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Abstract
Carotenoids have been advocated as potential therapeutic agents in treating age-related macular
degeneration (AMD). In ocular tissues carotenoids may undergo oxidation and form carotenoid-
derived aldehydes (CDA), which would be toxic to tissues. We have investigated the cytotoxic effects
of CDA from β–carotene, Lutein and Zeaxanthin on human retinal pigment epithelial cells
(ARPE-19). The serum-starved ARPE-19 cells were treated with CDA without or with antioxidant,
N-Acetylcysteine (NAC) and cell viability, apoptosis, reactive oxygen species (ROS) levels, nuclear
chromatin condensation as well as fragmentation, change in mitochondrial membrane potential
(MMP) and activation of transcription factors NF- κB and AP-1 were determined. We observed a
dose and time-dependent decline in cell viability upon incubation of ARPE-19 cells with CDA. The
CDA treatment also leads to elevation in ROS levels in a dose-dependent manner. Upon CDA
treatment a significant number of apoptotic cells were observed. Also early apoptotic changes in
ARPE-19 cells induced by CDA were associated with change in MMP. Increased nuclear chromatin
condensation and fragmentation were also observed in cells treated with CDA. The cytotoxicity of
CDA in ARPE-19 cells was significantly ameliorated by antioxidant, NAC. Furthermore, CDA
induced the activation of NF-κB and AP-1 which was significantly inhibited by NAC. Thus our
results demonstrate that CDA could increase the oxidative stress in ARPE-19 cells by elevating ROS
levels that would cause imbalance in cellular redox status which could lead to cell death. This would
suggest that high carotenoid supplementation for treatment of AMD should be used cautiously.
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1. Introduction
Age-related macular degeneration (AMD) is a degenerative disease that affects the small
central region of the retina called macula which is responsible for central vision. Epidemiologic
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studies have shown that approximately 10% individuals older than 65 years and 28% of those
aged 75 to 85 years develop AMD (Leibowitz et al., 1980). Although AMD is considered to
have a multifactorial pathogenesis, several lines of evidence suggest that dysfunction of retinal
pigment epithelium (RPE) is crucial in triggering molecular pathways contributing to clinically
relevant macular degenerative changes (Holz et al., 2004). The RPE is essential for
maintenance of retinal health because it is necessary for the phagocytic uptake and degradation
of the constantly shed photoreceptor outer segments (POS) (Bok, 1993). Since RPE lysosomes
are the major source for degradation of POS everyday, impaired lysosomal function due to
aging is the major cause of accumulation of POS, a precursor of lipofucsin granules and
extracellular drusen. The increased lipofucsin granules and drusen in retina are the hallmarks
of an early-stage of AMD. To explain the complex etiology of AMD, other pathogenic
mechanisms such as RPE cell death (Dunaief et al., 2002), oxidative damage of cellular
components (Winkler et al., 1999), mitochondrial dysfunction (Liang and Godley, 2003),
inflammation & activation of the innate immune system (Johnson et al., 2002) and the
accumulation of toxic compounds such as advanced glycation end products (Howes et al.,
2004; Kopitz et al., 2004) have been proposed. However, the molecular events that mediate
these pathogenic mechanisms are not clearly defined. To date no good therapy to prevent or
cure AMD is available, although increased dietary intake of specific antioxidants has been
advocated. The most widely used are carotenoids (Delcourt et al., 2006; Leung et al., 2005;
Muriach et al., 2006; Chichili et al., 2006; Trevithick-Sutton et al., 2006). The carotenoids are
believed to prevent or delay AMD by filtering out photo-toxic short-wavelength visible light
and also by acting as an antioxidant which could protect the retina from oxidative stress induced
by light and aging.

