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Abstract: Mitochondrial dysfunction and oxidative stress are thought to be relevant to the
pathogenesis of age-related macular degeneration (AMD). Glutathione (GSH) homeostasis fulfills a
number of important roles in mitochondria, such as maintenance of mitochondrial DNA and
respiratory competency of cells. Although the transport of mitochondrial GSH (mGSH) is not fully
understood, increasing evidence from non-ocular tissues suggests that OGC (2-oxoglutarate carrier,
SLC25A11) and DIC (dicarboxylate carrier, SLC25A10) are involved in mGSH transport. However,
whether OGC and DIC mediate the transfer of GSH into the mitochondria of retinal pigment
epithelial cells (RPE) remains unknown. Thus, we investigated the expression, localization, and
function of OGC and DIC in human RPE (hRPE) in relation to oxidative stress and GSH. Both OGC
and DIC are expressed in hRPE and are localized in mitochondria. We also found a dose and time-
dependent decrease of OGC and DIC expression under oxidative stress and increased expression in
polarized RPE. Our data show that the downregulation of OGC and DIC resulted in increased
apoptosis and mGSH depletion which can be overcome by co-treatment with GSH-MEE. These
findings suggest that overexpression of OGC and DIC may be an effective strategy to decrease
susceptibility to mitochondrial toxicants by elevation of mGSH.

Keywords: Retinal pigment epithelium (RPE) 1; oxidative stress 2; mitochondria 3; apoptosis 4; 2-
oxoglutarate carrier (OGC) 5; dicarboxylate carrier (DIC) 6; glutathione (GSH) 7; mitochondrial GSH
(mGSH) 8

1. Introduction

Age-related macular degeneration (AMD), a progressive degenerative retinal disease, is the
leading cause of irreversible blindness in the elderly and is characterized by the decrease in macular
function due to the degeneration of retinal pigment epithelium (RPE) cells [1]. Multiple cellular
mechanisms are involved in the dysfunction and death of RPE cells in AMD, including accumulation
of toxic metabolites, endoplasmic reticulum (ER) stress, oxidative stress and inflammation [2,3]. The
mitochondrial dysfunction and oxidative stress are believed to be the central mechanisms in various
pathological conditions, that have been extensively studied in the progression of AMD.

Mitochondria are the powerhouse of mammalian cells and the main generators of reactive
oxygen species (ROS), the overgeneration of which leads to oxidative stress. This phenomenon
contributes to mitochondrial damage linked to a number of pathological disorders. In addition, they

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.
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47  are considered to play a vital role in controlling the fate of cells through regulation of death pathways
48  [45].

49

50 Glutathione (GSH), an endogenous antioxidant abundantly present in retina and in retinal
51  pigment epithelial (RPE) cells, is important for the maintenance of cellular viability [6,7]. Intracellular
52 GSH levels are maintained by redox cycling, de novo synthesis, and transmembrane transport, and
53 GSH mainly exists in a thiol-reduced state (GSH) or in an oxidized state (GSSG). Even though GSH
54 issynthesized in the cytosol, it is distributed in intracellular organelles such as mitochondria, nucleus,
55  endoplasmic reticulum (ER) and Golgi complex [8]. However, the glutathione in mitochondrial GSH
56  (mGSH) is mainly found in reduced form and represents a minor fraction of the total cellular GSH
57  pool (10-15%). It works as a critical antioxidant reserve that is derived entirely from the larger
58  cytosolic pool by the action of carrier transporters [9]. Since mGSH plays a significant role in cellular
59  defense against pro-oxidants, the depletion of mGSH affects cell viability, either by predisposing cells
60  to apoptosis or by modulating mitochondrial membrane potential and subsequent activation of
61  caspases, through regulation of redox pathways [10].

62

63 Our laboratory has a long standing interest in the antioxidant defense of the eye and has reported
64  the expression and regulation of several redox proteins and GSH in RPE [11,12]. For example, we
65  have presented the evidence for the essential role played by GSH in protection of RPE and retina, and
66  how endogenous protein such as aB crystallin contribute to this process in stressed RPE [12]. In
67  particular, we reported the maintenance of mGSH pool is critical for the health of RPE [7, 12].
68  Although the transport of mGSH is not fully understood, out of the several mitochondrial membrane
69  carriers, the 2-oxoglutarate (OGC; Slc25a11) and dicarboxylate (DIC; Slc25a10) carriers localized to
70 the inner mitochondrial membrane have been shown to function as GSH transporters in liver, kidney,
71  brain, and colonic epithelial cells [13-16]. Evidence from reconstitution assays in kinetics,
72 proteoliposomes, substrate specificity, dependence on membrane potential and sensitivity to carrier-
73 selective inhibitors indicated a putative role for OGC and DIC in mitochondrial transport of GSH
74 [17).

75

76 Moreover, OGC and DIC were identified as the main transporters of cytoplasmic GSH into the
77 renal mitochondrial matrix, and overexpression of either the OGC or the DIC in a renal PT cell line,
78  NRK-52E cells, enhanced mGSH content and protected the cells from cytotoxicity from oxidants and
79  mitochondrial toxicants [16]. The mGSH transport activity exhibited mutual competition with 2-
80  oxoglutarate and sensitivity to phenylsuccinate in HepG2 cells [18]. Furthermore, the transport
81  activity of OGC from rat liver was sensitive to cholesterol-mediated changes in membrane dynamics,
82  thusreproducing the dependence of mGSH transport on membrane fluidity [19].

