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ABSTRACT 

 
We investigated the induction and underlying mechanism of apoptosis in retinal pigment 

epithelial cells by the inhibition of proteasome activity using lactacystin. Rat retinal pigment 

epithelial cell line, RPE-J, was used in this study. Apoptosis was evaluated by light and electron 

microscopies, DNA electrophoresis and TUNEL assay. The apoptosis-related proteins were 

localized in the cells by immunofluorescent microscopy, and the changes of their protein contents 

and the enzyme activation were monitored by Western blot. Mitochondrial membrane potential was 

quantified by measuring J aggregate (JC-1) fluorescence. To measure changes in intracellular pH, 

cells were loaded with BCECF and assayed by flow cytometry. To elucidate the type of transport 

system involving intracellular pH regulation, several transporter inhibitors were employed and their 

effect on pH and membrane potential was assayed as above. Lactacystin treatment significantly 

induced apoptosis in RPE-J cells. During the RPE cell apoptosis, i) cytochrome c and 

Smac/DIABLO were released into cytosol from mitochondria, ii) translocation of AIF to the nucleus 

was evident, iii) Bax protein appeared to translocate to mitochondria, iv) procaspase-3 and PARP 

were cleaved, and v) nuclear condensation and DNA fragmentation were clearly observed. 

Noticeably, a transient increase of mitochondrial membrane potential was coincidentally detected 

with the intracellular alkalinization after lactacystin administration. Furthermore, the lactacystin-

induced early alkalinization was inhibited by 4-acetamido-4’-isothiocyanostilbene-2,2’-disulphonate, 

an inhibitor of Cl-/HCO3
- anion exchanger, which also prevented early mitochondrial 

hyperpolarization and apoptosis. Lactacystin-induced apoptosis in RPE-J cells is closely associated 

with an early mitochondrial hyperpolarization induced by intracellular alkalinization. 
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Introduction 

Apoptosis is an evolutionarily conserved, innate process by which cells systemically inactivate, 

disassemble, and degrade their own structural and functional components to complete their own 

demise (Wyllie et al., 1980). In this highly regulated process, a cascade of molecular and 

biochemical events leading to cell death is activated. 

Caspase activation is a central process in the execution of dying cells. The activation of an effector 

caspase, such as caspase-3, is stimulated by activated initiator caspases, caspase-8 or -9. Once 

activated, the effector caspases are responsible for the proteolytic degradation of a broad spectrum of 

cellular targets that ultimately leads to cell death (Thornberry and Lazebnik, 1998). However, the 

activation of effector caspases can be suppressed in the presence of inhibitors of apoptosis proteins 

(IAPs) (Roberts et al., 2001). Mitochondria play an important role in the regulation of apoptosis. 

The intermembrane space of mitochondria was proposed to contain several apoptogenic factors [i.e., 

cytochrome c, procaspases (-2, -3, and –9), and apoptosis inducing factor (AIF)], which are liberated 

through the outer membrane in order to complete the degradation phase of apoptosis (Green and 

Reed, 1998; Susin et al, 1999). Smac/DIABLO, a mitochondrial protein that is released from the 

mitochondria in response to apoptotic stimuli, was found to promote the caspase activation by 

binding and neutralizing the IAPs (Srinivasula et al., 2000). Bcl-2 family proteins are also well 

known to enhance (e.g. Bax) or inhibit apoptosis (e.g. Bcl-2, Bcl-xL) (Reed, 1997). Finally, the 

activation of caspases leads to cleavage of poly(ADP-ribose) polymerase (PARP), degradation of 

lamins, and endonuclease activation (Thornberry et al, 1997). 

Numerous studies have focused on the targeted induction of apoptosis in order to control the 

unlimited growth of proliferating cells. Retinal pigment epithelial (RPE) cells are thought to 

contribute significantly to epiretinal membrane formation in proliferative vitreoretinopathy (PVR) 
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(Machemer and Laqua, 1975; Hiscott and Grierson, 1991; Van Horn et al., 1991). Although in some 

cases surgery can provide a suitable means of treatment, often it proves futile. Therefore it would be 

beneficial to pharmacologically inhibit the cellular proliferation. Unfortunately antiproliferative 

drugs have been toxic and lacked specificity (Khawly et al., 1991). Since it has been previously 

documented that the growth of proliferative vitreoretinal tissues was regulated in part by the extent 

of natural cell loss via apoptosis (Esser et al., 1996; Esser et al., 1997), the pharmacological 

induction of apoptosis in epiretinal membranes could be developed to a new approach to inhibit 

cellular proliferation in PVR. In this context, we have been seeking the underlying mechanism of 

RPE cell death (Yoon et al., 2000a and b; Yoon et al., 2001). 