Carotenoids, besides acting as antioxidants, are also reported to act as prooxidants under high
oxygen tension, high carotenoid concentration and imbalanced intracellular redox status
(Palozza et al., 2003a). Under oxidative stress, while scavenging reactive oxygen species
(ROS), carotenoids undergo oxidation and generate a variety of oxidized products in vitro as
well as in vivo (Handelman et al., 1991; Hurst et al., 2004; 2005; Prasain et al., 2005). The
presence of carotenoid cleavage products has been demonstrated in human and monkey ocular
tissues including retina (Prasain et al., 2005; Khachik et al., 1997; Bernstein et al., 2001;
Bhosale and Bernstein, 2005). Moreover, recent studies have shown that carotenoid
supplementation in humans and monkeys significantly increases levels of their metabolites in
serum and ocular tissues (Khachik et al., 2006a; 2006b). In our previous study we identified
various products resulted from the in vitro autoxidation of β-carotene such as β-apo-14′-
carotenal, β-apo-12′-carotenal, β-apo-10′-carotenal, β-apo-15-carotenal, β-apo-13-carotenone,
β-carotene-5,6-epoxide and various unknown carbonyls (Handelman et al. 1991). Many of the
carotenoid cleavage products, characterized either in vivo or in vitro are identified as aldehydes
such as retinaldehyde, apocarotenaldehyde and various other long and short chained products
which are addressed as carotenoid-derived aldehydes (CDA) (Hurst et al., 2005). The
aldehydes particularly from polyunsaturated fatty acids, such as 4-hydroxy-2-nonenal (HNE),
are known to be most abundant and toxic. They form conjugates with sulfhydryl, lysyl and
histidine residues even at low cellular levels and incur toxicity (Kopitz et al., 2004; Choudhary
et al., 2005; Tanito et al., 2005; Kapphahn et al., 2006; Zhou et al., 2005; Uchida, 2003). Since
carotenoids also form highly reactive aldehydes, it is likely that excessive use of carotenoids
could result in increased carotenoid aldehydes which could cause oxidative stress similar to
that caused by lipid peroxidation products. Therefore, carotenoids, especially Lutein and
Zeaxanthin, commonly prescribed for the prevention of AMD could generate cytotoxic
aldehydes which could potentiate AMD rather than preventing it. Hence, in this study we have
investigated the cytotoxic effects of CDA obtained from oxidizing β-Carotene, Lutein and
Zeaxanthin on human retinal pigment epithelial cells (ARPE-19) apoptosis as well as activation
of redox sensitive transcription factors such as NF-κB and AP-1. We observed that CDA induce
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apoptosis in ARPE-19 cells by elevating ROS levels and activating NF-κB and AP-1. The
oxidative stress-induced changes were ameliorated by antioxidant, N-Acetylcysteine (NAC).

2. Materials and Methods
2.1 Materials

Human retinal pigment epithelial cells (ARPE-19) were purchased from American Type
Culture Collection (ATCC). β–carotene was purchased from Fluka, USA. Lutein was
purchased from Sigma, USA. Zeaxanthin was a gift from Hoffman La-Roche, Nutley, NJ.
JC-1, TACS™ Annexin V- FITC Apoptosis detection kit and Vybrant Apoptosis Assay Kit #5
(containing Hoechst 33342) were purchased from Molecular Probes, USA. The Cell Death
ELISA kit was purchased from Roche Inc. USA. CellTiter 96® AQueous one solution cell
proliferation assay kit was purchased from Promega. USA. TNF-α was obtained from Research
Diagnostics Inc. USA. Protein assay reagent was obtained from Bio-Rad, USA. Fetal Bovine
Serum, Trypsin/EDTA, Antibiotics, N-Acetylcysteine (NAC), 2′, 7′-Dichlorofluorescin
diacetate (DCF-DA) and all other chemicals were obtained from Sigma, USA.

2.2 Cell Culture and Treatment
The ARPE-19 cells were grown to confluency in DMEM/F-12 medium supplemented with
10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin at 37°C in a humidified
atmosphere of 5% CO2. Sub-confluent cells were growth-arrested in 0.1% FBS medium. Sub
culturing was done using Trypsin/EDTA solution and the cells were sub cultivated with a split
ratio of 1:4. The CDA treatment was done in serum-free medium to avoid binding of CDA
with serum proteins. Whenever NAC was used, cells were preincubated with it for 1 h. Control
cells were incubated with vehicle, PBS. In all the experiments, concentration of PBS was not
greater than 0.2%.