83

84 Despite the available literature on the participation of OGC and DIC in GSH uptake by
85  mitochondria, to our knowledge, there have been no reports on the expression of OGC and DIC in
86  RPE/retina and their role in maintaining mGSH status in retinal health and injury. Accordingly, we
87  investigated the role of mGSH transporters OGC and DIC in RPE cells, and we hypothesized that
88  OGC and/or DIC would be important to the integrity of RPE mitochondria and that inhibition of their
89  carrier activities would lower GSH and lead to functional impairment of mitochondria. Our findings
90  uncover a divergent expression of OGC and DIC in hRPE cells and mouse retina. Selective OGC and
91  DIC downregulation, whose depletion resulted in significant mGSH depletion caused a minimal
92  impact in either whole or cytosolic GSH. Thus, increasing the expression and activity of mGSH
93  transporters OGC and DIC in RPE might be a potential therapeutic target for AMD treatment.

94
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95  2.Results
96 2.1 OGC and DIC expression in hRPE cells

97 To determine whether hRPE cells express OGC and DIC, we used PCR, and Western blot

98  analysis and immunofluorescent staining to evaluate the protein expression of these genes in

99  cultured hRPE cells. We found that both carrier proteins were expressed in hRPE cells (Figure
100  1A,B). PCR was performed with two specific primer pairs for both OGC and DIC in two human
101  RPE samples, which showed that hRPE cells contained OGC and DIC transcripts (Figure 1A).

Figure 1
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Figure 1. Gene and protein expression of oxoglutarate carrier (OGC) and dicarboxylate carrier (DIC) in
human RPE. (A), mRNA expression of OGC and DIC in human RPE cells. Reverse-transcription PCR of DIC
and OGC was performed using two intron-spanning primer pairs, respectively, for two RPE cDNA from two
different donors. RPE1 from donor M; RPE2 from donor N, Neg: negative control. (B), Western blots showing
both carriers are expressed in mitochondria of human RPE. Western blot analysis was performed along with
positive control cell lysates, 721B (OGC) and MCF7 (DIC). Subunit IV of cytochrome c oxidase (COX1V) was
used as the mitochondrial marker, and a-tubulin was used as the cytosolic marker.

103 To study subcellular localization of OGC and DIC, Western blot analysis was performed in
104  RPE cell lysates along with positive control cell lysates, 721B (OGC) and MCF7 (DIC). As shown in
105  Figure 1B, a-Tubulin (a cytosolic protein marker) was only expressed in cytosolic fractions, was not
106  detectable in mitochondrial fractions. Moreover, COX IV (a mitochondrial protein marker) was only
107  expressed in mitochondrial fractions but not present in cytosolic fractions, demonstrating the purity
108  of the mitochondria fraction isolated from RPE cells (Figure 1B). OGC and DIC were expressed

109  selectively in mitochondria as a ~32 kDa protein (Figure 1B left lanes) and a ~28 kDa protein (Figure
110 1B right lanes), respectively. Furthermore, we co-stained hRPE cells with Mitotracker Red and

111 OGC and DIC antibodies. The double immunofluorescence staining confirmed that both

112 transporters were co-localized in mitochondria in RPE cells shown in confocal microscope (Figure
113 2A,B upper lanes) that was consistent with the Western blot analysis. “No primary antibody’”’

114 control is included in Figure 2A,B (bottom lanes). Taken together, these findings firmly establish the
115 mitochondrial localization of OGC and DIC.

116
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117
Figure 2
A
0GC Mitotracker
ol -
£
B DIC Mitotracker
Figure 2. Confocal images of immunofluorescence staining of OGC and DIC in RPE cells. (A), (B). OGC
and DIC carrier proteins (green) colocalized with mitochondria (Mitotracker, red). DAPI (blue) was used to
counterstain nucleus. No primary antibody negative control is shown in lower panels of (A) and (B). Scale
bar: 5pum.
118

119
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120 2.2 OGC and DIC expression decreases in hRPE cells under oxidative stress

121 To gain insight into a potential relevance of OGC and DIC in cellular injury, hRPE cells were
122 subjected to oxidative stress. Oxidative stress from H202 (50, 100, 200,300 uM for 24 h) caused a

123 dose-dependent decrease of OGC and DIC protein expression (Figure 3A,E). A significant reduction
124 of OGC was observed at higher doses (200 uM and 300 uM) in the H2O»-treated group (Figure 3B).
125  Ascompared to untreated control, OGC also exhibited a time-dependent decrease in expression for
126  up to 24h with a fixed dose of 200 uM H20, with a 50% decrease occurring as early as 4h (Figure
127  3CD). Decreased DIC expression was observed in Western blot analysis as compared to the control
128  group with increasing doses of H2O», especially at 200 uM and 300 uM (Figure 3E,F). Unlike OGC,
129 no time-dependent decrease in DIC expression was observed which remained unchanged up to 24h

130 (Figure 3G,H).
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131

Figure 3. Dose and time dependent changes in OGC and DIC expression in hRPE cells exposed to
oxidative stress. hRPE cells were treated with H2O2doses (50uM , 100pM , 200uM,300uM ) for 24h (A),(E),
and for varying durations (2h,4h,6h,8h, 24h ) with 200uM H20: (C),(G). OGC and DIC proteins were
analyzed by Western blot analysis. Quantification of the Western blot shows that both OGC and DIC
expression decreased dose dependently with treatment of H2O2 compared with untreated control (B),(F).
OGC expression decreased significantly with time (P<0.01 vs control) with 200uM H202 (D), and this trend
was not observed in DIC (H). Data are mean + SEM; n =3,*P<0.05 or **P<0.01, NS: not significant.