In this study, we investigated RPE cell apoptosis by the treatment of proteasome inhibitor, 

lactacystin, which has been known to induce apoptosis in various cells (Drexler et al., 2000). As will 

be shown, lactacystin induced apoptosis of RPE-J cells. Importantly, lactacystin-induced apoptosis 

of RPE-J cells is accompanied by significant increases of mitochondrial membrane potential (MMP) 

and intracellular pH. 
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Methods 

 

Reagents  

Rabbit polyclonal anti-human PARP antibody was from Oncogene (Cambridge, MA); Rabbit 

polycolnal anti-horse cytochrome c, anti-mouse Bax and anti-human Bcl-2 and caspase-3, and goat 

polyclonal anti-mouse AIF antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). 

Rabbit anti-mouse Smac/Diablo antibody, a proteasome inhibitor lactacystin, proteasome substrate 

III Suc-LLVY-AMC (Suc-Leu-Leu-Val-Tyr-aminomethylcoumarine), and multidrug resistance 

pump inhibitors verapamil and cyclosporin A were from Calbiochem (San Diego, CA). Dulbecco’s 

modified Eagle’s medium (DMEM), non-essential amino acids and FCS were from Gibco 

(Gaithersburg, MD). Pancaspase inhibitior z-VAD-fmk was from Kamiya Biomedical Co. (Seattle, 

WA). An inhibitor of Cl-/HCO3
- anion exchanger 4-acetamido-4'-isothiocyanostilbene-2,2'-

disulphonate (SITS), an inhibitor of Na+/H+ exchanger 5-N-ethyl-N-isopropyl amiloride (EIPA), 

nigericin, BCECF-AM and Rhodamine123 were from Molecular Probes (Eugene, OR).  Mouse 

monoclonal anti-β-actin antibody, a F0F1-ATPase inhibitor oligomycin, dimethyl sulfoxide (DMSO), 

RNase A, proteinase K, Poly-L-lysine, aprotinin, leupeptin, and PMSF were from Sigma (St. Louis, 

MO). ECL western blotting detection reagents were from Amersham International 

(Buckinghamshire, UK). Mouse monoclonal anti-human Hsp60 antibody was from StressGen 

Biotechnologies Corp (Victoria, BC Canada). 

 

Cell culture 

Retinal pigment epithelial (RPE) cells were purchased from the American Tissue Culture 

Collection (Rockville, MD). Cells were maintained at 33 °C with 10 % CO2 in air atmosphere in 
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DMEM with 4.5 g/L glucose, 2 mM L-glutamine, and 0.1 mM non-essential amino acids 

supplemented with 4 % FCS. To maintain reproducibility, cells past passage 20 were not used for 

experiments and early passage cells thawed to renew the culture. 

 

Lactacystin treatment and the effect of caspase inhibitor 

Stock solutions of lactacystin (20 mM) made by dissolving the drug in DMSO were kept frozen 

at –20 °C until use. The concentration of DMSO, 0.05 - 0.25 % (vol/vol), used in this study, both as 

a vehicle for lactacystin and as a control, had no effect on RPE cell proliferation in our preliminary 

studies. Twenty four hours after RPE-J cells were subcultured, the original medium was removed. 

Cells were washed with PBS and then incubated in the same fresh medium. Lactacystin from a stock 

solution was added to the medium to obtain 10, 20, 30, 40, or 50 µM dilutions of the drug. Since the 

dose required for half-maximal inhibition of viability at 16 h after lactacystin treatment was about 

10 µM, this single concentration was utilized for further assessment of apoptosis of RPE-J cells. In 

order to study the effect of caspase inhibition, cells were preincubated for 1 h with 100 µM z-VAD-

fmk, and then, maintaining the inhibitor in the culture medium, lactacystin was added to obtain 10 

µM dilution. 

 

Proteasome activity assay 

Cells were lysed in the proteasome buffer, sonicated, and then centrifuged. The supernatant (40 

µg of protein) was incubated with proteasome activity buffer [0.005 M Tris-HCl pH 8.0, 0.5 mM 

EDTA, 50 M Suc-LLVY-AMC] at 37°C for 1h. The intensity of fluorescence was measured by a 

modular fluorimetric system (Spex Edison, NJ) at 380 nm excitatory and 460 nm emission 

wavelengths. All readings were standardized using the fluorescence intensity of an equal volume of 
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free AMC solution (50 µl). 

 

Assessment of cell viability 

Cells were released by trypsinization at 16 h after lactacystin treatment, stained with trypan blue 

and then counted using a hemacytometer.  

