FAT/CD36, Phospholipase  
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I. INTRODUCTION 
 

 
 
 
1.1. Pathophysiologic role of podocyte in diabetic nephropathy 

1.1.1. Impaired glomerular filtration barrier in diabetic nephropathy 

Diabetic nephropathy is the most prevalent cause of end-stage renal disease in the 

developed countries. About one third of the patients with diabetes develop glomerular 

disease (Sanchez and Sharma, 2009). The manifestation of diabetic nephropathy is a 

latent period of several years after the onset with modestly elevated glomerular filtration 

rate followed by urinary albumin excretion with pathologic changes such as glomerular 

hypertrophy and expansion of mesangial matrix (Fioretto et al., 1992). In terms of disease 

progression, the most important prognostic factor in diabetic nephropathy is proteinuria 

(de Zeeuw et al., 2004). This is caused by the disruption of barrier (glomerular filtration 

barrier) to prevent the passage of large molecule.  

Glomerular filtration barrier is composed of capillary endothelium, glomerular basement 

membrane (GBM) and visceral epithelium. 1) Glomerular endothelial cells are flattened 

and fenestrated to be highly permeable to small molecules. Therefore, the role of 

endothelium for selective filtration seems not to be substantial (Lowik et al., 2009). 2) 

GBM is the dense structure of extracellular matrix (collagen type IV, laminins, and 

proteoglycans). In the past years, GBM is considered to be the major role in filtration 

selectivity. Alport's syndrome is the typical case having a mutation in collagen of GBM 

leading to proteinuria (Barker et al., 1990). 3) Visceral epithelial cells known as podocytes 

are highly specialized terminally differentiated cells facing to Bowman's space. Especially 
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these epithelial cells posses primary processes and sophisticated foot processes which 

acts an important role in size- and charge-selective barrier function. Foot processes 

attach to the outer surface of GBM through plasmalemma receptor such as integrins, 

vinculin, paxillin, and dystroglycans (Raats et al., 2000; Kretzler, 2002).  

 

1.1.2. Podocyte damage in diabetic nephropathy 

Major acquired glomerular diseases directly related to podocyte injury comprise focal 

segmental glomerulosclerosis (FSGS), membranoproliferative glomerulonephritis 

(MPGN), and diabetic nephropathy (Shankland, 2006). Effacement, detachment, and loss 

are the main pathologic findings of podocyte in those diseases. Accumulating 

experimental and clinical evidences showing a marked reduction of podocyte number in 

diabetic glomerular diseases (Steffes et al., 2001). Apoptosis of podocyte is a major 

cause of reduced podocyte number related to proteinuria and glomerulosclerosis. 

Interestingly, many podocytes present in the urine is viable implying the detachment from 

GBM in diabetic nephropathy (Petermann et al., 2004). Reduced expression of integrins 

or dystroglycans is reported in diabetes which might underlie podocyte detachment in 

diabetic nephropathy (Chen et al., 2000).  

 

1.1.3. Pathogenic mediators in diabetic milieu 

Multiple mediators have been suggested for the pathogenesis of diabetic nephropathy 

including high glucose (Eid et al., 2009; Eid et al., 2010), free fatty acids, transforming 

growth factor-b (TGF-b) (Schiffer et al., 2001), angiotensin II (Ang II), and advanced 

glycation end products (Forbes et al., 2003; Zhou et al., 2009). Firstly, it is demonstrated 

that high glucose induces reactive oxygen species (ROS) production and apoptosis in 
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cultured podocyte (Lee et al., 2006; Susztak et al., 2006; Eid et al., 2009). This ROS 

production is resulted from the activation of cytochrome P450 and NADPH oxidases (Eid 

et al., 2009). NADPH oxidase-dependent ROS generation was reported to be increased 

in glomeruli of streptozocin-induced diabetic rats (Gorin et al., 2005). Secondly, 

accumulation of TGF-β in injured kidney of experimental animal and all type of chronic 

kidney diseases in human are documented (Border and Noble, 1994). Furthermore, 

marked proteinuria with podocyte effacement was induced by adenoviral-mediated TGF-β 

overexpression in animal model (Ghayur et al., 2012). TGF-β induces apoptosis through 

Smad-dependent or -independent pathway (Tossidou and Schiffer, 2012). Activation of 

p38 mitogen-activated protein kinase (MAPK) by TGF-β mediates caspase-dependent 

and Smad-independent pathway, while upregulation of Smad7 participates in Smad-

dependent and caspase-independent pathway. Thirdly, Ang II induces apoptosis and 

stimulates TGF-β production in rat podocytes (Ding et al., 2002). It has been reported that 

the blockade of Ang II signaling with an angiotensin-converting enzyme inhibitor and Ang 

II receptor blocker improves proteinuria independent from blood pressure lowering effect. 

These studies suggested that Ang II has deleterious effects directly on the kidney, 

independent of its hemodynamic actions (Shankland, 2006). 

 

1.2. Lipotoxicity by saturated free fatty acids  

1.2.1. Free fatty acids in diabetic nephropathy 

  Long chain free fatty acids (FFA) as a major metabolic energy source are essential for 

physiologic homeostasis. However, increased FFA cause cytotoxicity known as 

'lipotoxicity' in different type of cells including pancreatic b-cells (Cunha et al., 2008). It 

has been well known that plasma level of FFA is elevated in type 2 diabetes (Randle et al., 
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1963). Plasma total FFA (non-esterified) in healthy person is reported to be 200~600 mM, 

and increased up to 4-fold higher in diabetes, cancer, and sepsis (McArthur et al., 1999). 

Palmitate is the most abundant FFA in plasma of human and rodents, accounting for 22–

25% of the total fatty acids (Richieri and Kleinfeld, 1995; Miyasaka et al., 2001). However, 

most of the FFA in serum is bound to albumin and only small portion is present as a 

unbound form (Richieri and Kleinfeld, 1995).  

 

 

1.2.2. Oxidative stress and mitochondrial dysfunction by free fatty acids  

  An increase of ROS production induced by saturated FFA was observed in neutrophils 

(Hatanaka et al., 2006), fibroblasts (Dhaunsi et al., 2005), endothelial cells (Horani et al., 

2006), pancreatic b-cells (Yuan et al., 2010), skeletal muscle cells (Duval et al., 2007; 

Yuzefovych et al., 2010), and hepatic cells (Srivastava and Chan, 2007). However, the 

precise mechanisms by which FFA modulate ROS generation still remains unclear. The 

main sites of ROS production has been suggested as NADPH oxidase and mitochondrial 

electron transport chain (Lambertucci et al., 2008; Yuan et al., 2010). Especially, FFA 

increases mitochondrial ROS production which leads to mitochondrial dysfunction, 

cytochrome c release and apoptosis (Sparagna et al., 2000; Yuzefovych et al., 2010). 

These processes are mediated by mitochondrial transitional pore (MPT) opening that 

lead to the depolarization of mitochondrial inner membrane and swelling (Sparagna et al., 

2000; Malhi et al., 2006; Nemcova-Furstova et al., 2011).  
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1.2.3. ER stress pathways 

The endoplasmic reticulum (ER) is the organelle where secretory and membrane 

proteins are folded. Only correctly folded proteins are transported to the Golgi or other 

destination but accumulation of mis- or unfolded proteins makes cells to respond different 

ways totally termed as ER stress (Eizirik et al., 2008). ER stress response includes 

translation attenuation, degradation of misfolded proteins, and reinforcement of protein 

folding capacity, and when all these trials fails to recover ER stress it consequently results 

in apoptosis. There are three transmembrane ER sensors for unfolded proteins: inositol-

requiring protein 1 (IRE1), activating transcription factor 6 (ATF6), and PKR-like ER 

kinase (PERK). These ER stress transducers are activated by the dissociation of ER 

chaperone immunoglobulin heavy chain binding protein (BIP), also known as glucose 

responsive protein 78 (GRP78), from their ER luminal side (Back and Kaufman, 2012). 

Dissociation of BIP activates three different pathways: 1) PERK is activated and 

phosphorylate the eukaryotic translation initiation factor 2α (eIF2α), attenuating global 

translation but paradoxically enhancing activating transcription factor 4 (ATF4) expression. 

ATF4 induces C/EBP homologous protein (CHOP) and downstream growth arrest and 

DNA damage 34 (GADD34). GADD34 acts as a cofactor for phosphatase, which leads to 

dephosphorylate eIF2α and recover from translation attenuation as a negative feedback. 

2) ATF6 is translocated from ER to Golgi where it is cleaved to its active form. Activated 

ATF6 induces transcription of ER chaperones such as BIP. 3) IRE1 is activated and 

splices X-box binding protein 1 (xbp1) mRNA. Translation of active xbp1 from spliced 

mRNA induces other ER chaperones and ER associated degradation (ERAD). In addition, 

xbp1 promotes phospholipid biosynthesis, leading to ER membrane expansion (Cnop et 

al., 2010).  
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1.2.4. ER stress induced by free fatty acids 

ER stress caused by long chain saturated FFAs such as palmitate has been 

demonstrated in different type of cells, for example, pancreatic b-cells (Cunha et al., 

2008), hepatocytes (Wang et al., 2006), and adipocytes (Guo et al., 2007). Expression of 

ATF4 and CHOP by eIF2α phosphorylation with palmitate treatment was consistently 

observed (Cnop et al., 2010). However, IRE1 activation and spliced xbp1 expression 

were dependent on the palmitate preparation and cell type specificity (Laybutt et al., 2007; 

Cunha et al., 2008; Lai et al., 2008). Molecular mechanism of deleterious effect by 

palmitate needs to be clarified, but recent reports suggest the involvement of PKC-δ 

activation and DAG accumulation. Interestingly, blocking of PKC-δ by rotterlin, a direct 

inhibitor, substantially blocked palmitate-induced apoptosis (Choi et al., 2007). 

Overexpression of dominant negative PKC-δ in mouse pancreatic b-cells protected 

against high-fat diet-induced glucose tolerance and b-cell dysfunction (Hennige et al., 

2010). However, other report proved that rotterlin showed inhibitory effect on the 

palmitate-induced cytotoxicity in a PKC-δ-depleted b-cell, which implying the nonspecific 

action of rotterlin (Welters et al., 2004).  

 

1.2.5. Cytotoxicity by saturated and unsaturated free fatty acids 

  It still has been a question whether long chain unsaturated fatty acids such as oleate or 

palmitoleate has a lipotoxicity. Several lines of evidences show that unsaturated fatty 

acids do not induce cell death and even counteract the proapoptotic effect of saturated 

fatty acids (Miller et al., 2005; Akazawa et al., 2010; Sieber et al., 2010; Yuzefovych et al., 

2010; Nemcova-Furstova et al., 2011). There has been different explanation for the 
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protective action of unsaturated fatty acids. In pancreatic b-cells, oleate leads to 

triglycerides accumulation which could be well tolerated. Conversely, palmitate is not 

easily incorporated into triglycerides (Listenberger et al., 2003; Thorn and Bergsten, 

2010). It is conceivable that unsaturated fatty acids rescue palmitate-induced apoptosis 

by channeling palmitate into triglycerides pools and away from pathways leading to 

apoptosis. Acceleration of triglycerides formation and/or mitochondrial fatty acid oxidation 

is known to prevent severe ER stress or apoptosis by palmitate (Henique et al., 2010; 

Choi et al., 2011). Activation of Jun N-terminal kinase (JNK) by saturated, but not 

unsaturated, fatty acid was reported. Beneficial effects of unsaturated fatty acids were 

explained by prevention of c-Src (Holzer et al., 2011). However, it is still controversial that 

oleate induces b-cell dysfunction and apoptosis (Maris et al., 2011). 

 
 
1.3. ER Ca2+ homeostasis and ER stress 

1.3.1. ER Ca2+ signaling 

  Because protein folding is a Ca2+ dependent process, ER Ca2+ homeostasis is 

important for its function and prevents ER stress. ER does also play an intracellular Ca2+ 

store to activate cytosolic Ca2+ signaling by the release from store. There are 3 important 

components in ER to function as a store: 1) Ca2+ pump for uphill transport from cytosol 2) 

luminal Ca2+ binding proteins including chaperones, and 3) Ca2+ release channel along its 

electrochemical gradients. Ca2+ uptake via smooth endoplasmic reticulum Ca2+ ATPase 

(SERCA) and Ca2+ release through inositol-1'4'5'-trisphosphate (IP3) and ryanodine 

receptor are normally well balance to avoid the radical changes in luminal Ca2+ level in 

ER. If there is an ER Ca2+ release upon stimulus, activation of SERCA and store-

operated Ca2+ entry (SOCE) rapidly recover Ca2+ levels in ER. SOCE is activated by ER 
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Ca2+ depletion, followed by oligomerization of stromal interaction molecule (STIM) and 

interaction with Orai near plasma membrane.  