132 2.3 Dose dependent inhibition of OGC and DIC by chemical inhibitors

133 To validate the relevance of OGC and DIC in RPE, the effect of chemical inhibitors,

134 phenylsuccinate (PS), an inhibitor of OGC, and butylmalonic acid (BM), an inhibitor of DIC was
135  studied. Time and dose-dependency of OGC and DIC protein expression were evaluated in hRRPE
136 cells in the presence of the chemical inhibitors. Exposure to three different concentrations (2, 5, 10
137  mM) of PS and BM, respectively for 24h, caused a significant depletion and dose-dependent down-
138  regulation of OGC and DIC expression during the treatment period (Figure 4A,C). In particular,
139 higher dose of PS and BM (10 mM) induced significantly decreased OGC and DIC protein

140  expression, up to 50% decrease over control, respectively (Figure 4B).

Figure 4
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Figure 4. Dose dependent inhibition of OGC and DIC expression by chemical inhibitors. hRPE cells were
incubated with PS and BM, the chemical inhibitors of OGC and DIC respectively, at varying doses (2,5, 10
mM) for 24h. Western blot analysis shows that the chemical inhibitors caused a depletion of OGC and DIC
expression, especially at higher doses. Upper panels show representative gels while lower panels show fold
changes calculated by normalization of band density with GAPDH from three independent experiments.
Data are mean + SEM.*, P<0.05 or **, P<0.01. NS: not significant. PS (Phenylsuccinate, inhibitor of OGC); BM
(Butylmalonic acid, inhibitor of DIC).
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2.4 Glutathione monoethyl ester protects against cell apoptosis induced by OGC and DIC inhibitors

Next, the apoptotic effect of inhibitors of OGC and DIC in hRPE cells was analyzed via TUNEL
assay as shown on Figure 5A,C. We quantified the TUNEL positive cells and quantification is
presented as fold changes which is the ratio of TUNEL positive cells to the total cells in control
group of either the PS (5 mM) or BM (5 mM) treatment groups, with or without GSH-MEE (2 mM).
We found that both PS and BM significantly increased TUNEL positive cells as compared to the
control group, PS and BM treatment caused a 4.3-fold increase control ( 7.3-fold vs 1.7-fold,
P<0.0001 ) (Figure 5A), and 3.5-fold over control (6.0-fold vs 1.7-fold, P <0.0001 ) (Figure 5C), in
TUNEL assay respectively.

Glutathione monoethyl ester (GSH-MEE) has been shown to protect against oxidative stress
and oxidant-induced cell death [13,20]. Therefore, we investigated the effects of cotreatment with
GSH-MEE on inhibitor-induced apoptosis in RPE (Figure 5A,C). Cells were treated in medium
containing 2 mM GSH-MEE with either PS5 mM or BM 5 mM (GSH-MEE+PS; GSH-MEE+BM).
After 24h treatment, the apoptotic cells detected by the TUNEL assay were significantly decreased
in GSH-MEE co-treatment groups compared to the inhibitor-only treatment groups, (P<0.0001)
(Figure 5B,D). The results indicated that GSH-MEE markedly inhibited apoptosis by reducing cells
undergoing apoptosis, and demonstrated the protective effects of GSH-MEE in RPE cells in vitro as
a result of reduced apoptosis. We used H20: treatment with a fixed dose (200 pM) as a positive

control (data not shown).
F|gure 5

control PS(5 mM) PS (5 mM) + GSH-MEE (2mM) 197
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Figure 5. Induction of apoptosis by OGC and DIC inhibitors and suppression by GSH-MEE. (A),(C). hRPE
cells were treated with a single 5mM dose of either PS or BM with or without GSH-MEE (2mM) cotreatment
for 24 h, cell death was determined by TUNEL staining (red). Nuclei were stained with DAPI (blue). Cell
death was significantly higher in PS and BM treated cells than in cells cotreated with GSH-MEE. (B),(D).
Quantification of the TUNEL-positive cells. Cotreatment with GSH-MEE significantly inhibited cell
apoptosis induced by OGC and DIC inhibitors. Data are mean + SEM from three independent experiments
performed in duplicate. *P<0.05 or ** P<0.01, ** P<0.001. NS: not significant. GSH-MEE, GSH monoethyl
ester.