 

Morphological Assessment of apoptosis 

Light microscopy. Cells were observed and photographed under a phase contrast microscope. Then 

cells were harvested and cell suspension was centrifuged onto a clean, fat-free glass slide with a 

cytocentrifuge. Cells were stained in 4 µg/ml Hoechst 33342 for 30 min at 37°C and fixed for 10 

minutes in 4% paraformaldehyde. Samples were observed and photographed under an 

epifluorescence microscope. The number of cells, which showed condensed or fragmented nuclei, 

was determined by a blinded observer from a random sampling of 250-300 cells per experiment. 

Four independent experiments were conducted. 

Electron microscopy. Cells treated with 10 µM lactacystin for 16 h were collected, centrifuged at 

200 x g and fixed in 2.5% glutaldehyde for 1.5 h. The cells were then postfixed in 1% osmic acid for 

1.5 h and embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead 

citrate, and morphological changes were examined using a Hitachi H600-3 electron microscope. 

 

DNA electrophoresis 

Cells were harvested 4, 8, 16, 24 and 48 hours after incubation of 10 µM lactacystin. 2 × 106 

cells were resuspended in 1.5 ml of lysis buffer [10 mM Tris (pH 7.5), 10 mM EDTA (pH 8.0), 10 

mM NaCl and 0.5% SDS] into which proteinase K (200 µg/ml) was added. After samples were 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 11, 2003 as DOI: 10.1124/jpet.102.047811

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2002/47811    

 - 9 -

incubated overnight at 48 °C, 200 µl of ice cold 5 M NaCl was added and the supernatant 

containing fragmented DNA was collected after centrifugation. The DNA was then precipitated 

overnight at -20 °C in 50% isopropanol and RNase A-treated for 1 h at 37 °C. The DNA from 106 

cells (15 µl) was equally loaded on each lane of 2% agarose gels in Tris-acetic acid/EDTA buffer 

containing 0.5 µg/ml ethidium bromide at 50 mA for 2 h. 

 

Immunofluorescent staining 

Cells were harvested 4, 8, 16, 24 and 48 hours after incubation of 10 µM lactacystin, and cell 

suspension was centrifuged onto a clean, fat-free glass slide with a cytocentrifuge. 

Cytocentrifuged samples were fixed for 10 minutes in 4% paraformaldehyde. Each sample 

was incubated with each primary antibody for 1 h, washed 3X each for 5 min, and then 

incubated with FITC-conjugated secondary antibody for 1 h at room temperature. The 

localization of Bax protein in mitochondria was confirmed by co-localization of mitochondrial 

protein, HSP-60, using a double immunofluorescence method. Cells were observed and 

photographed under an epifluorescence microscope. The number of cells, which had lost the 

punctate staining pattern for cytochrome c, was counted as above. 

 

Western blot analysis for Bcl-2, Bax, PARP or caspase-3 

For antibody cleavage blots, 2 × 106 cells treated with 10 µM lactacystin were washed twice 

with ice-cold PBS, resuspended in 200 µl ice-cold solubilizing buffer [300 mM NaCl, 50 mM Tris-

Cl (pH 7.6), 0.5% TritonX-100, 2 mM PMSF, 2 µl/ml aprotinin and 2 µl/ml leupeptin] and 

incubated at 4 °C for 30 min. The lysates were centrifuged at 14,000 rpm for 15 min at 4 °C and 

SDS and Na-DOC (final concentration 0.2%, respectively) were added. Protein concentrations of 
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cell lysates were determined by the method of Bradford (Bio-Rad protein assay) and 50 µg of 

proteins were loaded onto 12% SDS/PAGE. The gels were transferred to a PVDF membrane 

(Amersham) and reacted with anti-Bcl-2, anti-Bax, anti-PARP and anti-caspase-3 antibodies. 

Immunostaining with antibodies was performed using ECL western blotting reagents and detected 

by LAS-1000Plus (Fujifilm, Japan). β-actin was used for the control. 

 

MMP 

Changes in MMP 4, 8, 16, 24 and 48h after treatment with lactacystin (10 µM) were determined 

by staining cells with the indicator dye, 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazol 

carbocyanine iodide (JC-1). JC-1 was added directly to the cell culture medium (1 µM final 

concentration) and incubated for 15 min. The medium was then replaced with PBS, and cells were 

quantified for JC-1 aggregated fluorescence intensity in a modular fluorimetric system (Spex Edison, 

NJ) using excitation and emission filters of 492 and 590 nm. To demonstrate alterations in J-

aggregate morphologically, cells incubated with JC-1 were dropped on the microscopic slide, and 

observed and photographed under an epifluorescence microscope. In addition, MMP was also 

measured by flow cytometry. Cells were resuspended in 10 g/ml of methanol and incubated at 

37 °C for 30 min. Flow cytometry was performed on a Epics XL (Beckman Coulter, FL, USA). Data 

were acquired and analyzed using EXPO32 ADC XL 4 color software. The analyzer threshold was 

adjusted on the FSC channel to exclude noise and most of the subcellular debris.  