2.3 Preparation of CDA
The CDA were prepared as described previously (Hurst et al., 2005). The use of NaOCl to
oxidize carotenoids is based on the fact that hypochlorite is a product of myeloperoxidase,
hydrogen peroxide and Cl− in activated phagocytic cells (Harrison and Schultz., 1976;
Whiteman et al., 2005; Vissers et al., 2001; Krasowska and Konat, 2004; Ottonello et al.,
1994). Since retinal pigment epithelial cells are phagocytic cells, we used NaOCl as a model
system for possible harmful effects of carotenoid oxidation products. Briefly, 5 mg of β-
carotene or Lutein or Zeaxanthin dissolved in 5 ml dichloromethane and 5 ml methanol were
oxidized with 80 mM NaOCl in 1.25 ml water at room temperature for 15 min. The
concentration of NaOCl used was similar to that reported by Lee et al. (2002) in activated
macrophages. The CDA were extracted by a modification of the Bligh and Dyer (1959) method
as used by van Kuijk et al., (1985). To each ml of oxidized carotenoid solution, 5 ml of
dichloromethane was added, followed by vortexing for 1 min; 3.75 ml water was added and
continued vortexing for another min. The samples were centrifuged for 2 min at 1000 × g and
the lower organic phase from each sample was collected. The extraction was repeated and the
organic phase from both extractions was pooled. The solvent was evaporated under argon to
a small volume of about 0.1 ml which was diluted with sterile Phosphate-Buffered Saline (PBS)
without calcium and magnesium (pH 7.4; Cellgro) to make CDA stock solution. The excess
organic phase was evaporated again. The CDA solution was ultra filtered by centrifugation
using Centricon Tube (Millipore Corp. Bedford, MA, USA) for 1 h at 10,000 × g at 4° C. The
concentration of CDA in the ultra filtrate was determined by measuring the optical density at
220 nm on UV-2101 PC recording spectrophotometer (Shimadzu, Columbia, MD). The
characterization of NaOCl oxidized β-Carotene products revealed the presence of β-apo-14′-
carotenal (C22H30O), β-apo-15-carotenal (C20H28O), β-apo-13-carotenone (C18H26O) and
various unidentified carbonyls (Handelman et al., 1991). The CDA stock solution was stored
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at -20° C in dark. The oxidized products of β-Carotene, Lutein and Zeaxanthin are designated
as B-CDA, L-CDA and Z-CDA respectively. Vehicle was also prepared by the same method
without carotenoid.

2.4 Cell Viability Assay
The ARPE-19 cells were plated (5000 cells/well) in a 96-well plate. After 24 h, cells were
serum starved in 0.1% FBS medium for 24 h and CDA or vehicle was added to the media after
pretreating the cells with NAC for 1 h. Cells incubated without CDA and NAC served as
control. Cell viability was determined by CellTiter 96® AQueous one solution cell proliferation
assay kit. CellTiter reagent was added to culture well, incubated for 3 h and absorbance
recorded at 490 nm using a 96-well plate spectra count (Packard, USA). This kit contains a
novel MTT tetrazolium compound which is enzymatically reduced in the live cells into a
colored formazan product.

2.5 ROS Determination
The intracellular ROS levels were measured using a fluorescent dye, DCF-DA. The cells were
plated (5000 cells/well) in a 96-well plate. After 24 h, cells were serum starved for 24 h, washed
with PBS and incubated with 10μM DCF-DA at 37°C for 30 min in media without phenol red.
Cells were washed again to remove excess DCF-DA and treated with CDA in media without
FBS for 30 min. At the end of the treatment, cells were washed twice with PBS. Media without
phenol red was added and absorbance determined after 1 h at 485 nm excitation and 538 nm
emission wavelengths. Relative ROS production was expressed as a change in fluorescence
compared to fluorescence of the appropriate control.