2.5 Time-dependent kinetics of caspase 3/7 activation with OGC and DIC inhibitors and its suppression by
GSH-MEE

To confirm the induction of apoptosis with OGC and DIC inhibitors, and the attenuation of cell
death by GSH-MEE, live cell imaging was performed using the IncuCyte ZOOM and fluorescence
microscopy. The kinetics of cell death induced by OGC and DIC inhibitors and suppression by
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169  GSH-MEE were evaluated by IncuCyte live cell analysis, according to the protocol supplied by the
170  manufacturer. The IncuCyte system allows for real time monitoring of cell apoptosis by

171  determining the number of caspase 3/7 positive cells (green fluorescent labeling) at various

172 treatment intervals (Figure 6). Cells undergoing apoptosis with treatments at 6h were stained with
173 SYTOX Green dye, and is shown in Figure 6C. Cells were cultured in 1% FBS containing medium
174  and stimulated with 5 mM PS (Figure 6A green), 5 mM BM (Figure 6A yellow), PS+ GSH-MEE
175  (Figure 6A blue), BM +GSH-MEE (Figure 6A grey), respectively. Activation of caspase-3/7

176  generation increased in a time-dependent manner in both PS and BM treatment groups (Figure 6A
177  green and yellow), with peak cell death up to 50 fold over the control condition achieved in 6 h
178  (Figure 6C), which indicated that the apoptosis induced by the inhibition of OGC and DIC is

179 associated with a rapid cell death in RPE cells, with time to peak reached within a few hours. In
180  addition, we tested GSH-MEE co-treatment, which resulted in significant reduction of apoptosis
181  triggered by the inhibitors (P<0.0001) (Figure 6A grey and blue), that was consistent with the

182  findings of the TUNEL assay. Compared with PS and BM treatment groups, (PS+GSH-MEE) and
183  (BM+GSH-MEE) groups showed a significant reduction in apoptosis, respectively, indicating that
184  GSH-MEE could rescue cells from the injury caused by OGC and DIC inhibitors. Overall, these
185  results highlight the apoptotic effects of the inhibitors of OGC and DIC, and the antiapoptotic

186  effects of GSH-MEE in hRPE cells.
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Figure 6. Time dependent increase in caspase-3/7 generation with OGC and DIC inhibitors and suppression
by GSH-MEE. (A). Kinetic measure of the number of caspase 3/7 positive cells was over time in response to
specified treatments. hRPE cells were plated and either left unstimulated or stimulated with 5 mM PS (green) ,
5 mM BM (yellow), or cotreated with 2 mM GSH-MEE (PS+GSH-MEE: blue and BM+GSH-MEE: grey). Images
were acquired every 15 min. Automated real-time assessment by IncuCyte ZOOM, measured as green object
count for all cells stained green with SYTOX Green, which was allowed to generate graphics of the data as soon
as image analysis was complete. PS and BM induced significant cell apoptosis compared with its control, which
was suppressed by GSH-MEE. (A). Caspase-3/7 activation increased for the first two h with PS and BM which
was inhibited by cotreatment with GSH-MEE. (B). IncuCyte ZOOM image (phase contrast and green
fluorescence overlaid) of hRPE cells with stimulus at 6 h. Cells undergoing apoptosis have membrane
compromise, and their DNA are stained with SYTOX Green dye that is already present in the media along with
the stimuli (original magnification X20). (C). Quantification of the activation of caspase-3/7 (green fluorescent
staining of nuclear DNA) at 6 h in the treatment groups showing the suppression of inhibitor-induced caspase-
3/7 activation by GSH-MEE. H20: treatment of RPE cells was used as a positive control. Data are shown as
mean + SEM (n=4).

188
189 2.6 GSH-MEE supplementation attenuates inhibitor-induced depletion of mGSH in hRPE cells

190 Next, we sought to investigate whether the inhibitor induced cell death is a result of decreased
191  antioxidant defense as evidenced by changes in glutathione (GSH). GSH levels were measured in
192 whole cell, and the isolated cytosolic and mitochondrial fractions from RPE cells, after 24h

193 treatment with either 5 mM PS or BV, in the presence or absence of 2 mM GSH-MEE. The results
194 show that there was no significant difference in GSH levels either in whole cell lysates (Figure 7A,B)
195  or the cytosolic fractions (Figure 7C,D), in the treatment groups. On the other hand, the

196  concentration of mGSH exhibited significant differences among the treatment groups (Figure 7E,F).
197  Asshown in Figure 7E, mGSH level was 0.6-fold lower in PS treatment group than that in control
198  group (P<0.05), and BM treatment also induced 0.7-fold depletion of mGSH level compared to

199  control condition (P<0.05) (Figure 7F). It indicates that the inhibitors of OGC and DIC significantly
200  deplete the GSH level in mitochondria, but have little effect on whole cell and cytosolic GSH. These
201  results are consistent with the known increase in ROS and a pro-oxidative environment in OGC and
202  DIC-deficient cells.