 

Intracellular pH measurements 

Cells were centrifuged immediately after sampling from the culture, washed in DMEM, and 

centrifuged again. The cells were then resuspended in 1ml of DMEM, and the pH sensitive dye 
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BCECE-AM was added to a final concentration of 1 µM from a stock solution of 1 mM in DMSO. 

The suspension was incubated for 30 min at 33 °C and agitated occasionally to prevent cell settling. 

BCECF loaded cells were washed twice with ice cold PBS and kept on ice until analysis by flow 

cytometry. A pH calibration curve was generated by preloading cells with 1 µM BCECF-AM 

followed by incubation for 30 min in a high-[K+] buffer at different pH values from 6.0 to 8.0 with 

0.5 unit increments in the presence of K+/H+ ionophore (1 µM). The high-[K+] buffer were obtained 

by mixing appropriate portions of two buffers containing 135 mM KH2PO4, 20 mM NaCl and 110 

mM K2HPO4, 20 mM NaCl, respectively.  

For the inhibition of pH regulating system, cells were treated with 100 µM SITS, 100 µM EIPA or 

5 µg/ml oligomycin in combination with 10 µM lactacystin for 4 h. The changes of intracellular pH 

and MMP were measured simultaneously using both BCECF and JC-1. To investigate the effect of 

these inhibitors on apoptosis, 24 h after treatments induction of apoptosis was assessed by Hoechst 

staining. 

 

Statistical analysis 

Statistical results were expressed as the mean ± the standard deviation of the means obtained 

from each independent experiment. The results of the experimental and control groups were tested 

for statistical significance by a one-tailed Student's t test or a two-tailed ANOVA. 
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Results 

 

Lactacystin decreased RPE-J cell viability 

 

Lactacystin treatment caused a significant decrease in the viability of RPE-J cells, dose-

dependently, and optimally 10 µM of lactacystin concentration showed about a 50 % of the cell 

death at 16 hr after treatment (Fig. 1). Proteasome activity decreased very rapidly from 10 min after 

lactacystin treatment (p<0.01) and remained unchanged until 48 h of the same culture (Fig. 2). 

 

RPE-J cells showed typical manifestations of apoptosis after lactacystin treatment  

 

Oligonucleosomal DNA fragmentation, hallmark of apoptosis, was also detected in the DNA 

from lactacystin-treated cells at 8 – 48 h during the culture (Fig. 3A). Light microscopy after staining 

the cells with Hoechst 33342 dye revealed apoptosis of RPE-J cells exposed to lactacystin (10 µM). 

Whereas the round nuclei were observed in the control cells, lactacystin-treated RPE-J cells 

displayed fragmented or atypical shrunken nuclei (Fig. 3B). Furthermore, electron microscopic study 

showed that lactacystin-treated cells have condensation of nuclear poles. On the contrary, RPE-J 

cells in control retained the extensive microvilli and a nucleus with evenly dispersed nuclear 

chromatin. The cytoplasm of some treated-cells contained several nuclear fragments (Fig. 3C).  

 

Lactacystin-induced apoptosis of RPE-J cells was mediated by caspase-3 

 

Western blotting study showed that lactacystin treatment caused caspase-3 activation. As shown in 
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figure 4A, the lactacystin induced cleavage of procaspase-3 (p32) into the processed caspase-3 p20 

product. Additionally, in lactacystin-treated cells, degradation of intact PARP (116 kD) to 85 kD 

form of PARP was clearly appeared at 8 h when the caspase-3 activation was detectable (Fig. 4A). 

Moreover, in the presence of caspase inhibitor, zVAD-fmk, caspase-3 activation and PARP cleavage 

were evidently suppressed (Fig. 4B), and the nuclear condensation was also prevented (Fig. 4C). 

 

Mitochondrial events were involved in lactacystin-induced apoptosis of RPE-J cells  

 

The changes in protein expression levels of Bax and Bcl-2 were monitored by Western blot. 

Although Bcl-2 levels decreased gradually after lactacystin treatment, Bax level was only increased 

transiently at 8 h (Fig. 5A). Immunofluorescent staining showed that Bax was concentrated with a 

punctate pattern after treatment of lactacystin, which assumed that Bax had translocated into 

mitochondria (Fig. 5B). Releases of several mitochondrial apoptogenic factors were also observed. 