 

1.3.2. ER stress induced by ER Ca2+ depletion  

  For the proper function of ER as a quality-control system for protein folding, luminal 

Ca2+ level in ER has a special importance. A substantial portion of ER resident 

chaperones including calreticulin, calnexin, and BIP/GRP78 need a high luminal Ca2+ 

level in ER for their activities (Ma and Hendershot, 2004). Insufficient ER Ca2+ fatally 

leads to the accumulation of misfolded protein and ER stress which can be reproduced 

by thapsigargin, a SERCA inhibitor (Mengesdorf et al., 2001). A tight coordination 

between ER Ca2+ release and refilling mechanism enables proper Ca2+ signaling. Under 

these conditions, Ca2+ released from ER stimulates mitochondrial activity leading to more 

ATP production. Moreover, declined ER Ca2+ level activates STIM allowing SOCE and 

this Ca2+ is recycled via SERCA (Mekahli et al., 2011). In contrast, pathologic conditions, 

such as increased IP3 receptor or ryanodine receptor activity as well as impaired 

mitochondrial function, SOCE, or SERCA activity, may all cause failure in restoring 

normal ER Ca2+ level and lead to ER Ca2+ depletion and ER stress (Mekahli et al., 2011). 

  

1.3.3. ER Ca2+ depletion by oxidative stress  

  Disruption of ER Ca2+ homeostasis has been observed in pancreatic b-cells by 

saturated fatty acids (Cunha et al., 2008; Gwiazda et al., 2009; Luciani et al., 2009). 

Several evidences showed that increased ROS production could be a possible mediator 

for ER Ca2+ release and Ca2+ dependent apoptosis (Li et al., 2009; Enyedi et al., 2010). In 

normal ER lumen, there is an oxidative protein folding catalyzed by protein disulfide 
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isomerase (PDI) and ER oxidoreductase 1 (ERO1) resulting in hydrogen peroxide 

production. If there is an accumulation of unfolded or misfolded protein in ER stress 

condition, CHOP-mediated induction of ERO1 hyperoxidized the ER lumen and also IP3 

receptor (Li et al., 2009). This oxidation-induced activation of IP3 receptor releases Ca2+ 

in the cytosol which could be taken up into mitochondrial matrix via calcium uniporter and 

activate electron transport chain. As a vicious cycle, mitochondria generate more ROS 

stimulated by Ca2+ increase, in turn, which may further increase Ca2+ release from ER. 

The large increase in mitochondrial Ca2+ triggers MPT opening, cytochrome c release, 

and apoptosis eventually (Brookes et al., 2004).  
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II. PURPOSES 

 

Diabetic patients have an elevated saturated free fatty acid and there is a clinical 

association between dyslipidemia and proteinuria. The molecular mechanism of podocyte 

injury by saturated fatty acid has not been clearly elucidated. The working hypothesis of 

this study is that oxidative stress, mitochondrial dysfunction, and ER stress might be 

closely involved in the pathogenesis of podocyte loss, glomerular filtration barrier 

disruption, and proteinuria. The specific aims of the present study were (i) to compare the 

cytotoxic effect of saturated and unsaturated fatty acid, (ii) to examine cytosolic and 

mitochondrial ROS production could be involved in the adverse effect of saturated fatty 

acid, (iii) to demonstrate the alteration in mitochondrial function by saturated fatty acid, (iv) 

to observe morphodynamic abnormalities by saturated fatty acid in mitochondria and ER, 

(v) to examine that ER Ca2+ dyshomeostasis is involved in the development of ER stress 

by saturated fatty acid, and (vi) to investigate the signaling molecules participating in the 

pathophysiologic mechanism of podocyte damage by saturated fatty acid. These 

molecules could be a candidate for preventive and therapeutic targets in diabetic renal 

complications as well as other chronic glomerular diseases. 
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III. MATERIALS AND METHODS 

 

3.1. Experimental materials 

3.1.1. Conditionally immortalized mouse podocyte  

  Immortalized mouse podocyte cell line was a kind gift from Professor Peter Mundel 

(Harvard Medical School, Charlestown, MA, USA). These cells were isolated from kidney 

of adult (10 weeks old) transgenic H-2Kb-tsA58 mice and grown in medium at 37°C on 

collagen-I coated dishes (Mundel et al., 1997b; Eid et al., 2009). These mouse strain 

harbored a temperature sensitive (tsA58) SV40 large T antigen under the control of a 

interferon-g inducible promoter (Jat et al., 1991). We cultured cells on petri dishes coated 

with rat tail type I collagen (Life Technologies Corporation, Grand Island, NY, USA) at 

33°C in the presence of 20 U/ml mouse recombinant IFN-γ (R & D Systems, Minneapolis, 

MN, USA) which allows cells to proliferate (permissive condition). For the induction of 

differentiation, podocytes were thermo-shifted to 37°C in the absence of IFN-γ for 14 

days (non-permissive condition). The cells were grown in DMEM low glucose media 

(Gibco, Carlsbad, CA, USA) supplemented with 5% FBS (Gibco) and 100 U/ml penicillin, 

and 100 µg/ml streptomycin at two different temperatures.  

 

3.1.2. Preparation of free fatty acid conjugated with albumin 

  Palmitate and oleate was prepared by conjugation with fatty acid-free bovine serum 

albumin (BSA). Firstly, sodium palmitate (100 mM) was dissolved in autoclaved water at 

70°C for 30 min. BSA (10%) was also dissolved in autoclaved water at 55°C for 30 min 

and filtered. Dissolved palmitate solution was added dropwise into BSA solution and 
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aliquoted into tubes as a stock (10 mM).  

 

3.1.3. Chemicals     

  2',7'-Dichlorofluorescein diacetate (DCF-DA), mitoSox, JC-1, and  

tetramethylrhodamine methyl ester (TMRM) were purchased from Molecular Probes 

(Invitrogen, Grand Island, NY, USA). Sulfosuccinimidyl oleate (SSO) were purchased 

from Santa Cruz (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). MitoTEMPO 

were purchased from Enzo Life Sciences (Enzo Life Sciences, Inc., Farmingdale, NY, 

USA).  Sodium palmitate, sodium oleate, fatty acid-free BSA, GF109203X, DAG kinase 

inhibitor R59022, edelfosine, 3-(4,5-dimethylhioazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), 4',6'-diamidino-2-phenylindole (DAPI), and other drugs were purchased from 

Sigma (St. Louis, MO, USA).  

 

3.1.4. Solutions 

Krebs-Ringer bicarbonate (KRB) solution contained (in mM) ; 135 NaCl, 3.6 KCl, 2 

NaHCO3, 0.5 NaH2PO4, 0.5 MgSO4, 1.5 CaCl2, 10 HEPES, 5.5 glucose (pH7.4, 318 

mOsm/Kg H2O). Low and high glucose concentrations used in this study were 2.8 mM 

and 16.7 mM, respectively. 

 

3.2. Immunocytochemistry  

  Podocytes were differentiated on 18 mm coverslips for 14 days. Cells were washed 

twice with warm PBS and fixed with 4% paraformaldehyde in PBS for 15 min at 37˚C. 

Next, cells were permeabilized with 0.25% Triton X-100 in PBS for 5 min and blocked 
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with 1% BSA in PBS for 30 min. Incubation with specific antibodies for synaptopodin 

(American Research Products, Inc., Waltham, MA, USA, 1:100 dilution) and Nephrin 

(Abcam, Cambridge, MA, USA, 1:200 dilution) were carried out for overnight at 4˚C 

followed by incubation with a secondary antibody, Alexa Fluor594 goat anti-rabbit IgG 

(Molecular Probes, Eugene, OR, USA, 1:200 dilution), for 1 hr at room temperature in a 

dark room. The cells were washed and counterstained with DAPI (1mg/ml) and mounted 

on glass slides. Fluorescence image was obtained by using a laser scanning confocal 

microscope (TCS SPE, Leica Microsystems GmbH, Wetzlar, Germany) 

 

 

3.3. Assays for cell death and apoptosis 

3.3.1. MTT assay 

Cytotoxicity was estimated by MTT colorimetric assay. Differentiated podocytes 

seeded onto a 96-well plate were incubated with MTT (50 mg/well) for 2 hrs. The 

supernatant was removed and 100 ml of dimethylsulfoxide (pH 4.7) was subsequently 

added to each well. After shaking the plate, the absorbance of each well was measured 

at 570 nm and 630 nm and subtracted by an ELISA reader (Molecular Devices, 

Sunnyvale, CA, USA).  

 

3.3.2. Detection of apoptotic nuclei  

   

 Apoptosis of podocyte was detected by nuclear staining using DAPI (4',6’-Diamidino-2-

Phenylindole). Apoptotic cells display the features like cell shrinkage, membrane blebbing, 



１４ 

chromatin condensation and nuclear fragmentation resulting from an activation of 

endogenous nuclease(s) which cleaves DNA into oligonucleosomal fragments. This leads 

to appearance of dense, and crescent-shaped chromatin aggregates. DAPI is a minor 

groove binders intercalating the AT regions. Once it enters into cell and binds to DNA, the 

blue fluorescence will be easily visualized by fluorescent microscopy. Normal cells stain 

uniformly with a blue, round nucleus and its margin is clear. On the other hand, for 

apoptotic cells, the margin of nucleus is abnormal and the condensed chromosome is 

easily detectable as a higher fluorescence. 

  Podocytes were grown on collagen coated coverslips and maintained for 14 days in 

non-permissive condition. Before fixation, media was discarded and cells were carefully 

washed for three times with PBS. The cells were fixed using 4% paraformaldehyde in 

PBS for 15 min at 37˚C followed by washing with PBS for three times (5 min each). DAPI 

(1µg/ml, 5 min) was used for nuclear staining. Cells on coverslips were washed out by 

PBS for three times and mounted on a glass slide with the help of Vectashield mounting 

solution (Vector Laboratories, Inc., Burlingame, CA, USA). Condensed and apoptotic 

nuclei were counted under an epifluorescence microscope (excitation at 358 nm and 

emission at 461 nm).  

 
 
3.3.3. ELISA for apoptotic DNA fragments 

  Histone-associated internucleosomal DNA fragmentation was quantitatively assayed by 

antibody-mediated capture and the detection of cytoplasmic mononucleosome- and 

oligonucleosome-associated histone-DNA complexes (Cell Death Detection ELISA plus 

kit; Roche Molecular Biochemicals, Mannheim, Germany). Differentiated podocytes 

cultured on 24 well plates (5 x 104 cells/well) were resuspended with 200 μl of the lysis 
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buffer supplied by the manufacturer, and incubated for 30 minutes at room temperature. 

After pelleting nuclei by centrifugation (200 g, 10 min), 20 μl of the supernatant 

(cytoplasmic fraction) was used in the enzyme-linked immunosorbent assay (ELISA) 

following the manufacturer's standard protocol. Finally, absorbance at 405 nm and 490 

nm (reference wavelength), upon incubating with a peroxidase substrate for 5 minutes, 

was determined with a microplate ELISA reader (Molecular Devices, Sunnyvale, CA, 

USA).  

 

3.4. Assays for reactive oxygen species (ROS) 

3.4.1. Measurement of cytosolic ROS generation  

  In podocyte, cytosolic ROS generation was measured using CM-H2DCF (2’-7’ 

dichlorofluorescin) (Molecular Probes, Eugene, Oregon, USA). The diacetate form, CM-

H2DCFDA is passively diffuse into the cells where non-specific cellular esterases cleave 

off the lipophilic groups and thereby producing a charged compound that is trapped inside 

the cell. H2DCFDA which is a non-fluorescence compound is oxidized in the presence of 

ROS and converted to 2’, 7’ dichlorodihydrofluorescein (DCF), which is highly 

fluorescent.  Podocytes were differentiated on collagen coated coverslips for 14 days at 

37˚C. To check ROS generation, CM-H2DCF was diluted to 5µM working concentration 

with the same culture media and cells were incubated with that solution for 20 min at 

37°C. After 20 min, excess dye was washed out using KRB solution containing 5.5 mM 

glucose. Fluorescence intensity was measured by an inverted microscope (IX81, 

Olympus, Tokyo, Japan) equipped with an array laser confocal spinning disk (CSU10, 

Yokogawa Electric Corporation, Tokyo, Japan). The wavelengths for the measurement of 

DCF fluorescence are ~492/495 nm for excitation and ~517/527 nm for emission and 
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analyzed by using Metamorph 6.1 software package (Molecular Devices). 

 

 

3.4.2. Measurement of mitochondrial superoxide generation  

  Mitochondrial superoxide generation was detected using mitoSox (Molecular Probes, 

Invitrogen). MitoSOX is a red fluorescent dye which is localized to mitochondria. Once it 

enters inside the mitochondria, mitoSOX is oxidized by superoxide and exhibits red 

fluorescence. This dye is only oxidized by superoxide and not by other reactive oxygen 

species like reactive nitrogen species. Thus mitosox specifically detects mitochondrial 

superoxide. To perform the experiment, cells were seeded on 12mm coverslips and 

maintained for 14 days at 37˚C to induce differentiation. Cells were washed twice with 

warm PBS before the start of experiment. Mitosox was diluted to 5mM working 

concentration with culture media in eppendorf tubes and applied for 10 min. In this 

treatment condition, mitosox is distinctly localized only to mitochondria and red 

fluorescent intensity was measured by an inverted microscope (IX81, Olympus) equipped 

with an array laser confocal spinning disk (CSU10, Yokogawa Electric Corporation). The 

wavelengths for the measurement of mitosox are 510nm for excitation and 580nm for 

emission and analyzed by using Metamorph 6.1 (Molecular Devices). 