2.6 Determination of Apoptosis
Apoptosis was determined by using “TACS™ Annexin V- FITC Apoptosis kit” (Molecular
Probes) that detects cell surface changes that occur early in the apoptotic process. The assay
was performed according to manufacturer’s instructions and cell death was detected by flow
cytometry. Quantification was performed by using “Cell Death Detection ELISA Kit” (Roche
Inc.) that measures cytoplasmic DNA-histone complexes formed during apoptotic DNA
fragmentation. The assay was performed according to manufacturer’s instructions and cell
death was detected spectrophotometrically at 405 nm. Apoptotic cells were also visualized by
using Hoechst 33342 fluorescent dye. Briefly, ARPE-19 cells were cultured in multichamber
slides and treated for 12 h with CDA and H2O2 without or with NAC for 1 h. Subsequently
the cells were washed two times with 1 ml PBS. The cells were incubated with Hoechst 33342
(1μl/100μl PBS) at 37°C for 30 min in dark, washed with PBS and mounted with fluorosave
(Molecular Probe), covered with the coverslip and the coverslip borders were sealed with nail
polish. The cells were visualized under a Nikon Eclipse 800 epifluorescence microscope
equipped with a xenon arc lamp using a DAPI filter set (excitation 340–380 nm, dichroic mirror
400 nm and emission 435–485 nm) for blue fluorescence. Photographs were taken using a
ROPER Scientific CoolSNAP Fx monochrome cooled CCD 12 bit digital camera. The cells
with fragmented and/or condensed nuclei were classified as apoptotic cells.

2.7 Measurement of Mitochondrial Membrane Potential (MMP)
Flow cytometry was performed using the cationic dye JC-1 that exhibits it’s membrane
potential-dependent accumulation in the mitochondria as determined by a fluorescence
emission shift from green (~525 nm) to red (~590 nm). After growth and starvation the cells
were washed with PBS and incubated with CDA or H2O2 for 4 h without or with NAC. Pellets
of approximately 1 × 106 cells were suspended in 130 μl of warm 1:1 mixture of DMEM/F-12
medium containing 1% FBS to which 250 μl of JC-1 solution (20 μg/ml) was added. After
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incubation at 37° C for 30 min, cells were washed with PBS, resuspended in 500 μl PBS, and
subjected to flow cytometry.

2.8 Electrophoretic Mobility Gel Shift Assay (EMSA)
The ARPE-19 cells were treated for 1 h at 37°C without or with pretreatment with NAC. The
EMSA was performed as described earlier (Ramana et al., 2002). Briefly, consensus
oligonucleotides for NF-κB and AP-1 transcription factors were 5′-end labeled using T4
polynucleotide kinase. Nuclear extracts prepared from various control and treated cells were
incubated with the labeled oligonucleotide for NF-κB or AP-1 for 30 min at 37 °C, and the
DNA-protein complex formed was resolved on 7.1% native polyacrylamide gels. The
specificity of binding was examined by competition with excess of unlabeled oligonucleotide.

2.9 Statistical Analysis
Results are expressed as mean ± SD and the P values were determined by Student’s t-test using
Microsoft Excel software.

3. Results
3.1 CDA cause decreased cell viability

In order to investigate the effect of CDA on cell viability, ARPE-19 cells were incubated with
CDA for 24 h. A concentration-dependent (0–100 μM CDA) decrease in cell viability was
observed (Figure 1A, C & D). The LC50 for B-CDA, L-CDA and Z-CDA were approximately
40 μM (Figure 1A), 60 μM (Figure 1C) and 25 μM (Figure 1D) respectively, whereas the
corresponding amounts of vehicle had no cytotoxic effect. These results indicate that CDA
induce cytotoxicity in ARPE-19 cells. To elucidate the time-dependent effect of CDA,
ARPE-19 cells were incubated with 40 μM B-CDA for various time intervals. A 40% decline
in cell viability occurred in the first 6 h and 44% and 50% by 12 h and 24 h, respectively (Figure
1B). Since we observed, almost similar percent of cell viability in 12 h and 24 h, we incubated
the cells for only 12 h in rest of our experiments.