203 Earlier studies have provided evidence indicating that GSH-MEE freely crosses membrane
204  bilayers and diffuses into mitochondria, contributes to mGSH replenishment, and protects against
205  oxidative stress in several cell types [21-23]. Therefore, we determined whether GSH-MEE

206  treatment attenuated inhibitor-induced depletion of mGSH concentration in hRPE cells. The results
207  showed that GSH level was approximately three-fold elevated in (PS+GSH-MEE) group over PS
208  group (P<0.01) (Figure 7E). Similar replenishment of mGSH by GSH-MEE was observed in

209  (BM+GSH-MEE) treatment group, four-fold increase of mGSH compared to BM group (Figure 7E,
210  right lane). Interestingly, the restoration of mGSH level was higher than that of control GSH,

211  indicating that additional mitochondrial mechanisms may exist for this phenomenon. In general, as
212 we expected, GSH-MEE co-treatment was able to rapidly enhance mGSH levels in both PS and BM
213 treatment groups (Figure 7E,F), but had little effect in whole cell and cytosolic GSH (Figure 7A-D),
214 suggesting that GSH-MEE would represent an effective tool to specifically elevate the mGSH pool
215  under the inhibition of OGC and DIC in hRPE cells.
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Figure 7. Selective depletion of mitochondrial GSH level with OGC and DIC inhibitors and
repletion with GSH-MEE co-treatment. GSH levels were measured in whole cell lysates (A),(B),
cytosolic fraction (E),(F), mitochondrial fraction (C),(D). (C),(D) show GSH levels were significantly
decreased with inhibitors but is restored to above control levels with GSH-MEE. Whole cell and
cytosolic fractions do not show such a change (E),(F). The GSH levels were normalized to control level
(=1). All experiments were carried out in triplicate. Data are shown as mean * SEM of three
independent experiments, *P<0.05 or ** P<0.01, ** P<0.001, NS: not significant. GSH-MEE, GSH
monoethyl ester.
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217 2.7 Effect of polarity on OGC and DIC expression

218 We investigated the effect of polarization of hRPE cells on the expression of OGC and DIC, and
219  compared polarized RPE to that of non-polarized RPE cells. The polarization of the RPE cells was
220  confirmed by their transepithelial electrical resistance (TER =160 + 57.1 Q-cm?). As shown in Figure
221 8, OGC and DIC protein expression was significantly increased in polarized RPE cells than that in
222 non-polarized RPE cells (1.4-fold vs non polarized; P<0.01).

223
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Figure 8. Effect of polarity on OGC and DIC expression in hRPE cells. Western Blot analysis was
performed in lysates from confluent non-polarized and polarized RPE cells, gel images (left) and bar
graphs (right) analyzed from three independent experiments. Data are shown as mean + SEM, the
mean TER of polarized cells was 160 + 57.1 Q-cm?. ** P<0.01, *** P<0.001.
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226 2.8 Localization of OGC and DIC in mouse retina

227 To determine the distribution of OGC and DIC in the mouse retina, especially in the RPE and
228  choroid layer, immunostaining was used. OGC and DIC expression was evident by a strong green
229  fluorescence in the photoreceptor inner segments, which harbor abundant mitochondria.

230  Immunofluorescent labeling in mouse retinas with OGC and DIC antibodies showed clear evidence
231 for localization of the two transporters in the inner segments (IS) and photoreceptors (Figure 9).
232 “No primary antibody”” control was also included in this analysis (Figure 9A, bottom lanes).

233 Next, in order to measure the expression of OGC and DIC in retinal tissue, mitochondrial and
234 cytosolic fractions were isolated from RPE and choroid segments of 129-S6/SvEvTac mice retina.
235  The purity of the fresh isolated mitochondria was evaluated by Western blot analysis. As in the case
236  of hRPE (Figure 1), a-Tubulin was used as a cytosolic protein marker, and COX IV was used as a
237  mitochondrial protein marker. The results revealed that the isolated mitochondria from

238  RPE/choroid section was pure. The results from Figure 9A show that both OGC and DIC were

239  expressed in the mitochondrial fraction of RPE/choroid, but only negligibly in the cytosolic fraction,
240  which is consistent with the findings of selective mitochondrial expression in cultured hRPE cells
241  (Figures 1,2).
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Figure 9
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Figure 9. Expression of OGC and DIC (green) in mouse retinal layers in mouse RPE/choroid. (A).
Immunofluorescence staining of OGC and DIC (green) of the posterior eye cup of mice. DAPI (blue)
was used to counterstain nuclei. Upper panels diffuse green fluorescence can be seen in RPE. Strong
green fluorescence was noted at the photoreceptor inner segment which harbor abundant
mitochondria. Bottom panels show negative control devoid of primary antibody for OGC and DIC.
Scale bar 20 um. (B). Protein expression of OGC and DIC in RPE/choroid of mice. Mitochondrial and
cytosolic fractions of RPE/choroid from mice were isolated and immunoblotted for DIC and OGC. Both
carriers are expressed in mitochondrial fraction of RPE/choroid and are absent in the cytosol. OS:
Photoreceptor outer segments; IS: Photoreceptor inner segments; ONL: outer nuclear layer. RPE:
Retinal pigment epithelium layer.
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243 3. Discussion

244 We have gathered data on the characterization of mitochondrial uptake of GSH in RPE cells and
245  have presented evidence for the regulation of uptake by oxidative stress. The characterization and
246  selective localization of OGC and DIC (two solute carrier proteins of the SLC25A family) in RPE cells
247  and their expression in mouse retinal layers has been made for the first time. The significance of
248  mGSH for normal RPE function was further verified by augmentation of apoptotic cell death with
249  chemical inhibition of OGC and DIC and prevention of cell death by co-incubation with GSH-MEE.
250

251 Mitochondria play an important role in formation of energy, reaction oxygen species and cell
252 death due to apoptosis. Damage to mitochondria with oxidative, environmental, and genetic factors
253  can lead to damage to mitochondrial DNA. Evidence implicates mitochondrial damage in the AMD
254  disease process [24,25]. Ferrington’s laboratory found a potential link between mitochondrial
255  dysfunction due to increased mitochondrial DNA lesions and AMD [26-28]. Thus, protecting
256  mitochondrial DNA integrity via therapeutics targeted to the mitochondria early in AMD could stop
257  or ameliorate the progression to vision loss.