 

3.5. Assays for mitochondrial function 

3.5.1. Measurement of mitochondrial membrane potential with JC-1  

  Mitochondrial membrane potential of podocyte was measured using the lipophilic 

cationic dye 5,5’,6,6’-tetrachloro-1,19,3,39-tetraethylbenzimidazolyl-carbocyanine iodide 

(JC-1) (Molecular Probes, Invitrogen). JC-1 monomers enter into mitochondria based on 
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mitochondrial membrane potential and form J-aggregates inside the mitochondria 

transmitting Red fluorescence (excitation/emission maxima: 540/590 nm) while the rest of 

the monomer outside mitochondria transmit green fluorescence (excitation/emission 

maxima: 490/540 nm). The ratio of red/green fluorescence is used as an indicator of 

mitochondrial membrane potential. For this experiment, cells were grown on 96 well flat 

clear bottom black polystyrene TC-treated microplates (Corning Incorporated, Corning, 

NY, USA). Cells were washed twice with warm PBS before loading with JC-1 (300 nM) for 

40 min and the fluorescence was read by a fluorescence microplate reader (Flexstation II, 

Molecular Devices) as described previously (Park et al., 2008). 

 

3.5.2. Measurement of mitochondrial membrane potential with TMRM 

  Podocytes were seeded on collagen I-coated coverslips as 104 cells/well and 

differentiated for 48h. The cells were treated with BSA or free fatty acid at concentration 

of 300 mM. After 24h, cells were washed with KRB buffer (5.5 mM glucose) and loaded 

with 8 nM TMRM for 10min in 37°C incubator. Without washing, cells were placed on an 

inverted microscope (IX81, Olympus) equipped with an array laser confocal spinning disk 

(CSU10, Yokogawa Electric Corporation). TMRM excitation/emission wavelengths 

peaked at 511/534nm and analyzed by using Metamorph 6.1 (Molecular Devices). Cells 

were infused with TMRM containing KRB buffer with absence or presence of 2 mM FCCP.  

 

3.5.3. Measurement of ATP content using bioluminescence assay 

 The ATP content in the lysate of podocytes was measured by using bioluminescence 

assay as described previously (Park et al., 2008). Differentiated podocytes seeded onto 

24-well plates (105 cells/well) were preincubated with glucose-free medium for 2 hrs prior 
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to incubation with KRBH solution containing 5.5 mM glucose for 30 min. Then, 

supernatant was removed and 100 ml lysis buffer supplied by the ATP measurement kit 

(Roche HS-II Biolumniscence kit, Mannheim, Germany). After waiting for 5 min, cells 

were scrapped with pipette tip from each well and transfered to the eppendorf tube for 

centrifugation. The supernatant was put into 96 well plate and the luminescence was 

measured by a luminometer (Synergy, BioTek Instruments, Winooski, VT, USA) after 

addition of luciferase reagent (50 ml) supplied by the kit. Measurement of the protein 

concentration in cell lysates was performed using the Bradford assay (BCA protein assay 

kit, Thermo Scientific, Rockford, IL, USA). 

 

3.6. Morphological studies for intracellular organelles 

3.6.1. Fluorescence imaging for mitochondrial morphology 

  Doxycycline-inducible adenovirus encoding mitochondria-targeted cyan fluorescence 

protein (mitoCFP) were constructed using Adeno-X Tet-On expression system (Clontech 

Laboratories, Inc. Mountain View, CA, USA). Adenovirus encoding mitoCFP were applied 

together with adenovirus expressing the reverse tetracyclin-transactivator for 90~120 min 

at 37˚C as described (Park et al., 2008). After 48 hrs incubation, cells were fixed with 4% 

paraformaldehyde in PBS for 15 min at 37˚C. Fluorescence image for mitoCFP 

(excitation/emission: 440/490nm) was obtained by using a laser scanning mode confocal 

microscopic system (TCS SPE, Leica Microsystems GmbH, Wetzlar, Germany). 

 

3.6.2. Fluorescence imaging for STIM1 localization in ER 

  Differentiated podocytes were transiently transfected with plasmid encoding YFP-

tagged STIM1 using FuGENE® HD Transfection Reagent (Promega, Madison, WI, USA) 
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according to the manufacturer’s instruction. Experiments were conducted 48 hrs after 

transfection. Fluorescence image for YFP-STIM1 (excitation/emission: 488/525 nm) was 

obtained by using a laser scanning confocal microscope. DAPI (1 µg/ml, 5 min) was used 

for nuclear staining. 

 

3.6.3. Transmission electron microscopic imaging for organellar structures 

 Podocyte were then collected by centrifugation and treated with 2.5% glutaraldehyde 

fixative at 4°C for 24 hours. These samples were then rinsed with 0.1 M sodium 

cacodylate buffer and post-fixed with 1% osmium tetroxide in the same buffer for 2hrs. 

After rinsing with 0.1 M cacodylate buffer, they were dehydrated for 15-minute periods in 

increasing concentrations of ethanol (70, 80, 90, 95 and 100% v/v) and exchanged 

through propylene oxide, and embedded in a mixture of epoxy resin. Sections were cut 

with a diamond knife on an ULTRACUT E ultramicrotome (Reichert-Jung, Vienna, Austria) 

and were stained with 1% uranyl acetate for 14 min, followed by a lead staining reagent 

for 3 minutes. The sections were examined with a transmission electron microscope JEM 

1200 EXⅡ (JEOL, Tokyo, Japan).  

 

3.7. Quantitative real time PCR 

  Total RNA was isolated from cultured podocytes using the RNeasy kit (Qiagen GmbH, 

Hilden, Germany). The quantity and quality of RNA were assessed by spectrophotometry 

at 260 nm. First strand cDNA was synthesized from 1 µg of total RNA with a reverse 

transcription kit (Applied Bioscience, Foster City, CA, USA) using oligo-dT in a reaction 

volume of 20 μl according to the manufacturer’s protocol. Parallel reactions without 

reverse transcriptase were performed to confirm the absence of genomic DNA 
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amplification. Quantitative real time PCR was performed to measure the mRNA levels of 

BIP (GRP78), CHOP (C/EBP homologous protein), spliced and unspliced form of xbp1 

(X-box binding protein 1) using sequence-specific primers (Table 1). As an internal 

reference, the b-actin gene was amplified. β-actin was used as reference control. For the 

analysis of each gene expression, experiments were conducted in triplicate in a real-time 

PCR system (7900HT, ABI prism, Foster city, CA, USA) using SYBR Green PCR Master 

Mix (Qiagen) as described previously (Park et al., 2009). Data was analyzed following 

ΔΔCT method (Livak and Schmittgen, 2001). 

 

3.8. Assays for calcium signaling 

3.8.1. Measurement of cytosolic calcium concentration  

  Podocytes cultured on coverslips and loaded with fura-2/AM (5 μM) in a dark room for 

30 to 60 min at room temperature. Fura-2 loaded podocytes were then washed and 

transferred to a perfusion chamber on a fluorescence microscope (IX-70, Olympus). The 

cells were alternately excited at 340 and 380 nm by a monochromatic light source 

(LAMDA DG-4; Sutter, Novato, CA, USA), and fluorescence images were captured at 510 

nm with an intensified CCD camera (Cascade; Roper, Duluth, GA, USA), and analyzed 

by using the MetaFluor 6.1 software. 

 

3.8.2. Measurement of luminal calcium concentration in ER  

  Luminal Ca2+ content in ER was measured with FRET-based cameleon protein probe, 

D1ER which allows ratiometric recording from emitted fluorescence of YFP (540nm) and 

CFP (490nm) (Palmer et al., 2004; Park et al., 2009). D1ER plasmid was transiently 
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transfected into podocyte using FuGENE® HD Transfection Reagent (Promega). 48 hrs 

after transfection, cells in coverslip were transferred to the confocal microscopic system 

and measured the D1ER fluorescence intensity ratio from two emission wavelengths 

(F540/F490) reflects the ER Ca2+ concentration ([Ca2+]ER) by using the MetaFluor 6.1 

software. 

  

 

3.9. Data analysis 

  Statistical comparisons between two groups of data were made using two-tailed 

unpaired Student’s t-test. Multiple comparisons were determined using one-way analysis 

of variance followed by post-hoc test (Tukey’s multiple comparison test). p-values less 

than 0.05 were considered significant.  
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Table 1. Specific primer pairs used for real time-PCR  

 

F, forward; R, reverse 

bp, base pair 

 

 

Target Genebank # Sequences Size 

 

BIP 

 

NM_001163434.1 

 

F  ACTTGGGGACCACCTATTCC 

R  AGGAGTGAAGGCCACATACG 

 

110 bp 

 

CHOP   

 

NM_007837.3 

 

F  CAC CAC ACC TGA AAG CAG AA 

R  ATC CTC ATA CCA GGC TTC CA 

 

110 bp 

 

Spliced 

xbp1 

 

NM_001271730.1 

 

F  TGA GTC CGC AGC AGG TG 

R  GCA GAC TCT GGG GAA GGA C 

 

162 bp 

 

Unspliced 

xbp1 

 

NM_013842.3 

 

F  AAG AAC ACG CTT GGG AAT GG 

R  CAT AGT CTG AGT GCT GCG GA 

 

117 bp 

 

b-actin 

 

 

NM_007393.3 

 

 

F  AAGAGCTATGAGCTGCCTGA 

R  CACAGGATTCCATACCCAAG 

 

 

106 bp 
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IV. RESULTS 

 

4.1. Characterization of conditionally immortalized mouse podocyte 

 

  The conditionally immortalized podocyte cell line was established from H-2Kb-tsA58 

transgenic mouse strain which harbored a temperature sensitive (tsA58) SV40 large T 

antigen under control of an interferon-g inducible promoter (Mundel et al., 1997a; Mundel 

et al., 1997b). We cultured a mouse podocyte cell line at 33˚C with mouse recombinant 

interferon-g which is known as 'permissive condition'. In this condition, cell size is 

relatively small (cobblestone-like morphology) and allowed cells to proliferate actively. 

When we moved cells to 37˚C without interferon-g, cells started to decrease proliferation, 

differentiate, and convert into arborized cells. Culturing for 6 to 14 days under these non-

permissive condition, cells achieved the rearrangement of cytoskeletal architecture and 

reorganized into fibroblast-like stress fibers extending into the periphery. One of the most 

specific markers for differentiated podocyte is synaptopodin (Shankland et al., 2007). We 

performed immunostaining for synaptopodin expression using specific monoclonal 

antibody (Catalogue # 03-65194, American Research Product, Inc.). Whereas 

synaptopodin is not expressed by undifferentiated podocytes, its expression parallels the 

onset of differentiation (Mundel et al., 1997b). As shown in Fig. 1, podocytes cultured in 

non-permissive condition, synaptopodin was distributed along with actin fiber, while it was 

not expressed in undifferentiated cells under permissive condition. We compared the 

transcriptional level of synaptopodin from the cells under permissive condition (33˚C with 
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interferon-g) and non-permissive condition (37˚C). The expression of synaptopodin was 

increased during culture periods until 14 days.  

  Nephrin is an immunoglobulin-like protein with important structural and signaling 

properties (Huber and Benzing, 2005; Shankland et al., 2007). It was initially described in 

podocytes (Ruotsalainen et al., 1999), but pancreatic b-cells also has been reported to 

express nephrin protein on insulin granule and does some signaling role in glucose-

stimulated insulin secretion (Fornoni et al., 2010). We performed the 

immunocytochemistry for nephrin protein using polyclonal antibody (Catalogue # 

Ab58968, Abcam). Cultured podocyte expressed nephrin both at 33˚C and 37˚C culture 

condition (Fig. 1, lower panel) which was consistent to the previous report (Saleem et al., 

2002). The cytosolic localization of nephrin, however, was completely different in 

podocytes cultured at those two temperatures. In undifferentiated podocytes (33˚C), 

nephrin was scattered around inside the cell, on the other hand differentiated podocytes 

(37˚C) had well-organized nephrin structure detected on plasma membrane near the 

junction of two neighboring cells. This distribution might resemble slit diaphragm like 

structural organization in vitro (Shankland et al., 2007). 