3.2 Increase in ROS levels by CDA & Protection by NAC
Incubation of ARPE-19 cells with B-CDA resulted in a dose-dependent (0–80 μM) increase
in ROS levels (Figure 2A). The B-CDA at lower concentrations (10 μM) did not have a marked
effect on ROS generation. However, there was a gradual increase in ROS levels with ≥ 20
μM B-CDA. The increase in ROS was statistically significant at higher concentrations
(p<0.001). This observation indicates that CDA, like other antioxidants, at higher concentration
could act as pro-oxidant. Therefore, we used ROS scavenger, NAC, to ameliorate the oxidative
stress. Pretreatment of cells with NAC significantly (p<0.001) attenuated ROS generation by
B-CDA in ARPE-19 cells (Figure 2A). Similarly NAC also provided protection against B-
CDA-induced cytotoxicity (Figure 2B). Lower concentrations of NAC (0.01 & 0.05 mM) did
not protect against the B-CDA-induced cytotoxicity. However, with increasing concentrations
of NAC the protection was evident. For complete protection the lowest concentration of NAC
was 1 mM (Figure 2B).

3.3 CDA induced apoptosis in RPE cells
Increased oxidative stress in RPE cells has been known to cause cell death, a pathogenic event
in AMD. Therefore, ARPE-19 cells were incubated with B-CDA (40 μM) for 12 h. An increase
in apoptosis was observed when cells were treated with B-CDA or H2O2 (200 μM), a positive
control (Figures 3E & F). The B-CDA- as well as H2O2- induced apoptosis was 26% and 49%,
respectively and NAC significantly (p<0.001) prevented it (Figures 3C & D and Figure 4).
Similarly when cells were treated with 60 μM L-CDA and 25 μM Z-CDA, we observed 28%
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and 25% apoptosis, respectively which was also significantly prevented by NAC (Figure 4).
Control and NAC-treated groups showed only approximately 5% apoptosis (Figures 3A & B
and Figure 4).

The fluorescence microscopic study was also carried out to visualize B-CDA- and H2O2-
induced apoptosis as well as to investigate the protective effect of NAC (Figure 5). B-CDA-
or H2O2-treated cells showed condensed and fragmented nuclei (Figures 5E & F) which were
prevented by pretreating the cells with NAC (Figures 5C & D). Cells in control and NAC-
treated groups showed normal nuclei (Figures 5A & B).

3.4 Regulation of MMP by CDA
The change in mitochondrial membrane potential has been shown to play an important role in
early stages of RPE cell apoptosis. Therefore the effect of B-CDA as well as H2O2 on the early
stages of apoptosis was also assessed by measuring MMP. ARPE-19 cells were exposed to 40
μM B-CDA or 200 μM H2O2 for 4 h without or with pretreatment with NAC, followed by
incubation with JC-1 dye. Flow cytometric analysis revealed that B-CDA as well as H2O2
treatment caused approximately 40% of the cells to undergo early apoptotic changes (Figures
6E & F) and pretreatment with NAC attenuated B-CDA-induced change in MMP (Figures 6C
& D). Figures 6A & B represent control and NAC- treated groups, respectively.

3.5 CDA induce activation of NF-κB and AP-1 in RPE cells
Since it is well known that oxidative stress causes activation of NF-κB and AP1 and our results
show that CDA cause oxidative stress, we have examined the effect of CDA on redox sensitive
transcription factors, NF-κB and AP-1 in RPE cells. To study activation of NF-κB and AP1,
TNF-α was used as positive control (Ramana et al., 2004). We first examined the concentration-
dependent (1 – 100 μM) effect of B-CDA on NF-κB activation (Figure 7A). Moreover, B-
CDA, L-CDA and Z-CDA-induced activation of both NF-κB and AP1 in ARPE-19 cells was
significantly prevented by NAC (Figure. 7B & C and Figure. 8A & B), suggesting that CDA
could cause cytotoxicity by activating oxidative stress signals leading to activation of redox-
sensitive transcription factors.

4. Discussion
Carotenoids are widely used to treat oxidative stress-induced ocular diseases such as AMD
and cataract (Delcourt et al., 2006; Leung et al., 2005; Muriach et al., 2006; Chichili et al.,
2006; Trevithick-Sutton et al., 2006; Vu et al., 2006a). However, carotenoid supplementation
is known to generate various short and long chain carotenoid cleavage products (Nagao,
2004; Sommerburg et al., 2003). Many carotenoid cleavage products including apocarotenal
(CDA) have been identified in human and primate tissues (Prasain et al., 2005; Khachik et al.,
1997; Bernstein et al., 2001; Bhosale et al., 2005; Ho et al., 2007). It has been recently reported
that upon giving β-carotene to a healthy person, β-apo-8′-carotenal increases in plasma (Ho et
al., 2007). The concentration of Lutein, Zeaxanthin and other carotenoid products in the donor
ocular tissues has been reported to be unusually high relative to serum and unmetabolized
carotenoid concentration in the ocular tissues (Bernstein et al., 2001). Moreover, carotenoid
supplementation correlates with rise in carotenoid metabolites in serum, plasma and retina of
human and monkey (Khachik et al., 2006a; 2006b). However, increase in CDA levels with
carotenoid supplementation remains to be determined.