258

259 Mitochondria possess several detoxifying enzymes and antioxidants such as MnSOD,
260  glutaredoxin and GSH. GSH forms a sizable pool in the mitochondrial compartment and the role of
261  GSH in retinal neuroprotection is well known. Unlike cytosol, mitochondria do not synthesize GSH
262  denovo from its constituent amino acids and mGSH originates from the transport of cytosolic GSH
263  intomitochondria by a carrier-specific process exhibiting dual kinetic components [29]. As mentioned
264  previously, we and others have shown that mGSH plays a key role in the removal of ROS in injured
265  RPE[12,30]. Since GSH is negatively charged and is unable to pass freely across the lipid bilayer, both
266  outer and inner mitochondrial membranes must harbor transporters or channels that facilitate entry
267  of GSH into mitochondria [10]. In the current study, we have identified OGC and DIC as the two
268  solute carrier proteins that mediate the uptake of GSH by RPE mitochondria. These two proteins are
269  members of the SLC25 transporter family and vary greatly in the nature and size of the transported
270  substrates, modes of transport and driving forces although the mechanism of substrate translocation
271  may not differ [31]. We could establish that both proteins are expressed selectively in mitochondria
272 of human RPE cells as well as in RPE/choroid of young mouse retina. A wide body of data suggests
273  that these transporters reside in the inner mitochondrial membrane in several cell lines and tissues
274 and mediate GSH import to mitochondria [15,16, 29, 32, 33]. OGC mediated transport was not found
275  in bacteria [34], contrasting the functional expression of mitochondria-targeted OGC from HepG2
276  transport in Xenopus oocytes and the reconstitution of partially purified OGC in proteoliposomes
277  from kidney mitoplasts [35,36]. Thus the findings from Booty et al. [34] may arise from biochemical
278  and biophysical properties of L. Lactis or OGC or OGC may require other partners under their
279  experimental conditions [19].

280

281 We found that inhibition of OGC and DIC sensitized RPE cells to apoptosis. Live-cell imaging
282  of caspase 3/7 activation established that the induction of apoptosis is rapid and occurs as early as 2h
283  (Figure 6). Under these conditions, mGSH is decreased significantly while whole cell and cytosolic
284  GSH remained unaltered. Our studies also revealed that the decrease in GSH and induction of
285  apoptosis could be overcome by co-incubation with GSH-MEE indicating the significance of OGC
286  and DIC in maintaining proper RPE function. It will be interesting to establish the correlation of
287  OGC/DIC depletion with mitochondrial function such as ATP generation and respiratory complex
288  proteins and restoration of GSH levels by known GSH replenishing agents.

289

290 Our laboratory has shown that the expression of growth factors can be regulated by the polarity
291 of the RPE [37-39]. For example, we have shown that amount of secretion of PEDF varies several folds
292  based on the polarity of human RPE in the order: non-polarized<polarized <stem cell RPE [37].
293  Consistent with this, we found that both OGC and DIC expression increased in polarized RPE as
294  compared to non-polarized RPE making polarized RPE more resistant to oxidative injury.
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295

296 In addition to establishing the expression and localization of OGC and DIC, we have
297  documented their expression in RPE/choroid and in the inner nuclear layer of the mouse retina. These
298  experiments suggest that OGC and DIC may also contribute to the health of photoreceptors and the
299  neural retina, though additional supportive evidence using astroglial cells and Muller cells will be
300  necessary to confirm this hypothesis. It is hoped that the information presented here will be of use in
301  studies on the expression of mGSH transporters in pathophysiological mouse models and in devising
302  strategies for restoring mitochondrial and cellular integrity through increasing GSH status

303 4. Materials and Methods

304 4.1 Cell culture

305  All experiments and procedures were conducted in compliance with the Declaration of Helsinki. The
306  RPE cells were isolated from human fetal eyes as previously described [40]. Confluent cell cultures
307  from passages 2 to 4 were used. The cells were cultured in Dulbecco’s modified Eagle medium
308  (DMEM, Fisher Scientific, Pittsburgh, PA, USA) with 2 mM L-glutamine, 1% Antibiotic-Antimycotic
309  (Gibco life technologies, Carlsbad, CA) and 10% fetal bovine serum (FBS; Laguna scientific, CA) at
310  37°Cunder 5% CO-. Highly differentiated polarized RPE were cultured on Transwell filters for 1 day
311  in 10% FBS containing medium and in 1% FBS thereafter for 4 weeks. The TER of the RPE cells on the
312 Transwells filters was measured with the Epithelial Voltohmmeter 2 (EVOM2; World Precision
313 Instruments, Sarasota, FL) as described before [40]. MCF7 cell lysates (Manassas, VA, USA) were
314  used as positive control for OGC and 721_B cell lysates (Aviva, Systems Biology) were used as
315  positive control for DIC.