 

 



 

Fig. 1. Characterization of podocyte 

Mouse podocytes, cultured at 33˚C, were grown on collagen coated 

experiments were conducted at the time when confluence reached to 80%. Non

permissive condition at 37˚C, 

maintained for 14 days to induce differentiation. 

synaptopodin at 33˚C (left) and at 37˚C (right). Similarly, lower panel show

immunostaining at 33˚C (left) and 37˚C (right). 
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Characterization of podocyte differentiation in vitro.  

odocytes, cultured at 33˚C, were grown on collagen coated coverslip

experiments were conducted at the time when confluence reached to 80%. Non

permissive condition at 37˚C, cells were grown on collagen coated coverslip

maintained for 14 days to induce differentiation. Upper panel shows immunostaining for 

podin at 33˚C (left) and at 37˚C (right). Similarly, lower panel show

33˚C (left) and 37˚C (right). Scale bar in the picture represents 50

 

coverslips and 

experiments were conducted at the time when confluence reached to 80%. Non-

coverslips and 

immunostaining for 

podin at 33˚C (left) and at 37˚C (right). Similarly, lower panel shows nephrin 

Scale bar in the picture represents 50 mm. 
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4.2. Palmitate-induced apoptotic cell death in mouse podocyte 

 

 To investigate the cytotoxic effects, we applied BSA-conjugated palmitate on 

differentiated podocytes cultured for 10~14 days at 37˚C without interferon-g. Cytotoxicity 

was estimated by using MTT assay which measured the amount of formazan reaction 

indicating the total mitochondrial enzyme activity. As presented at Fig. 2A, MTT 

absorbance was significantly reduced by incubation with 100 μM palmitate for 24 hrs 

compared that with the same amount of BSA only (24.1±3.9%, N=10, p<0.001). 

Cytotoxicity was further increased by 300 μM (50.2±7.2%) and 500 μM palmitate 

(62.8±7.6%). We also tested the time kinetics of palmitate-induced cytotoxicity. Palmitate 

(300 μM)-induced cytotoxicity was marked between 12 hrs (25.5±6.3%, N=7) and 24 hrs 

incubation (58.0±8.5%, N=7, p<0.001, Fig. 2B).  

 Apoptotic cell death by free fatty acids has been reported in different type of cells (Cnop 

et al., 2001; Akazawa et al., 2010; Yuzefovych et al., 2010). We observed the apoptotic 

nuclei in palmitate-treated podocyte by using DAPI staining. Differentiated podocytes 

cultured on coverslips were treated with palmitate for 24 hrs and performed immuno-

fluorescence detection of fragmented and condensed nuclei (Fig. 3A). Histogram in Fig. 

3B represents the percent of apoptotic nuclei per total DAPI-stained nuclei and there was 

an increased number of apoptotic nuclei by palmitate in a dose-dependent manner. 

  During apoptotic process, there is an oligonucleosome-sized DNA fragmentation. Using 

ELISA method, we quantitatively assayed internucleosomal DNA fragmentation by 

palmitate. As shown in Fig. 4, palmitate increased DNA fragments dose-dependently, 

while BSA only did not affect.  



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Palmitate-induced cy

Podocytes were differentiated by culturing at 37

days. Palmitate (PA) was complexed to 10% BSA and applied to podocyte with different 
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induced cytotoxicity in mouse podocyte. 

fferentiated by culturing at 37˚C without interferon-g for more than 14 

days. Palmitate (PA) was complexed to 10% BSA and applied to podocyte with different 

for more than 14 

days. Palmitate (PA) was complexed to 10% BSA and applied to podocyte with different 
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concentrations and for different durations. Cytotoxicity of podocyte was estimated by 

using MTT assay. (A) PA-induced cytotoxicity on podocyte was significant at 100 μM and 

increased dose-dependently after 24 hrs incubation compared to the same amount of 

BSA only. (B) Cell death of podocyte by PA was occurred during 12~24 hrs after palmitate 

treatment. The numbers of experiments are 6~10 and each value in one experiment is 

from the average of triplicates. Data are presented as mean±SEM, and *** denotes 

p<0.001. 

  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Fig. 3. Palmitate increased apoptotic nuclei with dose

podocyte. 
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Palmitate increased apoptotic nuclei with dose-dependent manner in mouse dependent manner in mouse 
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Differentiated podocytes were cultured on collagen coated coverslips for 14 days and 

treated with palmitate (PA) for 24 hrs with different concentration.(A) Immunofluorescence 

detection of fragmented and condensed nuclei (indicated by red arrow) after nuclear 

staining using DAPI. (B) Histogram represents the percent of apoptotic nuclei per total 

stained nuclei in one image. Data from more than 3 independent experiments (8 ~ 15 

images per each group) are presented as mean ± SEM. *** denotes p<0.001.  
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Fig. 4. Palmitate increased apoptotic DNA fragments in mouse podocyte. 

Differentiated podocytes were cultured on 24 wellplates and treated with 50~500 μM 

palmitate (PA). Apoptotic DNA fragmentation by PA was measured by using photometric 

enzyme-immunoassay for the quantitative determination of cytoplasmic histone-

associated DNA fragments. After incubation with PA or BSA, supernatant containing 

fragmented DNA from cell lysates was analyzed by using ELISA kit. Increases in 

absorbance at 405 nm by PA (50 ~ 300 μM) after background (490 nM) subtraction, which 

reflects apoptotic cell death. Data from 5 independent experiments are presented as 

mean ± SEM. *** denotes p<0.001. 
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4.3. Oleate, a mono-unsaturated free fatty acid, attenuated palmitate-

induced cytotoxicity 

 

  Contrary to the adverse effect of saturated free fatty acid (FFA), unsaturated FFA, such 

as palmitoleate, oleate, and linoleate, does not induce cell death (Maedler et al., 2001) 

and even counteract the proapoptotic effects of saturated fatty acids (Maedler et al., 

2003). We prepared BSA-conjugated oleate with the same method for palmitate as 

described in Materials and Methods. Different from the effect of palmitate, oleate did not 

affect the podocyte survival (90.4±3.6% for 300 μM, 79.4±9.6% for 500 μM, N=3, p<0.01). 

Moreover, application of oleate with palmitate together also did not elicit cytotoxicity 

(92.0±2.5% for 300 μM, 95.1±21.9% for 500 μM, N=3, p<0.05). These results suggest 

that oleate plays a protective role for palmitate-induced cytotoxicity, which are consistent 

with previous reports described above. 
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Fig. 5. Oleate, a unsaturated fatty acid, protected palmitate-induced cytotoxicity in 

mouse podocyte. 

Differentiated podocytes were treated with palmitate (PA) and oleate (OA) as a saturated 

and unsaturated fatty acid, respectively. Cytotoxicity of podocyte was estimated by using 

MTT assay. While PA induced dose-dependent cell death, OA did not induce cytotoxicity. 

Moreover, when we applied PA with OA together, oleate prevented PA-induced cytotoxic 

effects. The numbers of experiments are 3 and each value in one experiment is from the 

average of triplicates. Data are presented as mean ± SEM, and * and ** denotes p<0.05 

and p<0.01, respectively. 
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4.4. Palmitate induced cytosolic and mitochondrial oxidative stress  

 

  We investigated whether saturated and unsaturated FFA can induce reactive oxygen 

species (ROS) generation in mouse podocyte measured by using cytosolic and 

mitochondrial ROS-sensitive fluorescence dyes. We incubated differentiated podocytes 

cultured on coverslips with palmitate or oleate for 24 hrs. For the measurement of 

cytosolic ROS level, we loaded 5 μM DCF-AM for 20 min at 37˚C and measured the 

fluorescence intensity from cytosolic DCF (490nm Excitation/540nm Emission) by using 

fluorescence microscopic imaging system (Fig. 6A). As presented in Fig. 6B, palmitate 

increased cytosolic ROS level in a dose-dependent manner (25.2% at 300 μM, N=29, 

p<0.05; 52.5% at 500 μM, N=22, p<0.01). On the contrary, oleate did not elicit significant 

ROS generation and even prevented palmitate-induced ROS production when applied 

together (Fig. 6C).  

  One of the suggested mechanisms for palmitate-induced oxidative stress is the 

augmentation of superoxide production through mitochondrial electron transport chain 

(Lambertucci et al., 2008). We used another fluorescence dye mitoSoX Red which is 

known to be specific to the superoxide level in mitochondria (Fauconnier et al., 2007). 

Palmitate- or oleate-treated podocytes were loaded with mitoSox (5 μM for 20 min) at 

37'C and washed with KRB solution. Fluorescence intensities from mitoSox (535 nm 

Excitation/590 nm Emission) were analyzed (Fig. 7A). Palmitate increased mitochondrial 

superoxide generation from podocyte (61.1% at 300 μM, n=9, p<0.001; 58.9% at 500 μM, 

N=22, p<0.001; Fig. 7B). Consistent with the results of cytosolic ROS level, incubation of 

oleate only or oleate with palmitate together did not increase mitochondrial superoxide 

(Fig. 7C). These results suggest that oleate as a mono-unsaturated FFA blocks palmitate-

induced cytosolic and mitochondrial oxidative stress in mouse podocyte.  



 

Fig. 6. Palmitate elevated cytosolic reactive oxygen species (RO

mouse podocyte. 

Podocytes treated with palmitate (PA) or oleate (OA) were loaded with DCF (5

min) and measured the fluorescence intensity by using fluorescence microscope imaging 

system (Excitation/Emission; 490

images from BSA- or PA-treated cells. (B) PA increased the DCF fluorescence intensity

dose-dependently which reflect
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Palmitate elevated cytosolic reactive oxygen species (ROS) production in 

Podocytes treated with palmitate (PA) or oleate (OA) were loaded with DCF (5

measured the fluorescence intensity by using fluorescence microscope imaging 

system (Excitation/Emission; 490 nm/540 nm). (A) Representative DCF fluorescence 

treated cells. (B) PA increased the DCF fluorescence intensity

ntly which reflected cytosolic ROS generation. (C) OA (300 m

 

S) production in 

Podocytes treated with palmitate (PA) or oleate (OA) were loaded with DCF (5 mM for 20 

measured the fluorescence intensity by using fluorescence microscope imaging 

nm). (A) Representative DCF fluorescence 

treated cells. (B) PA increased the DCF fluorescence intensity 

mM) itself or OA 
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(300 mM) with PA (300 mM), however, did not increase the DCF fluorescence. 

Fluorescence intensity of 19~29 images from at least 5 independent experiments were 

analyzed and presented as mean ± SEM, and *, **, and *** denotes p<0.05, p<0.01, and 

p<0.001, respectively. 

  

 

 

 

 

 

 

 

 

 

  



 

 

Fig. 7. Palmitate increased mitochondrial superoxide production in mouse 

podocyte.  

Podocytes treated with palmitate (PA) or oleate (OA) was

20min) and measured the fluorescence intensity by using fluorescence microscope 

imaging system (Excitation/Emission; 535

fluorescence images from BSA

mitochondrial superoxide generation. (C) OA
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Palmitate increased mitochondrial superoxide production in mouse 

palmitate (PA) or oleate (OA) was loaded with mitoSox (5

20min) and measured the fluorescence intensity by using fluorescence microscope 

imaging system (Excitation/Emission; 535 nm/590 nm). (A) Representative mitoSox 

fluorescence images from BSA- or PA-treated cells. (B) PA significantly increased the 

mitochondrial superoxide generation. (C) OA (300 mM) itself did not increase the mitoSox 

 

Palmitate increased mitochondrial superoxide production in mouse 

loaded with mitoSox (5 mM for 

20min) and measured the fluorescence intensity by using fluorescence microscope 

nm). (A) Representative mitoSox 

cantly increased the 

itself did not increase the mitoSox 
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fluorescence. When we applied PA (300 mM) with OA (300 mM) together, OA prevented 

mitochondrial superoxide production by PA. Fluorescence intensity of 7~10 images from 

at least 3 independent experiments were analyzed and presented as mean ± SEM, and ** 

and *** denotes p<0.01 and p<0.001, respectively. 
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4.5. Palmitate elicited mitochondrial dysfunction in mouse podocyte  

 

  Mitochondrial oxidative stress can impair mitochondrial function and membrane 

potential which leads to cytochrome c release and apoptosis eventually (Sparagna et al., 

2000). We investigated the alterations in mitochondrial membrane potential and ATP 

production by palmitate application. To measure mitochondrial membrane potential, we 

used two different fluorescence dye, JC-1 and TMRM. Both are potential-sensitive probes 

which are distributed to mitochondria depending on mitochondrial membrane potential 

(DYm). JC-1 allows ratiometric recording from green (monomer) and red (aggregates) 

fluorescence (Park et al., 2008; Akhmedov et al., 2010). Fluorescence intensity ratio 

(red/green) is dependent on DYm. Fig. 8A shows average traces of JC-1 ratios from 

palmitate- or BSA-treated podocytes (average from 6 ~ 8 traces/each group). JC-1 ratio 

at basal level was lower in 300 mM palmitate treated group (2.0±0.5) compared to the 

same amount of BSA treated group (3.3±0.3, N=8, p=0.89, Fig. 8B). We used oligomycin 

to estimate the ATP synthesizing activity of functional mitochondria (Irwin et al., 2003). 