Whereas cytochrome c was localized in mitochondria with a punctate pattern in the control cells, it 

showed a diffuse distribution in the lactacystin-treated cells. Quantitatively, the release of 

mitochondrial cytochrome c into cytosol increased in a time-dependent manner after lactacystin 

treatment (Fig. 5C). The translocations of AIF to nucleus and Smac/DIABLO to the cytosol were 

also demonstrated by their immunofluoresence in the cells (Fig. 5D&E). However, MMP, which 

reduces commonly in apoptotic process, sustained in the increased levels over the time period of 16 

h after lactacystin treatment and thereafter it reduced (Fig. 6A). To exclude the misleading results, 

alterations in cellular accumulation of JC-1 are assayed in the absence and presence of the inhibitor 

of mitochondrial multidrug resistance pump. Results showed that both verapamil (50 µg/ml) and 

cyclosporin A (20 µg/ml) did not influence on the lactacystin-induced change of JC-1 fluorescence 
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(data not shown). We also presented alterations of MMP by fluorescent microphotographs (Fig. 6B). 

JC-1 formed the characteristic J-aggregates in the mitochondria of control cells. Compared to that of 

control cells, the fluorescence intensity from J-aggregate of treated cells increased over the time 

period of 16 h after treatment, and thereafter it reduced.  

 

Early mitochondrial hyperpolarization in lactacystin-induced apoptosis of RPE-J cells is 

caused by intracellular alkalinization mediated by Cl-/HCO3
- anion exchanger 

 

The correlation of mitochondrial hyperpolarization and change of intracellular pH was studied. 

Cytosolic pH at various time points after lactacyctin treatment was measured using the pH indicator 

BCECF. Intracellular pH rose above pH 8.0 following lactacystin addition, with a peak at 16 h. 

Afterwards intracellular pH decreased down below pH 6.0 at 24 – 48 h, which is indicative of 

complete death of cells. Interestingly, an additional peak at pH 6.3 appeared after 16 h incubation of 

lactacystin, implicating that some population of cells had already entered the stage of late apoptosis 

and subsequent cell death. The initial rise of intracellular pH after lactacystin treatment followed the 

parallel to the time course of increase in mitochondrial potential (Fig. 7A). To elucidate the ion 

transport system involving intracellular pH regulation in this type of apoptosis, the effect of several 

transporter inhibitors on the intracellular alkalinization was further studied. The rise of intracellular 

pH to 8.0 at 4 h treatment of lactacystin was completely blocked in the presence of 100 µM SITS, an 

inhibitor of Na+-independent Cl-/HCO3
- anion exchanger (Fig. 7B). However, lactacystin-induced 

early alkalinization was not prevented either by inhibition of Na+/H+ exchanger by 100 µM EIPA or 

by inhibition of mitochondrial F0F1-ATPase by 5 µg/ml oligomycin. To test whether intracellular 

alkalinization induces mitochondrial hyperpolarization, we next investigated that prevention of early 
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alkalinization could inhibit mitochondrial hyperpolarization. The blockade of intracellular 

alkalinization by 100 µM SITS completely abolished the effect of lactacystin to hyperpolarize MMP 

(Fig. 8A). EIPA, which did not inhibit the intracellular alkalinization, failed to block the rise of 

mitochondrial potential induced by lactacystin. However, oligomycin by itself did have effects not 

only to decrease resting MMP but also to inhibit lactacystin-induced mitochondrial 

hyperpolarization. 

We further investigated what influence these early changes in cytosolic alkalinization and 

mitochondrial hyperpolarization have on eventual apoptosis. In the presence of SITS the later 

intracellular acidification was also delayed and more cells survived after 24 h lactacystin treatment 

(Fig. 8B). On the contrary, both EIPA and oligomycin, which did not have inhibitory effects on early 

intracellular alkalinization, rather accelerated the later acidification and increased the number of 

dead cells after 24 h lactacystin treatment. These results suggest that early prevention of lactacystin-

induced alkalinization delays the progression into terminal acidification and apoptosis. 
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Discussion 

 

The ubiquitin-proteasome system, which is a fundamental nonlysosomal machinery for degradation 

of short-lived proteins in the cells, has been known to be involved in apoptosis (Drexler  et al., 

2000; Orlowski, 1999; Drexler, 1997; Meng et al., 1999). Not only some studies demonstrated that 

apoptotic stimuli induced apoptosis by inhibiting the proteasome activity of the target cell (Meng et 

al., 1999), but others reported that proteasome inhibitor itself induced apoptosis in a certain cell 

(Drexler  et al., 2000). In the past several years, there have been rapid progresses in understanding 

the regulation and mechanisms of apoptosis induced by proteasome inhibition. Recent studies have 

demonstrated that the proteasome-mediated step(s) in apoptosis generally locate upstream of 

mitochondrial changes and caspase activation. In addition, inhibition of the proteasome activity 

caused a suppression of NF-κB activation (Delic et al., 1998) as well as accumulation of Bax protein 

to mitochondria/cytoplasm (Li and Dou, 2000). The present study demonstrated for the first time 

that lactacystin induced apoptosis of RPE cells. We have shown that lactacystin treatment caused 

the RPE-J cell death by apoptotic fashion with the involvement of Bax, AIF, Smac/DIABLO and 

caspase-3. 