316 4.2 Cell Exposures

317 The RPE cell culture medium was switched to FBS-free medium overnight to minimize the effect
318  of serum. To study the effect of H2O2 on expression of OGC and DIC, the cells were exposed to H202
319  at varying doses (50 uM, 100 uM, 200 uM, 300 uM) for 24h, and varying durations (2h, 4h, 6h, 8h,
320  24h) with 200 uM H20:. To identify dose dependent inhibition of OGC and DIC expression by
321 chemical inhibitors, cells were incubated with Phenylsuccinic acid (PS; Sigma-Aldrich, St Louis, MO)
322 and Butylmalonic acid (BM; Sigma-Aldrich, St Louis, MO) in varying doses (2 mM ,5 mM, 10 mM)
323 for 24h, respectively. Cells were also treated with a single dose 5 mM of either PS or BM, with or
324  without 2 mM GSH-MEE (Santa Cruz biotechnology, CA) treatment for 24 h. In the experiments with
325  inhibitors, control cells were treated with serum-free medium containing 0.1% dimethyl sulfoxide
326  (DMSO).

327 4.3 Western blot analysis

328 Protein was extracted from the cells using RIPA buffer (Cell Signaling Technology, Danvers,
329  MA) and determined by a protein assay kit (Bio-Rad; Hercules, CA) using bovine serum albumin as
330  the standard. Equal amounts of proteins (30 pg/well) were resolved on 8-16% polyacrylamide gel
331  and transferred to PVDF blotting membranes (Millipore, Billerica, MA). Membranes were probed
332 overnight at 4°C with primary antibody, anti-OGC rabbit polyclonal antibody (1:1000) and anti-DIC
333 rabbit polyclonal antibody (1:1000), anti-COX IV (1:1000), anti-a-tubulin (1:3000). After incubation
334  with the appropriate secondary antibody to rabbit IgG or to anti-mouse (Vector Laboratories), protein
335  bands were detected by an enhanced chemiluminescence (ECL) detection system (Thermo Scientific,
336  Rockford, IL). To verify equal loading, membranes were reprobed with GAPDH. 721B cell lysates
337  was used as positive control for OGC and MCF?7 cell lysates was used as positive control for DIC.
338  Subunit IV of cytochrome c oxidase (COX IV) and a-tubulin were used as the mitochondrial marker
339  and cytosolic marker, respectively.

340 4.4 Reverse Transcriptase Polymerase Chain Reaction
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341 Total RNA was extracted from confluent hRPE cells using RNeasy Mini Kit (Qiagen, Valencia,
342  CA). One microgram of total RNA was used for cDNA synthesis using the First-Strand ¢cDNA
343 Synthesis Kit (Invitrogen) according to the manufacturer’s instuctions. PCR was performed using
344  HiFidelity Polymerase Kit (Qiagen), and B -Actin served as the internal control. The PCR primers
345  used (Valuegene Inc, San Diego, CA) were from published sequences. Results were reported as fold
346  change over controls.

347 4.5 Localization of OGC and DIC in RPE Cells by immunofluorescence

348 Confluent RPE cells were grown in four-well chamber slides (Falcon, Corning, NY). To visualize
349  the mitochondria, Mitotracker Red CMXRos (500nM; Life Technologies, Carlsbad, CA, USA) was
350  added to samples and incubated at 37 °C for 10 min, prior to fixation with 4% paraformaldehyde.
351  Cells were washed with phosphate buffered saline (PBS) and permeabilized in PBS containing 0.5%
352 Triton X-100 for 30 min, and then blocked in 5% normal goat serum for 30 min. Primary antibodies,
353 anti-OGC (1:100, Abcam, Cambridge, MA); anti- DIC (1:100, GeneTex, Irvine, CA) were added to
354  cells incubated at 4°C overnight. An anti-rabbit fluorescence-conjugated secondary antibody (Vector
355  Laboratories, Burlingame, CA) was used for 30 min in the dark at room temperature. After nuclear
356 staining with DAPI (Vector Labs, Burlingame, CA), the slides were examined on an LSM 710 laser-
357  scanning microscope (Carl Zeiss).

358 4.6 TUNEL Staining

359 Apoptosis was detected by the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-
360  biotin nick end-labeling (TUNEL) method according to the manufacturer’s protocol (In Situ Cell
361 Death Detection Kit; Roche Applied Science, Indianapolis, IN, USA). Briefly, RPE cells were treated
362  with inhibitors, with the presence or absence of GSH-MEE. H20- (200 uM) was used to as a positive
363  control. After fixing with 4% PFA solution and permeabilized with 0.5% Triton X-100, the cells were
364  incubated with TUNEL reaction mixture at 37°C for 1 h in a humidified chamber. After the TUNEL
365  reaction, cells were counterstained with DAPI and then directly analyzed using fluorescence
366  microscopy (Keyence, Itasca, IL). The number of TUNEL-positive cells in 10 randomly selected
367  microscopic fields (40x) was counted in a masked fashion.