F1F0-ATPase in mitochondria generates ATP from ADP and inorganic phosphate by 

dissipating the electrochemical gradient across the inner mitochondrial membrane. This 

gradient is developed by proton pumping at respiratory complex I, III, and IV. Oligomycin 

is a selective blocker for F1F0-ATPase and causes hyperpolarization in normal functional 

mitochondria actively synthesizing ATP. However, dysfunctional and depolarized 

mitochondria are known to maintain DYm by the reversal of F1F0-ATPase with the 

expense of ATP consumption. Oligomycin also blocks the reversal mode of F1F0-ATPase 

activity and induces marked depolarization in the dysfunctional and ATP consuming 

mitochondria (Irwin et al., 2003; Park et al., 2008). In our study, BSA-treated podocytes 
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showed consistent hyperpolarization (26.6±7.0% at 50 mM, N=6; 26.6±7.0% at 50 mM, 

N=8) by oligomycin implying that the majority of mitochondria in this group is functional 

and has ATP generating abilities. Conversely, oligomycin induced depolarization in 

podocytes incubated with lower concentration of palmitate even at 50 mM (-4.4±8.6% at 

50 mM, N=6, p<0.05; -3.0±7.4% at 100 mM, N=8, p<0.01). It is interesting that palmitate at 

this concentration did not depolarize the resting DYm but already impaired mitochondrial 

activity with maintaining DYm by F1F0-ATPase. 

  We used another fluorescent membrane potential indicator TMRM to confirm the 

palmitate-induced depolarization of DYm. TMRM is used to monitor the DYm in a 

Nernstian manner. Lower concentration of TMRM (8nM) distributes to the cytosol and 

mitochondria in a non-quenching (redistribution) mode. In this condition, fluorescence 

intensity of TMRM in mitochondrial area reflects the membrane potential of mitochondria 

(Sparagna et al., 2000). We used a confocal microscopic system with 535nm excitation 

and analyzed emitted fluorescence at 590nm. In response to FCCP, TMRM intensity 

declined rapidly along with mitochondrial depolarization (Fig. 9A). We observed that 

300mM palmitate-treated podocyte had lower basal fluorescence intensity of TMRM 

(71.2±10.6, n=11) compared to BSA only group (111.3±9.4, N=13, p<0.001, Fig. 9B). 

  To demonstrate the impaired ATP production by palmitate, we measured ATP content in 

podocytes by using bioluminescence method. Incubation of palmitate for 24 hours 

reduced cytosolic ATP content (68.0±19.6 nmoles/mg protein for BSA-treated group, 

24.8±9.1 for 300 mM palmitate-treated group, N=13, p<0.05, Fig. 9C) which support the 

functional impairment of mitochondria.  

 

 



 

Fig. 8. Palmitate elicited mitochondrial depolarization and impaired oligomycin

induced hyperpolarization in mouse podocyte
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Palmitate elicited mitochondrial depolarization and impaired oligomycin

rpolarization in mouse podocyte.  

 

Palmitate elicited mitochondrial depolarization and impaired oligomycin-
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Differentiated podocytes were loaded with JC-1 fluorescence dye (350 nM for 30min) and 

measured the fluorescence intensity by using a fluorescence multi-plate reader at 37'C. 

Changes in a fluorescence ratio of red (excitation 540 nm/emission 590 nm) over green 

(excitation 490 nm/emission 540 nm) reflect mitochondrial membrane potential (DYm). (A) 

JC-1 ratio were measured from palmitate (PA) or BSA treated podocytes and average 

traces (6 ~ 8 traces per one group) for each condition are shown including error bars 

every 300 s. (B) JC-1 ratios at resting state were compared among groups treated with 

different concentrations of BSA or PA. (C) Oligomycin-induced changes in JC-1 ratio were 

normalized to the resting value (subtracted by JC-1 ratio after FCCP treatment). Data 

from 6 ~ 8 independent experiments are presented as mean ± SEM. * and ** denotes 

p<0.05 and p<0.01, respectively. 

 

 

  



 
 
Fig. 9. Depolarization of mitochondrial membrane potential and reduction of ATP 

content induced by palmitate in mouse podocyte.

(A, B) Differentiated podocytes were incubated with BSA or palmitate (PA) for 24 hrs. 
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Depolarization of mitochondrial membrane potential and reduction of ATP 

content induced by palmitate in mouse podocyte. 

(A, B) Differentiated podocytes were incubated with BSA or palmitate (PA) for 24 hrs. 

 

Depolarization of mitochondrial membrane potential and reduction of ATP 

(A, B) Differentiated podocytes were incubated with BSA or palmitate (PA) for 24 hrs. 
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Cells were loaded with TMRM (8 nM for 30min) and measured the fluorescence intensity 

by using a confocal microscopic system. Fluorescence intensity of TMRM in 

mitochondrial area reflects the mitochondrial membrane potential (DYm). (A) 

Representative traces of TMRM intensity in PA or BSA treated podocytes and average 

traces from one coverslip are shown including error bars every 70 s. (B) Average intensity 

of TMRM fluorescence at resting state were compared between BSA or PA treated group 

(11 ~ 13 independent experiments). (C) Podocytes were incubated with BSA or PA for 24 

hrs and cytosolic ATP contents in podocytes were measured by using bioluminescence 

method (8 independent experiments). Data are presented as mean ± SEM. * and *** 

denotes p<0.05 and p<0.001, respectively. 
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4.6. Morphodynamic changes of intracellular organelles by palmitate  

 

  Oxidative stress and depolarization of membrane potential are known to reduce 

mitochondrial fusion and induce shortening and fragmentation (Chan, 2006; Youle and 

van der Bliek, 2012). To observe mitochondrial morphology, we infected adenovirus 

expressing mitochondria-targeted cyan fluorescence protein to differentiated podocyte. 

After 24 hrs, we applied palmitate or BSA and further incubate 24 hrs before 

paraformaldehyde fixation. We observed mitochondrial morphology by using a confocal 

microscopic system. As displayed in Fig. 10, BSA-treated podocyte had connected and 

rod-shape mitochondria. Palmitate (300 μM)-treated podocyte had dot-like round and 

fragmented mitochondria which indicated reduced fusion or accelerated fission. Oleate 

only or oleate with palmitate together had the same interconnected mitochondria which 

was not different from the mitochondria in BSA-treated podocyte. 

  We investigated the structural alterations in intracellular organelles including 

mitochondria and endoplasmic reticulum (ER) by using electron microscopy (EM). Fig. 

11A showed that BSA-treated podocyte had elongated mitochondria and regular width of 

ER lumen. Palmitate-treated cell, however, had more round mitochondria with dilated and 

irregular width of ER. We compared the mitochondrial aspect ratio which is calculated 

from the ratio of longer diameter over shorter diameter. Palmitate-treated podocyte had 

lower AR value (1.96±0.14, N=16) than BSA-treated cell (2.76±0.23, N=11, p<0.01, Fig. 

11C). It has been reported that luminal dilatation of ER is occurred in ER stress (Sasaki, 

2010). We also observed a significant widening of ER diameter in palmitate-treated 

podocyte (305±38 nm, N=16) compared to BSA-treated cell (108±5 nm, N=13, p<0.001). 

.  
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Fig. 10. Palmitate, but not oleate, induced mitochondrial fragmentation. 

Differentiated podocytes were infected with adenovirus expressing mitochondria-targeted 

cyan fluorescence protein (mitoCFP) and incubate for 24 hrs. Then, we applied 300mM 

palmitate (PA) or BSA and further incubate for 24 hrs before fixation. Mitochondrial 

morphology was observed by using a confocal microscopic system. PA induced 

mitochondrial fragmentation significantly. Representative picture for each group was 

selected and displayed.  
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Fig. 11. Alteration in electron microscopic structure of mitochondria and ER by 

palmitate in mouse podocyte. 

Structural alterations in intracellular organelles including mitochondria and ER of (A) 

BSA- and (B) palmitate (PA, 100 μM)-treated podocytes were observed by using electron 

microscopy. (C) Mitochondrial aspect ratio (AR; longer diameter/shorter diameter) was 

compared between BSA- (n=11) and PA- (n=16) treated podocyte. (D) Diameter of ER 

lumen was also compared between BSA (n=13) and PA (n=16) group. Data are presented 

as mean ± SEM. ** and *** denotes p<0.01 and p<0.001, respectively. 

 

  



４９ 

4.7. ER calcium depletion and ER stress by palmitate  

 

  From electron microscopic observation, we observed a prominent widening of ER 

lumen corresponding to ER stress. We checked whether there was an upregulation of ER 

proteins related to unfolded protein response or ER associated degradation (Cunha et al., 

2008; Back and Kaufman, 2012). We isolated mRNA from podocytes which were treated 

with palmitate or BSA for 24 hrs. After reverse transcription, we performed a quantitative 

real time PCR for BIP (GRP78), CHOP (C/EBP homologous protein), spliced and 

unspliced form of xbp1 (X-box binding protein 1) using sequence specific primers (Table 

1). As presented in Fig. 12, palmitate (300 μM) increased the transcriptional level of BIP 

(2.7±0.4 fold), CHOP (5.4±0.7 fold), and spliced xbp1 (9.6±5.2 fold). However, oleate did 

not upregulate ER stress related genes and prevent the effects of palmitate when 

incubated together.  

  ER chaperones involved in protein folding are Ca2+-dependent (Gwiazda et al., 2009).  

Therefore, ER Ca2+ depletion can cause secondary misfolding of proteins and ER stress 

(Cunha et al., 2008). To evaluate the ER Ca2+ level, we measured cytosolic Ca2+ changes 

from Fura-2-loaded podocytes in response to the application of cyclopiazonic acid (CPA), 

an inhibitor of ER Ca2+ ATPase (SERCA) by using fluorescence microscopic imaging 

system. CPA blocks ER Ca2+ uptake and release Ca2+ into cytosol. Increase in cytosolic 

Ca2+ indicates the amount of releasable Ca2+ pool in ER. Before Fura-2 loading, 

podocytes were incubated with palmitate or BSA in Ca2+ free KRB solution for 90 min. Fig. 

13A is the representative traces of cytosolic Ca2+ changes upon CPA application. CPA-

induced cytosolic Ca2+ changes was negligible in palmitate-treated cells (0.04±0.01, N=9) 

compared to BSA-treated cells (Fura-2 ratio; 0.31±0.04, N=8, p<0.001, Fig. 13 B),.  
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  We investigated the changes in luminal Ca2+ content in ER with FRET-based cameleon 

protein probe, D1ER (Palmer et al., 2004; Gwiazda et al., 2009; Park et al., 2009). 

Transient transfection of plasmid encoding D1ER allowed ratiometric recording from 

emitted fluorescence of YFP and CFP (540 nm/490 nm emission) in podocytes. Forty-

eight hrs after transfection, palmitate or BSA in Ca2+ free KRB solution was applied to 

podocyte for 90 min. Cells on coverslip were transferred to the confocal microscopic 

system and measured the fluorescence intensities of two wavelengths. Fig. 14A shows 

that CPA elicited a reduction of D1ER ratio which was caused by ER Ca2+ release in 

BSA-treated cells (17.5±0.8%, N=37). Palmitate-treated podocytes, however, had a very 

low resting D1ER ratio and did not respond to CPA treatment (2.0±0.9%, N=34, p<0.001; 

Fig. 14B). After wash out of CPA, ER Ca2+ depletion was recovered to basal level by 

perfusion with normal KRB solution. Interestingly, palmitate-treated podocyte (36.5±3.2%, 

N=34) with very low basal ER Ca2+ level showed strong increase to the similar level of 

BSA-treated cells (18.1±1.5%, N=37, p<0.001; Fig. 14C). In normal Ca2+ solution, 

palmitate had taken much longer time (9~12 hrs) to show ER Ca2+ depletion than in Ca2+ 

free solution even though we did not statistically analyzed. These results suggest that 

palmitate with Ca2+ free solution rapidly depletes ER Ca2+ level but Ca2+ refilling via 

SERCA seems not to be affected by palmitate. 

  Recently, accumulating evidences show that store-operated Ca2+ entry is mediated by 

oligomerization of STIM1 and Orai near plasma membrane-ER junction area. Most 

important signal for STIM1 oligomerization is ER Ca2+ depletion. To test whether 

palmitate-induced ER Ca2+ loss can recruit and oligomerize STIM1 near plasma 

membrane, we transiently transfected the plasmid expressing YFP-tagged STIM1. As 

displayed in Fig. 15, palmitate-treated podocyte showed widely distributed bright spots 
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suggesting oligomerized STIM1, which was also prominent in ER Ca2+ depleted cells 

induced by CPA treatment. However, this finding was not conspicuous in BSA-treated 

cells. All these evidences support the hypothesis that palmitate-induced ER stress might 

be related to ER Ca2+ depletion.   