On the other hand, the ubiquitin-proteasome system has been empathized as an attractive target in 

proliferative disease therapy (Delic et al., 1998; Orlowski et al., 1998; Adams et al., 1999; Lin et al., 

1998). Several studies showed that proteasome inhibitor prevented the proliferation of cancer cells 

in vivo as well as in vitro (Orlowski et al., 1998; Adams et al., 1999). Proteasome inhibitor was also 

able to increase the antiproliferative effect of certain drugs and to prevent the development of 

resistance to teniposide induced by brefeldin A (Lin et al., 1998). In addition, proteasome inhibitor 

sensitized chemo- and radio-resistant cancers to TNFα-induced apoptosis (Delic et al., 1998). The 
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synergistic antitumor effect of proteasome inhibitor and other antiproliferative agents was also 

shown in vivo (Golab et al., 2000). Therefore, proteasome inhibitor as a single or in combination 

with a certain antiproliferative drug has become a promising therapeutic strategy (Delic et al., 1998; 

Lin et al., 1998; Golab et al., 2000). Although the lactacystin seemingly reduced the viability of 

primary neuronal cells in vitro (data not shown), the potential application of lactacystin as a 

therapeutics for the treatment of PVR still cannot be excluded without further investigations. In the 

present study, we have found that the lactacystin effectively induced RPE cell death in vitro with the 

concentrations from 10 µM up to 50 µM which could be useful data for its pharmacological 

application in PVR in vivo. 

Since the alterations in mitochondrial structure and function play a key role in the regulation of 

apoptosis (Kroemer et al., 1997; Green and Reed, 1998), it has been generally accepted that changes 

in mitochondrial membrane integrity precede apoptotic death. Cytochrome c release and disruption 

of MMP are in fact known features in apoptosis triggered by proteasome inhibition (Marshansky et 

al., 2001; Wagenknecht et al., 2000). The reduction of MMP was also evidently observed in our 

previous study on genistein-induced apoptosis of RPE cells (Yoon et al., 2000a). However, it was 

noteworthy that the early transient mitochondrial hyperpolarization before reduction of MMP was 

observed in the present study. In few previous studies of apoptosis, early mitochondrial 

hyperpolarization was described (Green and Reed, 1998; Marzo et al., 1998; Vander Heiden et al., 

1997; Li et al., 1999). A research group observed that a form of mitochondrial hyperpolarization 

shortly preceded the late events of swelling and rupture of the outer membrane (18 h after cytokine 

withdrawal), and they attributed it to the energy of the proton gradient not being dissipated by ATP 

synthesis, producing a hyperpolarized state (Marzo et al., 1998). Another group reported that Bcl-XL 

countered this process (Green and Reed, 1998; Vander Heiden et al., 1997). A more recent study of 
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p53-induced apoptosis demonstrated that the generation of ROS led to a transient increase in ∆Ψm 

after induction of p53 expression, just preceding mitochondrial depolarization (Li et al., 1999). 

However, the precise mechanism(s) involved in mitochondrial hyperpolarization is still unclear. It is 

quite possible that different mechanisms (both permeability transition-dependent and –independent) 

may be operating in different experimental systems, or at different time points. Furthermore, 

particular care should be exerted in studies of MMP with fluorescent probes (Bernardi et al., 1999). 

The most important problem with the vast majority probes for MMP is that their cellular 

accumulation can be drastically reduced because of efficient extrusion by the MDR. Moreover, there 

is a report that cyanine derivative JC-1 appears to be not a ratio-metric probe for MMP (Bernardi et 

al., 1999). However, we in this study employed JC-1 with a method that is well established by a 

leading research group of mitochondrial hyperpolarization (Khaled et al., 2001a).  

Recent studies depicted the involvement of a rise of intracellular pH in mitochondrial 

hyperpolarization in the type of apoptosis induced by cytokine withdrawal (Khaled et al., 2001a and 

b; Khaled et al., 1999; Belaud-Rotureau et al., 2000). Therefore, we have aimed to show whether 

mitochondrial hyperpolarization observed in lactacystin-induced apoptosis of RPE cell is evoked by 

cytosolic alkalization. In this study we demonstrated for the first time that SITS-sensitive Na-

independent Cl-/HCO3
- exchanger mediated a transient rise of intracellular pH induced by 

lactacystin and that blockade of cytosolic alkalinization prevented mitochondrial potential to rise. 