368 4.7 IncuCyte cell apoptosis assay

369 To evaluate the inhibitors of OGC and DIC effects on cell apoptosis, RPE cells (5,500 cells/well)
370  were plated in 96-well plates (Corning, NY). The treatment reagents were added to each well already
371  containing SYTOX Green dye caspase 3/7 reagent diluted in cell culture media (1:1000 dilution) to
372  make atotal volume of 100 pl/well. Each condition was run in five replicate wells. The following four
373 groups were used in total analysis: control, PS, BM, PS+GSH-MEE, BM+GSH-MEE. H20: treated cells
374  served a positive control. Cell apoptosis was monitored for 24 h using the IncuCyte ZOOM system
375 (Essen Bioscience, Ann Arbor, MI, USA), which allows an automated in-incubator method of
376  monitoring live cells. Green (400-ms exposure) channels in the IncuCyte ZOOM platform, which is
377  housed inside a cell incubator at 37°C with 5% COz. Four image sets from distinct regions per well
378  were taken every 30 min. Automated real-time assessment by IncuCyte ZOOM, measured as green
379  object count for all cells stained green with SYTOX Green, which was allowed to generate graphics
380  of the data as soon as image analysis was complete. Graphics were generated with IncuCyte Basic
381  Software graph/export functions.

382 4.8 Preparation of mitochondrial and cytosolic fractions

383 Cells were harvested after the specified experimental period and total cellular protein was
384  extracted. Mitochondrial and cytosolic proteins were isolated by using a commercial
385  Mitochondria/Cytosol Fractionation Kit following manufacturer’s protocol (BioVision Inc., Mountain
386  View, CA). Mitochondria were isolated from the freshly collected cells according to the method
387  described previously. Briefly, RPE cells (5x107 cells per sample) were harvested by centrifugation at
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388 600 xg for 5min at 4°C, cells washed with 10ml ice-cold PBS, centrifuged at 600 xg for 5 min at 4°C to
389  remove nuclei and unbroken cells, this was followed by resuspension of cells with 1.0 m1 1 xCytosol
390  extraction buffer mix containing DTT and protease inhibitors, and incubation on ice for 10 min, and
391  homogenization in a Dounce tissue grinder on ice. The homogenate was centrifuged at 700x g for 10
392  min to remove cellular debris and then at 10,000xg for 30 min to pellet the mitochondria. The
393  supernatant was collected as the cytosol portion while the mitochondrial fraction tube was

394 resuspended in 150 ul of mitochondrial buffer. Samples were measured immediately for GSH content
395  asdescribed below.

396 4.9 Assay for GSH content

397 The samples were loaded to 96-well plates, and the total cellular, mitochondrial and cytosolic
398  GSH were measured as described before [5] by using a glutathione assay kit (BioVision, Mountain
399  View, CA) following the manufacturer’s protocol. GSH react to generate 2-nitro-5-thiobenzoic acid,
400  the reaction products which has yellow color determined by measuring absorbance at 405 nm using
401  a microplate reader (Bio-Rad, CA). Total GSH levels were calculated by using a standard curve
402  generated in parallel experiments, expressed as pg/10¢ cells and were normalized to percent of
403  control. GSH measurements were obtained from at least three independent experiments.

404  4.10 Localization of OGC and DIC in mouse retinal layers by immunofluorescence

405 129-56/SvEvTac mice were purchased from Taconic Farms (Germantown, NY) and eye cups
406  were prepared as described [41]. Cryosections at 10-um thick were cut and collected for
407  immunochemistry procedure by using either rabbit antibody against OGC (1:100) or rabbit antibody
408  against DIC (1:100) overnight at 4°C. After incubation with primary antibodies, the sections were
409  washed and incubated with appropriate secondary antibody. Negative control sections were
410  incubated with blocking buffer without primary antibody and then processed as described above.
411  The sections were photographed with a confocal laser microscope (LSM 710, Carl Zeiss).

412 4.11 Statistical analysis

413 All data were expressed as mean+ S.E.M. Statistical analysis was performed using ANOVA
414  followed by Tukey post-test using software GraphPad Prism(Version 5, GraphPad Software, Inc., La
415  Jolla, CA).P <0.05 was considered significant.

416 5. Conclusions

417 In this work, we have characterized the expression of OGC and DIC in hRPE cells and mouse
418  retina, and have shown that their inhibition results in depletion of mGSH. This finding indicates that
419  OGC and DIC carrier protein expression is important for mitochondrial antioxidant defense in RPE
420  cells. Augmenting the mGSH level may prove to be a novel therapeutic approach for AMD.
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429  Abbreviations

AMD Age-related macular degeneration
GSH Glutathione
ER Endoplasmic reticulum
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mGSH Mitochondrial glutathione
ROS Reactive oxygen species
SLC25A Solute carrier family 25A
RPE Retinal pigment epithelium
GSSG Glutathione disulfide
OGC 2-oxoglutarate carrier
PS Phenylsuccinate
DIC Dicarboxylate carrier
BM Butylmalonate

GSH-MEE  Glutathione monoethyl ester
COX-IV Cytochrome ¢ Oxidase Subunit IV
TER Transepithelial electrical resistance
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