 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Upregulation of ER 

Quantitative PCR was performed using mRNA isolated from BSA

(OA)- or PA with OA (P+O)

BIP (GRP78), CHOP (C/EBP hom

(X-box binding protein 1) were used (Table 1). Data from 3 independent experiments 

(triplicates for an experiment) are presented as mean 

and p<0.001, respectively.
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Upregulation of ER stress-related proteins by palmitate in mouse podocyte.

Quantitative PCR was performed using mRNA isolated from BSA-, palmitate (PA)

(P+O)-treated podocytes for 24 hrs. Sequence specific primers for

BIP (GRP78), CHOP (C/EBP homologous protein), spliced and unspliced form of xbp1 

box binding protein 1) were used (Table 1). Data from 3 independent experiments 

experiment) are presented as mean ± SEM. * and *** denotes 

<0.001, respectively. 
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Fig. 13. Increase in cytosolic Ca

(A) Changes in cytosolic Ca

using fluorescence microscopic imaging system. Before Fura

incubated with palmitate (PA) or BSA in 

inhibitor for ER Ca2+ ATPase, release ER Ca

CPA reflects the amount of ER Ca

are presented as mean±SEM. *** denotes 
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ytosolic Ca2+ by ER Ca2+ release was abolished by palmitate.

Ca2+ ([Ca2+]i) were recorded from Fura-2 loaded podocytes by 

using fluorescence microscopic imaging system. Before Fura-2 loading, podocytes were 

incubated with palmitate (PA) or BSA in Ca2+ free KRB solution for 90 min. CPA as an 

ATPase, release ER Ca2+ into cytosol. (B) Increases in [

CPA reflects the amount of ER Ca2+ release. Data from 8 ~ 9 independent experiments 

SEM. *** denotes p<0.001. 

release was abolished by palmitate. 

2 loaded podocytes by 

2 loading, podocytes were 

free KRB solution for 90 min. CPA as an 

into cytosol. (B) Increases in [Ca2+]i by 

release. Data from 8 ~ 9 independent experiments 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Depletion of ER Ca

(A) Luminal Ca2+ content in ER was measured by using FRET

probe D1ER which allows ratiometric recording from emitted fluorescence of YFP and 
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Depletion of ER Ca2+ content and increased ER Ca2+ refilling by palmitate.

content in ER was measured by using FRET-based cameleon protein 

probe D1ER which allows ratiometric recording from emitted fluorescence of YFP and 

refilling by palmitate. 

based cameleon protein 

probe D1ER which allows ratiometric recording from emitted fluorescence of YFP and 
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CFP (540 nm/490 nm emission). Forthy eight hrs after transfection, podocytes were 

further incubated with palmitate (PA) or BSA in Ca2+ free KRB solution for 90 min, and 

measured the fluorescence intensities using confocal microscopic system (440 nm 

excitation). The ratio of D1ER fluorescence intensities indicates the luminal ER Ca2+ 

concentration ([Ca2+]ER). CPA-induced reduction of [Ca2+]ER (B) and ER Ca2+ refilling by 

1.8 mM extracellular Ca2+ (C) was compared between BSA (N=37) and palmitate (N=34)-

treated cells. Data are presented as means±SEM and *** denotes p<0.001. 

 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Palmitate-induced oligomerization of STIM1 in mouse podocyte.

Podocytes were transfected with plasmid encoding 

were applied 24 hrs after transfection and further incubated for 24 hrs. CPA (30

applied for 10 min in control podocytes. Fluorescence images of STIM1

obtained by using a confocal microscopic system (490
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induced oligomerization of STIM1 in mouse podocyte.

odocytes were transfected with plasmid encoding YFP-STIM1. Palmitate (PA) or BSA 

were applied 24 hrs after transfection and further incubated for 24 hrs. CPA (30

applied for 10 min in control podocytes. Fluorescence images of STIM1

d by using a confocal microscopic system (490 nm excitation/540 nm emission). 

induced oligomerization of STIM1 in mouse podocyte. 

STIM1. Palmitate (PA) or BSA 

were applied 24 hrs after transfection and further incubated for 24 hrs. CPA (30 μM) was 

applied for 10 min in control podocytes. Fluorescence images of STIM1-YFP were 

nm emission).  
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4.8. Palmitate-induced ER calcium depletion and cytotoxicity was 

blocked by a FAT/CD36 inhibitor  

 

  The fatty acid transporter and scavenger receptor FAT/CD36 is known to mediate the 

adverse effects of saturated fatty acids (Febbraio and Silverstein, 2007; Glatz et al., 

2013). To investigate the role of FAT/CD36 on palmitate-induced [Ca2+]ER loss and 

cytotoxicity, we pretreated with a FAT/CD36 inhibitor, sulfosuccinimidyl oleate (SSO) 30 

min before palmitate application (100 μM for 48 hrs). SSO (50 μM) completely abrogated 

the palmitate-induced cytotoxicity measured by using MTT assay (41.4±7.1% by 

palmitate only; 12.3±7.4 by palmitate with SSO, N=5, p<0.01, Fig. 16).  

  We tested the effect of SSO on palmitate-induced ER Ca2+ loss in mouse podocytes. 

D1ER-transfected podocytes were pretreated with SSO for 30 min and then coincubated 

with palmitate or BSA in Ca2+ free KRB solution for 90 min more. Cells were transferred to 

the confocal microscopic system and measured the D1ER fluorescence intensity ratio 

from two emission wavelengths (F540/F490). Palmitate incubation reduced the basal D1ER 

ratio and depleted CPA-releasable ER Ca2+ pool (Fig. 17A) similar to the result presented 

on Fig. 14. Pretreatment with SSO recovered the ER Ca2+ release by CPA (17.3±3.5%, 

N=3) which was significantly increased from only palmitate treated group (0.1±1.8%, N=3, 

p<0.001, Fig. 17B). These results demonstrated the critical role of FAT/CD36 in a 

palmitate-induced ER stress and cell death.   
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Fig. 16. Sulfosuccinimidyl oleate, a FAT/CD36 inhibitor, abolished palmitate-

induced cytotoxicity. 

Differentiated podocytes were seeded on 96 well plate and incubated with BSA or 

palmitate (PA; 100 μM) for 48 hrs. Sulfosuccinimidyl oleate (SSO), a FAT/CD36 inhibitor, 

was pretreated at 30 min before BSA or PA application. Cytotoxicity was estimated by 

using MTT assay. Data from 5 independent experiments are presented as mean ± SEM 

and ** denotes p<0.01. 
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Fig. 17. Palmitate-induced ER calcium depletion was prevented by a 

inhibitor. 
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induced ER calcium depletion was prevented by a 

 

induced ER calcium depletion was prevented by a FAT/CD36 
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(A) ER Ca2+ concentration ([Ca2+]ER) was measured in D1ER-transfected podocytes by 

using a confocal microscopic system. Cells were pretreated with sulfosuccinimidyl oleate 

(SSO), a FAT/CD36 inhibitor, at 30 min before incubation with palmitate (PA; 300 mM) or 

BSA in Ca2+ free KRB solution (90 min). D1ER fluorescence intensity ratio from two 

emission wavelengths (F540/F490) reflects the [Ca2+]ER. (B) Decrease in [Ca2+]ER by CPA 

indicates the amount of releasable Ca2+ pool in ER. Data from 3 independent 

experiments are presented as mean ± SEM and *** denotes p<0.001. 
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4.9. Mitochondrial antioxidant alleviated palmitate-induced ER 

calcium depletion and ER stress  

 

  Accumulating evidence suggests that oxidative stress originated from various sources 

can induce ER Ca2+ release and ER stress (Malhotra and Kaufman, 2007; Verfaillie et al., 

2012). We observed that palmitate dose-dependently increased cytosolic and 

mitochondrial reactive oxygen species (ROS) (Fig. 6 and 7). To investigate the role of 

oxidative stress, we tested the effects of mitoTEMPO, a mitochondrial antioxidant, on 

palmitate-induced ER Ca2+ depletion, ER stress, and cell death in mouse podocytes.    

  Firstly, we checked the protective role of mitoTEMPO on palmitate-induced cytotoxicity 

by using MTT assay. Podocytes were pretreated with mitoTEMPO (100 nM) at 30 min 

before BSA or PA incubation (100 mM for 48hrs). As presented in Fig. 18, cytotoxic effects 

of palmitate (36.6±4.5%, N=11) was attenuated by the pretreatment with mitoTEMPO 

(17.9±5.0%, N=11, p<0.05).  

  Secondly, we tested whether mitoTEMPO blocks the upregulation of ER stress-related 

genes induced by palmitate incubation. Quantitative real time PCR was performed with 

specific primers for BIP and CHOP. We observed that increased BIP and CHOP 

expression by palmitate was decreased by mitoTEMPO coincubation (Fig. 19).  

  Thirdly, the effect of mitoTEMPO on ER Ca2+ depletion was investigated. D1ER-

transfected podocytes were pretreated with mitoTEMPO (100 nM) for 30 min and then 

coincubated with palmitate or BSA in Ca2+ free KRB solution for 90 min more. 

Preincubation with mitoTEMPO prevented palmitate-induced ER Ca2+ depletion 

(17.0±1.8%, N=3) from palmitate only group (3.6±2.2%, N=3, p<0.001, Fig. 20). These 
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results suggest that oxidative stress originated from mitochondria participates in loss of 

ER Ca2+ store and ER stress which may be partly involved in cytotoxicity elicited by 

palmitate. 
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Fig. 18. Palmitate-induced cytotoxicity was partially attenuated by mitoTEMPO. 

Differentiated podocytes were seeded on 96 well plate and incubated with BSA or 

palmitate (PA; 100 μM) for 48 hrs. mitoTEMPO (100 nM) was pretreated at 30 min before 

BSA or PA application. Cytotoxicity was estimated by using MTT assay. The number of 

experiments was 11. Data are presented as mean ± SEM and * denotes p<0.05. 
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Fig. 19. MitoTEMPO reduced ER stress

MitoTEMPO (100 nM) was pretreated 30 min before application of BSA or palmitate (PA; 

300mM). Total mRNAs from

PA. Quantitative real time PCR with specific primers for BIP (GRP78) and CHOP (C/EBP 

homologous protein) was performed. Data are presented as mean
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MitoTEMPO reduced ER stress-related gene upregulation by palmitate.

nM) was pretreated 30 min before application of BSA or palmitate (PA; 

from podocytes were Isolated after 24 hrs incubation

. Quantitative real time PCR with specific primers for BIP (GRP78) and CHOP (C/EBP 

homologous protein) was performed. Data are presented as mean ± SEM. 
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Fig. 20. MitoTEMPO, a mitochondrial antioxidant, protects 

palmitate-induced ER calcium depletion. 
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MitoTEMPO, a mitochondrial antioxidant, protects mouse podocytes from 

induced ER calcium depletion.  

 

mouse podocytes from 
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(A) D1ER-transfected differentiated podocytes were pretreated with mitoTEMPO (100 

nM), a mitochondria targeted antioxidant, at 30 min before incubation with palmitate (PA; 

300mM) or BSA in Ca2+ free KRB solution (90 min). ER Ca2+ concentration ([Ca2+]ER) was 

measured by using confocal microscopic system. D1ER fluorescence intensity ratio from 

two emission wavelengths (F540/F490) reflects the [Ca2+]ER. (B) Decrease in [Ca2+]ER by 

CPA indicates the amount of releasable Ca2+ pool in ER. Data from 13 ~ 15 independent 

experiments were presented as mean ± SEM and *** denotes p<0.001. 
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4.10. Phospholipase C and its downstream signaling is involved in 

palmitate-induced ER calcium depletion   

 

  ER Ca2+ release through inositol 1,4,5-trisphosphate (IP3) receptor has been proposed 

as a mechanism for ER Ca2+ depletion and ER stress (Li et al., 2009; Back and Kaufman, 

2012). Recently, oxidative stress is reported to directly activate phospholipase C (PLC) 

which generates IP3 and induces ER Ca2+ release (Weissmann et al., 2012). There are 

two well-known PLC inhibitors, an aminosteroid compound U73122 and edelfosine (ET-

18-OCH3). U73122, however, is a lack of specificity and has various side effects which 

may be related to its alkylating activity, whereas edelfosine is considered to be cleaner 

(Mogami et al., 1997; Horowitz et al., 2005). We pretreated edelfosine (10 mM) into 

D1ER-transfected podocytes 30 min before coincubation with 300 mM palmitate or BSA 

(Ca2+ free condition for 90 min). Edelfosine restored the CPA-releasable ER Ca2+ pool 

(20.8±2.5%, N=4) from palmitate only group (1.5±1.5%, N=4, p<0.001, Fig. 21). 