However, mitochondrial F1Fo-ATPase inhibitor oligomycin that inhibited mitochondrial 

hyperpolarization did not affect intracellular alkalinization. In general, our findings support the idea 

that a rise in intracellular pH induces mitochondrial hyperpolarization, which is quite similar with 

the findings of cytokine withdrawal-induced apoptosis in thymocytes and pro-B-cells (Khaled et al., 

2001a). In our system, mitochondrial hyperpolarization appears to be mediated by oligomycin-
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sensitive mitochondrial F1Fo-ATPase. However, the fact that blockade of mitochondrial 

hyperpolarization did not prevent intracellular alkalinization reversely also supports the idea that the 

intracellular alkalinization precedes and induces mitochondrial hyperpolarization. A rise in 

intracellular pH is known to inactivate the inhibitory protein (IF1) of the mitochondrial F1Fo-ATPase 

complex, which might account for mitochondrial hyperpolarization (Khaled et al.,1999). 

Recently, the significance of intracellular alkalinization in apoptosis has been suggested (Khaled 

et al., 2001; Belaud-Rotureau et al., 2000). The rise in intracellular pH activates Bax and that Bax 

activation leads to mitochondrial dysfunction in ceramide- (Belaud-Rotureau et al., 2000), cytokine 

withdrawal- (Khaled et al., 2001a), and TNF-α- (Tafani et al., 2002) induced apoptosis. A precise 

relationship between the rise in intracellular pH and Bax activation is not demonstrated in the 

present study, however, it would be important to explore a mechanism(s) underlying RPE-J cell 

apoptosis by the proteosome inhibitor. 

In conclusion, we have demonstrated that the treatment of lactacystin, evokes intracellular 

alkalinization, which, in turn, might result in apoptosis of RPE-J cells via the mitochondrial 

hyperpolarization. 
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Fig. 1. Effect of lactacystin treatment on viability of RPE-J cells as determined by trypan blue dye 

exclusion. The cells incubated with different lactacystin concentrations (0-50 µM) for 16 hours 

were stained with trypan blue dye and then counted using a hemacytometer. Lactacystin produced a 

dose-dependent decrease in the viability of RPE-J cells (p<0.01, 0 – 30 µM). Four independent 

assays were performed and data shown are the mean ± SD of the means obtained from triplicates of 

each experiment. Analyzed by two-tailed ANOVA test. 
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Fig. 2. Time course proteasome activity assay in RPE-J cells after 10 µM lactacystin treatment. After 

incubation with proteasome activity buffer, the intensity of fluorescence was measured by a modular 

fluorimetric system. Proteasome activity decreased after lactacystin treatment (p<0.01, 5 - 10 min), 

and thereafter remained the decreased level until 48 h. Data are expressed as the percent of control. 

Four independent assays were performed and data shown are the mean ± SD of the means obtained 

from triplicates of each experiment. Analyzed by two-tailed ANOVA test. 
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Fig. 3. Evaluation of apoptosis in RPE-J cells treated with 10 µM lactacystin for 16 h. The control 

group was treated with the same concentration of DMSO except lactacystin. (A) DNA fragmentation 

analysis on the agarose gel electrophoresis. Cells treated with lactatcystin show DNA degradation 

characteristic of apoptosis with a ladder pattern of DNA fragments. (B) Hoechst 33342 staining. 

Whereas the control cells have the typical round nuclei (a), cells treated with lactacystin show 

fragmented atypical nuclei (b). Bar, 40 µm. (C) Electron micrographs. A representative control cell 

(a) exhibits the typical RPE-J cell morphology which includes microvilli and a nucleus containing 

evenly distributed nuclear chromatin. A representative early apoptotic cell (b) shows the 

disappearance of surface folds and condensation of nucleus (arrows). An apoptotic body is 

demonstrated. In the cytoplasm, several fragmented nuclei are shown, which represents late 

apoptosis (c). Bar, 4 µm. 
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Fig. 4. Involvement of caspase-3 in 10 µM lactacystin-induced apoptosis in RPE-J cells. (A) 

Western blot showing caspase-3 and PARP activations. Lactacystin induced caspase-3 and PARP 

degradations, and produced the processed caspase-3 p20 and PARP p85 cleavage products. (B) 

Western blot showing the effect of caspase inhibitor zVAD-fmk on caspase-3 and PARP activations. 