  Phospholipase C generates IP3 and diacylglycerol (DAG) which activate protein kinase 

C (PKC) (Berridge and Irvine, 1984). DAG is converted into phosphatidic acid by DAG 

kinase. An inhibitor of DAG kinase, known as R 59 022, can increase DAG content and 

augment protein kinase C activity (de Chaffoy de Courcelles et al., 1985). To demonstrate 

the role of DAG on ER Ca2+ depletion, we coincubated DAG kinase with palmitate or BSA 

in Ca2+ free KRB solution for 90 min. As displayed in Fig. 22A, DAG kinase inhibitor (10 

μM) accelerates palmitate (50 mM)-induced ER Ca2+ loss (3.1±0.9%, N=24) compared to 

50 mM palmitate only (13.2±1.8, N=13, p<0.001). ER Ca2+ refilling was also increased by 
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DAG kinase inhibitor (21.5±4.1%, N=24) compared to 50 mM palmitate only (13.2±1.8, 

N=13, p<0.001).   

  The role of PKC, as a downstream of DAG, on palmitate-induced ER Ca2+ depletion 

was investigated using GF109203X, a nonspecific PKC inhibitor. Consistent with the 

results from PLC inhibitor, GF109203X (5 mM) partially reduce the loss of releasable ER 

Ca2+ content (9.2±1.2%, N=19) compared to palmitate (300 mM) only group (1.8±0.9%, 

N=18, p<0.001, Fig. 23). These results imply that activation of PLC-DAG-PKC pathway is 

involved in ER Ca2+ depletion induced by palmitate incubation. 

 

  



 
 
Fig. 21. Loss of ER Ca

phospholipase C inhibitor.
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ER Ca2+ pool by palmitate was blocked by edelfosine, a 

phospholipase C inhibitor. 

 

pool by palmitate was blocked by edelfosine, a 
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(A) ER Ca2+ concentration ([Ca2+]ER) was measured in D1ER-transfected podocytes by 

using confocal microscopic system. Cells on coverslips were pretreated with a 

phospholipase C (PLC) inhibitor edelfosine (edelf; 10 mM) for 30 min and then 

coincubated with palmitate (PA; 300 mM) or BSA for 90 min in Ca2+ free KRB solution. 

D1ER fluorescence intensity ratio from two emission wavelengths (F540/F490) reflects the 

[Ca2+]ER. (B) Decrease in [Ca2+]ER by CPA indicates the amount of releasable Ca2+ pool in 

ER. Data from 4 independent experiments are presented as mean ± SEM and *** 

denotes p<0.001. 
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Fig. 22. DAG kinase inhibitor potentiated palmitate-induced ER calcium depletion in  

mouse podocytes.  

(A) ER Ca2+ concentration ([Ca2+]ER) was measured in D1ER-transfected podocytes by 

using confocal microscopic system. Cells on coverslips were coincubated a DAG kinase 

inhibitor R 59 022 (DKI; 10 mM) with palmitate (PA; 300 mM) or BSA in Ca2+ free KRB 

solution for 90 min. D1ER fluorescence intensity ratio from two emission wavelengths 

(F540/F490) reflects the [Ca2+]ER. (B) Decrease in [Ca2+]ER by CPA indicates the amount of 

releasable Ca2+ pool in ER. Data from 13 ~ 24 independent experiments are presented 

as mean ± SEM and *** denotes p<0.001. 

 

 
 
 
 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 23. ER calcium depletion

inhibitor, GF109203X. 
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ER calcium depletion by palmitate was alleviated by protein kinase C by palmitate was alleviated by protein kinase C 
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(A) ER Ca2+ concentration ([Ca2+]ER) was measured in D1ER-transfected podocytes by 

using confocal microscopic system. Cells on coverslips were pretreated with 5mM 

GF109203X (GF), a nonspecific PKC inhibitor, at 30 min before coincubation with 

palmitate (PA; 300 mM) or BSA in Ca2+ free KRB solution for 90 min. D1ER fluorescence 

intensity ratio from two emission wavelengths (F540/F490) reflects the [Ca2+]ER. (B) 

Decrease in [Ca2+]ER by CPA indicates the amount of releasable Ca2+ pool in ER. Data 

from 19 independent experiments are presented as mean ± SEM and ** denotes p<0.01. 
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V. DISCUSSION 
 

 

  Podocyte injury and apoptosis is one of the main causes of impaired glomerular 

filtration barrier and albuminuria (Steffes et al., 2001). Among the various noxious stimuli, 

oxidative stress acts an important role in the pathogenesis of glomerular disease 

including diabetic nephropathy (Coughlan et al., 2008; Forbes et al., 2008). Several 

candidates mediating diabetic renal complications has been suggested, and most of them 

are directly and indirectly related to oxidative stress participating in tissue damage (Eid et 

al., 2009). In this study, I have focused on the pathologic role of saturated fatty acid, 

plasma level of which is elevated under diabetic environment (milieu). Experimental 

results of this study demonstrated that palmitate as a major component of saturated free 

fatty acid elicited ROS generation, mitochondrial dysfunction, and ER stress 

consequently resulting in apoptotic cell death. The morphological alterations of these two 

intracellular organelles were also observed by using fluorescence images from a laser 

scanning confocal microscope and electron microscopic images. However, a 

monounsaturated fatty acid oleate did not show cytotoxicity, ROS generation, and ER 

stress and even protected podocyte from cytotoxic changes by palmitate. With further 

experiments to identify the molecular mechanism of these detrimental effects, ER Ca2+ 

depletion and dyshomeostasis of intracellular Ca2+ signaling were proved as a crucial 

mechanism on palmitate-induced ER stress. The loss of ER Ca2+ pool caused by 

palmitate incubation was blocked by mitochondrial antioxidants which also mitigated 

palmitate-induced cytotoxicity. Palmitate-induced ER Ca2+ depletion was also prevented 

by the inhibition of PLC and PKC, whereas augmented by an increased DAG level. These 
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data suggest that oxidative stress generated by saturated fatty acid closely participates in 

mitochondrial dysfunction and ER stress in podocyte which are critical for the 

development of proteinuria in diabetic glomerular complication. Especially, the elucidation 

of molecular mechanisms explaining for ER Ca2+ depletion and ER stress in podocytes 

has the value of novelty and provides the useful information applicable to the 

development of therapeutic and/or preventive medicine or procedures. 

  Palmitate is the most abundant component of saturated fatty acid in human plasma 

(22~25% of the total fatty acids) and increased in metabolic diseases including diabetes 

(Randle et al., 1963; McArthur et al., 1999). It remains unclear which concentration of 

BSA-conjugated palmitate is relevant to the pathophysiologic condition of diabetic 

glomerulopathy. The dose of palmitate used in this study (100~500 mM) may be higher 

than that of in vivo plasma level. However, it is conceivable that podocyte injury or cell 

death can be triggered by much lower concentration of palmitate if podocytes are 

exposed for a longer period than 24 hrs incubation as in this study. 

  Palmitate-induced cytotoxicity is resulted from the apoptotic process demonstrated by 

counting of apoptotic nuclei and ELISA for apoptotic nuclear DNA fragments (Fig. 3 and 

4). Palmitate triggered mitochondrial and cytosolic ROS generation (Fig. 6 and 7) which is 

a common pathogenic mechanism of diabetic complications. Several culprits for 

palmitate-induced ROS production are known as NADPH oxidases and mitochondrial 

electron transport, which were not scrutinized here in detail. Either cytosolic or 

mitochondrial ROS generation can causes oxidative burden to the entire cells leading to 

the suppression or malfunction of mitochondrial electron transport chain. In turn, electron 

leakage from impaired respiratory chain can generate more superoxide by reacting with 

nearby oxygen, which accelerates further oxidative stress. This vicious cycle, called as 
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'ROS induced ROS release', can promote mitochondrial depolarization, oxidative 

modification of mitochondrial permeability transition pore, cytochrome c release, caspase 

activation, and apoptosis.  

  Mitochondrial membrane potential (DYm) was measured by using two different potential 

sensitive dyes, JC-1 and TMRM. JC-1 is a ratiometric indicator showing a striking shift in 

the fluorescence emission spectrum with excitation at ~490 nm, the peak emission of the 

monomer is at ~539 nm while the emission of J-aggregates peaks at 597 nm. JC-1 is a 

useful tools for quantitative comparison of DYm using fluorescence intensity ratio from two 

different wavelengths. However, interpretation should be cautious because of unwanted 

bias from pH- and ROS-sensitive properties (Chinopoulos et al., 1999). To avoid this bias 

for DYm measurement, TMRM probe was also used. It is a single excitation single 

emission indicator and used for two different mode; quenching and non-quenching 

(redistribution) mode. Non-quenching mode is preferred as this mode uses the lowest 

concentration of dye (1~30 nM) and rapidly reflect the DYm by the changes in 

redistribution following Nernest equation. Fluorescence spectrophotometric and imaging 

experiment using both dyes, JC-1 and TMRM, confirmed the depolarization of 

mitochondrial membrane potential in palmitate-treated podocytes (Fig. 8 and 9).  

  Functional quality of mitochondria within a cell displays a heterogeneous pattern 

(Wikstrom et al., 2007) and the population of depolarized mitochondria are destined to be 

eliminated by autophagy (mitophagy) (Twig et al., 2008). Interestingly, it has been 

suggested that depolarized mitochondria try to avoid autophagy by activating reverse 

mode of F1F0-ATPase (Gomes et al., 2011). This mode of action maintains DYm by the 

expense of ATP consumption. To estimate the population of dysfunctional mitochondria, 

oligomycin as a selective blocker for F1F0-ATPase can be used. As reported previously 
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(Irwin et al., 2003; Park et al., 2008), ATP synthesizing mitochondria show a 

hyperpolarizing response upon oligomycin application which blocks the proton influx 

through F1F0-ATPase. However, dysfunctional and ATP consuming mitochondria display a 

depolarizing change to oligomycin treatment which blocks ATP-consuming proton 

pumping out. Depolarizing response to oligomycin by palmitate in this study (Fig. 8C) 

demonstrates the increased population of dysfunctional mitochondria, which was further 

supported by the declined ATP content (Fig. 9C) in palmitate-treated podocytes.  

  Mitochondria are dynamic organelles that continuously move, divide, and fuse (Chan, 

2006). These process are controlled by several fission and fusion proteins. The major 

components of the fission machinery are Fis1 and Drp1, whereas the components for 

fusion machinery are mitofusins and Opa1 (Chan, 2006). Especially, for the fusion 

process of inner and outer mitochondrial membrane, the electrical gradient (DYm) has to 

be maintained (Meeusen et al., 2004; Meeusen and Nunnari, 2005). This property of 

mitochondria is supported by the previous reports showing that collapsing the DYm 

triggers widespread fragmentation of the mitochondrial network (Kennedy et al., 1998; 

Legros et al., 2002; Ishihara et al., 2003). In this study, enhanced mitochondrial fission 

and fragmentation was observed in palmitate-treated podocyte by fluorescence confocal 

image using mitoCFP over-expression (Fig. 10) or electron microscopic pictures (Fig. 11). 

It is noteworthy that high glucose exposure increased ROS production which is closely 

related to mitochondrial fission process (Paltauf-Doburzynska et al., 2004; Yu et al., 2006). 

These data suggest that palmitate-induced ROS generation and subsequent 

mitochondrial depolarization elicits mitochondrial morphodynamic changes from 

elongated and rod-shape to shortened and fragmented. 
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  In addition to these mitochondrial fragmentation, prominent widening of ER lumen was 

observed in palmitate-treated podocytes. Podocyte treated with BSA showed ER 

structure as a series of ribosome-studded thin finger-like projection. However, palmitate 

treatment markedly distorted ER morphology appearing as huge distended vesicles. This 

pattern of luminal dilatation in ER has been observed in ER stress induced by 

tunicamycin application into fibroblasts (Rutkowski et al., 2006) or palmitate treatment 

into CHO cells (Borradaile et al., 2006). Moreover, pancreatic b-cells from Akita mice has 

dilated ER with increased diameter by 2.9-fold compared to those from control C57 mice 

(Zuber et al., 2004). As a diabetic model with missense mutation of the insulin 2 gene 

(Cys96Tyr), ER lumen widening in pancreatic b-cells from Akita mice might be highly 

relevant to the same finding in palmitate-treated podocyte as in the present study. 

  As described in Introduction, ER Ca2+ homeostasis is important for preventing ER 

stress. On the contrary, increased Ca2+ release via IP3 and ryanodine receptor, impaired 

mitochondrial activity, and reduced SOCE or SERCA pumping can seriously threaten 

Ca2+ homeostasis and chaperone's action in ER. For the first time, this study provides 

several concrete evidences showing the reduced ER Ca2+ store by palmitate in mouse 

podocyte. Firstly, cytosolic Ca2+ increase in response to SERCA inhibition was markedly 

decreased in palmitate-treated podocytes (Fig. 13). Secondly, direct measurement of ER 

Ca2+ level with FRET-based ER Ca2+ sensor D1ER revealed the absence of luminal Ca2+ 

changes by a SERCA inhibitor (Fig. 14). Lastly, palmitate showed hot spots of STIM1-

YFP near plasma membrane which is the typical findings of the emptied ER Ca2+ store 

(Fig. 15). STIM1 is an ER Ca2+ sensor activated by lowered Ca2+ binding to the EF hand 

(Liou et al., 2005). This activation elicits oligomerization of STIM1 and moves to ER-

plasma membrane junctions by diffusion in the ER membrane. At here, STIM1 binds to 
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the carboxyl terminus of Orai (Luik et al., 2006). Puncta (hot spot) formation of STIM1-

YFP was also observed in CPA-treated podocytes. 