Control cells were vehicle-treated, experimental cells were treated only with 10 µM lactacystin (L), 

or 10 µM lactacystin and 100 µM zVAD-fmk (L+Z) for 16 h. zVAD-fmk inhibited caspase-3 and 

PARP activations. (C) Quantification of apoptotic cells after Hoechst staining. zVAD.fmk (L+Z) 

prevented nuclear condensation compared to the lactacystin only-treated group (L). *, p<0.05. **, 

p<0.01. Four independent assays were performed and data shown are the mean ± SD of the means 

obtained from triplicates of each experiment. Analyzed by one-tailed Student's t test. 
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Fig. 5. Involvement of mitochondrial events in 10 µM lactacystin-induced apoptosis in RPE-J cells. 

(A) Western blotting analysis of Bcl-2 and Bax at various time points. (B) Immunofluorescent 

micrographs showing localization of Bax and Western blot of Bax from cytosolic and mitochondrial 

fractions. While the control cells show a diffuse distribution (a). the cells 8 h after treatment show a 

punctate pattern (b). Translocation of Bax into mitochondria can be confirmed by a double staining 

of HSP-60 in the same sample (c). A scale bar, 20 µm. (C) Cytochrome c localization and Western 

blot of cytochrome C from mitochondrial and cytosolic fractions. Immunofluorescent micrographs 

show that vehicle-treated control cells show a punctate pattern (a), whereas cells 8 h after treatment 

show a diffuse distribution (b). (D) Immunofluorescent micrographs showing localization of AIF. 

Control cells show punctate pattern (a), whereas lactacystin-treated cells show cytoplasmic staining 

(c). (b) shows Hoecsht 33258 staining nuclear morphology. (E) Immunofluorescent micrographs 

showing localization of Smac/DIABLO and Western blot of Smac/DIABLO from mitochondrial and 

cytosolic fractions. Control cells show punctate pattern (a), whereas lactacystin-treated cells show 

diffused fluorescence in the cytoplasm or nucleus (b). A scale bar in (E) indicates 40 µm for C-E. 
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Fig. 6. Mitochondrial membrane potential and JC-1 fluorescence features of mitochondria in RPE-J 

cells after lactacystin treatment. MMP (∆Ψm) at various time points after 10 µM lactacystin 

treatment. ∆Ψm sustained in the increased levels over the time period of 16h, and thereafter 

decreased (p<0.01). Four independent assays were performed and data shown are the mean ± SD of 

the means obtained from triplicates of each experiment. Analyzed by two-tailed ANOVA test. 

Microphotographs show JC-1 fluorescence at various time points (0 – 48 h). Data shown are a 

representative of four independent experiments. A scale bar, 40 µm. 
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Fig. 7. Histograms displaying lactacystin-induced intracellular alkalinization. (A) RPE-J cells were 

treated with 10 µM lactacystin for various time points. Cells were then stained with 1 µM BCECF 

and assayed by flow cytometry. For the pH calibration, cells were exposed 1 µM nigericin in a high-

[K+] buffer at different pH values from 6.0 to 8.0. Cytosolic pH rose transiently up to pH 8.0 until 16 

h after lactacystin treatment and fell down below pH 6.0 afterwards. An additional peak at pH 6.3 

appeared after 16 h incubation of lactacystin. Four independent experiments were performed. (B) 

RPE-J cells were treated with 100 µM 4-acetamido-4’-isothiocyanostilbene-2,2’-disulphonate (SITS), 

100 µM 5-N-ethyl-N-isopropyl amiloride (EIPA) or 5µg/ml oligomycin (OL) in the presence of 10 

µM lactacystin for 16 h. Intracellular pH was measured by flow cytometry using BCECF. 

Lactacystin-induced early intracellular alkalinization was blocked by SITS but not by EIPA or 

oligomycin. Five independent experiments were performed. 
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Fig. 8. Effects of transporter inhibitors on lactacystin-induced mitochondrial hyperpolarization and 

apoptosis. (A) RPE-J cells were treated with 100 µM 4-acetamido-4’-isothiocyanostilbene-2,2’-

disulphonate (SITS), 100 µM 5-N-ethyl-N-isopropyl amiloride (EIPA) or 5µg/ml oligomycin in the 

presence or absence of 10 µM lactacystin. MMP (∆Ψm) at 4 h was measured by JC-1 aggregated 

fluorescence intensity. Note that inhibition of intracellular alkalinization by 100 µM SITS 

completely abolished lactacystin-induced mitochondrial hyperpolarization (p>0.05). Four 

independent experiments were performed. (B) RPE-J cells were treated same as above and the 

viability of RPE-J cells at 24 h was determined by trypan blue dye exclusion. In combination 

treatment group with SITS and lactacystin, the viability was increased but it decreased in 

combination treatment group with EIPA or oligomycin compared to the lactacystin only treatment 

group (**, p<0.01). Five independent experiments were performed. Analyzed by one-tailed Student’s 

t test. 
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