  Long chain fatty acids are taken up into cytosol through a specialized transporter, fatty 

acid translocase (FAT), also referred to as CD36. FAT/CD36 is a 472-amino acid, heavily 

glycosylated transmembrane protein (88 kDa) (Gruarin et al., 2000). FAT/CD36 is 

expressed on an extensive range of cells and tissues, including microvascular endothelial 

cells, monocytes, macrophages, dendritic cells, adipocytes, keratinocytes, all types of 

muscle, retinal pigmental epitheilium, microglia, reticulocytes, breast, gut, renal 

epithelium, platelets, and hepatocytes (Silverstein et al., 2010). I also have confirmed the 

expression of FAT/CD36 in mouse podocyte by using PCR after reverse transcription 

(data not shown). Studies in FAT/CD36-null mice have revealed that this transporter 

contributes for approximately 70% to fatty acid uptake into contracting cardiac myocyte 

(Habets et al., 2007). FAT/CD36 also located on mitochondrial outer membrane and an 

FAT/CD36 inhibitor SSO attenuates complex III of mitochondrial respiratory chain 

(Campbell et al., 2004; Drahota et al., 2010; Smith et al., 2011), but its functional role in 

mitochondria is not clearly elucidated until now. The expression of FAT/CD36 is increased 

by high glucose, oxLDL, and PKC-d activation (Tontonoz et al., 1998; Chen et al., 2006; 

Lin et al., 2012). It is noteworthy that inhibition of FAT/CD36 prevent glucotoxicity in 

insulin-secreting cells (Kim et al., 2012). In this study, SSO completely recovered ER Ca2+ 

pool which is releasable by CPA (Fig. 17). In addition to prevention of ER Ca2+ depletion, 

SSO surprisingly abrogated palmitate-induced cytotoxicity (Fig. 16). These evidence 

directly support the exclusive dependency of injurious effect by palmitate on FAT/CD36, 

which provide a therapeutic target to protect from lipotoxicity. 
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  Palmitate-induced lipotoxicity in pancreatic b-cells is related to the ER Ca2+ depletion 

through decreased expression (Roe et al., 1994) or activity (Cunha et al., 2008) of 

SERCA. In this study, palmitate depleted ER Ca2+ pool, but ER Ca2+ refilling was not 

impaired implying that SERCA activity was not deteriorated in palmitate-treated podocyte 

(Fig. 14C). Instead, it has been reported that oxidative stress in ER lumen activates IP3 

receptor which releases Ca2+ from ER into cytosol (Li et al., 2009; Back and Kaufman, 

2012). Consistent to these reports, a mitochondrial antioxidant used in this study 

completely prevented palmitate-induced ER Ca2+ depletion (Fig. 20). Antioxidant also 

attenuated the upregulation of ER stress-related genes (Fig. 19) and partially protects the 

cytotoxicity (Fig. 18) induced by palmitate. These results suggest that mitochondrial ROS 

contributes to the oxidative stress in ER, and this could activate ER Ca2+ release and 

consequently deplete ER Ca2+ store. Further evidences demonstrate that the 

susceptibility of b-cells to ER stress is stimulated by the activity of ER Ca2+ release 

channel including IP3 receptor (Luciani et al., 2009). It still remains unclear, however, by 

what mechanism the redox status of ER can regulate Ca2+ release through IP3 receptor 

channel.  

  IP3 and diacylglycerol (DAG) production from phosphatidyl-inositol 4,5-bisphosphate 

(PIP2) is mediated by phospholipase C (PLC) which is an essential signaling molecules in 

G-protein coupled receptor and receptor tyrosine kinase. The present study discovered 

that a PLC inhibitor edelfosine successfully recovered the releasable Ca2+ store in ER 

which was depleted by palmitate (Fig. 21). These result indicates that increased IP3 and 

DAG, as end products of PLC, takes part in a crucial molecular mechanism for palmitate-

induced ER Ca2+ release. Here, we suggests two possible mechanisms of PLC activation 

by palmitate; ROS and FAT/CD36 as a signaling molecule.  
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  Consistent evidences show that superoxide anions, hydrogen peroxide, and hydroxyl 

radical are all capable of cytosolic Ca2+ ([Ca2+]i) increase in vascular endothelial cells 

which is resulted from ER Ca2+ release (Dreher and Junod, 1995; Hu et al., 1998; Sun et 

al., 2011). ROS-induced ER Ca2+ release and increased [Ca2+]i is completely abolished 

by inhibitors of PLC or IP3 receptor (Fan et al., 2009; Yadav et al., 2013). Furthermore, 

hydrogen peroxide directly activates PLC-g activity and increases [Ca2+]i (Yuan et al., 

2008), and this [Ca2+]i changes are blocked by PLC-g1 gene knockdown (Hong et al., 

2006). Interestingly, mitochondrial ROS are critical for the hypoxia-induced [Ca2+]i 

increase (Wang and Zheng, 2010) implying that the activity of PLC can be augmented as 

a result of increased mitochondrial superoxide production (Yadav et al., 2013). These 

previous reports strongly support the hypothesis that palmitate-induced mitochondrial 

ROS activates PLC resulting in ER Ca2+ release in mouse podocyte. 

  As another candidate, FAT/CD36 is linked to the Src protein tyrosine kinases (Src-PTK), 

particularly of Fyn and Yes (El-Yassimi et al., 2008; Kuda et al., 2011). This signaling is 

well established in taste bud cells, which can be activated by free fatty acids (Dramane et 

al., 2012). The phosphorylation of Src-PTK by the binding of FFA to FAT/CD36 stimulates 

PLC activation with unknown mechanism and induces ER Ca2+ release through IP3-

dependent mechanism. SSO completely blocks the FFA-induced IP3 production and 

[Ca2+]i increases (El-Yassimi et al., 2008). Further experiments are needed to identify the 

role of FAT/CD36 signaling via Src-PTK in palmitate-induced loss of ER Ca2+ store by 

using inhibitors such as genistein or PP2. 

  DAG synthesized from PIP2 is an activator to several Ca2+ selective ion channels and 

protein kinase C. DAG is degraded by DAG kinase which convert DAG to phosphatidic 

acid (Murakami et al., 2003). Therefore, DAG kinase attenuates or stops signaling 
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cascade triggered by DAG. Interestingly, it has been reported that hydrogen peroxide 

induces DAG kinase inhibition in addition to activation of PLC-g (Weissmann et al., 2012). 

In this study, palmitate-induced ER Ca2+ depletion was markedly augmented by DAG 

kinase inhibitor (Fig. 22), implying that elevated DAG level by palmitate is involved in ER 

Ca2+ release and ER stress.  

  Protein kinase C (PKC) is initially identified as a nucleotide-independent, Ca2+-

dependent serine kinase (Inoue et al., 1977). More than 9 isoforms of PKC are identified 

and further divided into three subfamilies based on the sequence homology and the 

mode of stimulation. The classical PKCs (α,b, and g) are diacylglycerol (DAG) and Ca2+-

dependent enzymes, whereas the novel PKCs (d, e, h, and q) require DAG, but not 

calcium, for activation. The atypical PKCs (i and z) are not responsive to activation by 

DAG or calcium, but are activated by other lipid-derived second messengers (Steinberg, 

2008). After being stimulated, PKCs anchor to the membrane, which facilitates activation 

and elicits biological actions. As a downstream of DAG, the involvement of PKC was 

tested using a nonselective PKC inhibitor, GF109203X. Inhibition of PKC partially recover 

the ER Ca2+ depletion by palmitate (Fig. 23). These results imply that the activation of 

PLC-DAG-PKC pathway is participates in the palmitate-induced ER Ca2+ dysregulation. 

Before ER Ca2+ measurement, podocytes were treated with palmitate for 90min in Ca2+ 

free solution and did not exposed to extracellular Ca2+ before CPA addition. Thus, the 

classical isotypes of PKC in podocyte could not be activated strongly in this condition of 

Ca2+ deficit. It has been published previously in pancreatic b-cell that PKCd as a novel 

PKC isotype is activated by fatty acid and plays a crucial role in b-cell survival (Wrede et 

al., 2003). Moreover, overexpression of kinase dominant PKCd protects b-cell from 

palmitate-induced mitochondrial dysfunction and apoptotic cell death (Hennige et al., 
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2010). The clarification of PKC isotype activated by palmitate in podocyte may give us 

important clue to understand the pathogenic molecular mechanism of diabetic 

complications. 
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VI. CONCLUSIONS 

 

  Based on the purposes of this study, I suggest the following summaries of data 

interpretation and conclusions. 

i) Incubation with saturated free fatty acid (FFA), but not unsaturated, elicited apoptotic 

death of podocytes. Unsaturated FFA showed a protective effect against saturated FFA-

induced cytotoxicity. 

ii) Saturated FFA, but not unsaturated, generated cytosolic and mitochondrial reactive 

oxygen species (ROS). 

iii) Saturated FFA induced mitochondrial depolarization and declined ATP production. 

iv) Mitochondrial fragmentation and dilatation of ER lumen were observed in saturated 

FFA-treated podocytes. 

v) Saturated FFA depleted ER Ca2+ pool and induced ER stress-related gene expressions. 

vi) Scavenging mitochondrial ROS, and inhibition of FAT/CD36, phospholipase C (PLC), 

and protein kinase C reduced ER Ca2+ depletion and the cytotoxicity of podocytes 

induced by saturated FFA. Conversely, prevention of diacylglycerol degradation 

augmented saturated FFA-induced loss of ER Ca2+ pool. 

  It is concluded that podocyte damage induced by saturated FFA is related to 

mitochondrial dysfunction and ER stress mediated by oxidative stress, FAT/CD36, and 

the downstream of PLC signaling. All these pathogenic factors could be an effective 

therapeutic target to treat or prevent proteinuric glomerular diseases including diabetic 

nephropathy. 
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VIII. ABSTRACT IN KOREAN 

 

마우스 신장 족세포에서 지방산에 의한 세포독성 효과 

 

신장 족세포는 사구체 여과에서 중요한 역할을 담당하고 있으며, 당뇨병성 신증

의 병인 기전에 관여함이 알려져 있다. 당뇨환자는 혈중 포화유리지방산 농도가 높으

며 이로 인해 소포체 스트레스 및 세포사멸이 여러 다른 세포들에서 보고된 바 있다. 

본 연구는 불멸화된 신장 족세포에서 유리지방산에 의한 세포독성의 기전을 규명하고

자 하였다. 

포화유리지방산인 팔미테이트는 농도의존적으로 세포질 및 미토콘드리아의 활성

산소 생성 및 아폽토시스를 증가시켰다. 반면 불포화지방산인 올레이트는 활성산소의 

생성 및 세포사멸을 초래하지 않았을 뿐 아니라 팔미테이트와 함께 처리시 팔미테이

트의 작용을 억제하였다. 팔미테이트는 미토콘드리아 막전압을 탈분극시키고 ATP 생

성을 억제하였다. 동적 형태변화로 팔미테이트는 미토콘드리아의 분열을 증가시키고 

소포체 내경을 확장시켰다. 이와 함께 팔미테이트는 소포체 스트레스와 관련된 

GRP78/Bip, spliced xbp1 및 CHOP의 발현을 증가시켰다. 팔미테이트는 소포체 내 칼

슘을 고갈시키고 cyclopiazonic acid에 의한 세포내 칼슘 증가도 소실시켰다. 팔미테이

트에 의한 소포체 칼슘 고갈 및 세포독성은 지방산 운반체인 FAT/CD36의 선택적 억

제제인 sulfo-N-succinimidyl oleate 에 의해 차단되었다. 이와 함께 미토콘드리아 항산
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화제인 mitoTEMPO는 팔미테이트에 의한 소포체 칼슘 고갈 및 소포체 스트레스를 차

단하였고 세포독성을 부분적으로 억제하였다. 팔미테이트에 의한 소포체 칼슘 저장소

의 소실은 phospholipase C 및 protein kinase C 억제제들에 의해 회복되었으며, 

diaylglycerol(DAG) kinase 억제제에 의해 DAG 분해를 막을 경우 팔미테이트의 작용을 

오히려 크게 항진시켰다.  

이상의 결과를 볼 때, 혈장내 대표적인 포화유리지방산인 팔미테이트는 산화스트

레스 및 소포체 칼슘 고갈을 통해 미토콘드리아 기능장애 및 소포체 스트레스를 초래

하며 이 과정에 FAT/CD36과 phospholipase C 신호전달이 관여하고 있을 것이라 사료

된다.     
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