The physiological role of various carotenoid cleavage products is not yet known. However,
various cellular as well as animal studies have shown cytotoxic effects of carotenoid cleavage
products (Siems et al., 2002; Alija et al., 2006; Liu et al., 2004; Nara et al., 2001; Salgo et al.,
1999; Hurst et al., 2005). Like lipid aldehydes, the aldehyde product of β-carotene, i.e. β-apo-8′-

Kalariya et al. Page 6

Exp Eye Res. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



carotenal, has been known to induce DNA damage in A549 cells (Yeh and Wu, 2006). Earlier
we have shown that increased levels of CDA from β-carotene are toxic in human K562
erythroleukaemic and 28 SV40 retinal pigment epithelial cells (Hurst et al., 2005). We now
demonstrate that CDA derived from β-carotene, Lutein and Zeaxanthin could induce apoptosis
in ARPE-19 cells. These results are consistent with previous studies which have shown that
micro-molar concentrations of lipid aldehyde (HNE) induce apoptosis in ARPE-19 (Chaudhary
et al., 2005) and leukemic (Zhang et al., 2001) cells. The mechanism for CDA-induced
apoptosis is not known so far. However, it is likely that CDA forms adducts with thiol groups
of the mitochondrial proteins, such as the permeability transition pore, which has been proposed
to trigger apoptosis (Liang and Godley, 2003; Takeyama et al., 2002; Zamzami et al., 1995).
This is supported by our observations that NAC prevents the CDA-induced cytotoxicity in
ARPE-19 cells. Such findings suggest that CDA could have similar effects as observed with
lipid-derived aldehydes since they are well known for their cytotoxicity including apoptosis
and DNA damage (Uchida 2003). Moreover, similar to other antioxidants, carotenoids could
also act as pro-oxidants at higher concentrations by forming CDA. Indeed our results
demonstrate that CDA increases ROS levels in a concentration-dependent manner in ARPE-19
cells (Figure 2A). Consistent with our results, Siems et al (2002) and Alija et al (2006) have
also shown the prooxidant properties of CDA in primary rat hepatocytes.

Increased ROS in cells, irrespective of the cause such as cytokines, chemokines, growth factors,
bacterial endotoxins and toxic aldehydes result in cellular toxicity by activating NF-κB and
AP-1 (Srivastava et al., 2005). Our demonstration of significant activation of transcription
factors, NF-κB and AP1, in ARPE-19 cells by CDA suggests the involvement of ROS. This
is strengthened by our observation that CDA-induced activation of NF-κB and AP1 are
inhibited by NAC. Further, our results indicate that CDA could be a potential apoptotic agent,
since NF-κB and AP-1 activation is associated with apoptotic cell death (Ramana et al.
2002). These results are in agreement with the previous reports showing that carotenoid
oxidation products as well as unmetabolised β-carotene cause cytotoxicity in human
promyelocytic leukemia cells (HL-60) as well as in colon adenocarcinoma cells (Nara et al.,
2001; Palozza et al., 2002; 2003a; 2003b). Although a large number of studies have shown the
cytotoxic effects of β-carotene products, this is the first in vitro study that demonstrates
cytotoxicity in ARPE-19 cells induced by NaOCl oxidized products of Lutein and Zeaxanthin.
Hypochlorous acid (HOCl) generated by activated macrophages, which are known to infiltrate
in neural tissues during inflammation, cause apoptosis and other toxic effects (Whiteman et
al., 2005; Vissers et al., 2001; Krasowska and Konat, 2004; Ottonello et al., 1994). Since
inflammation has been shown to be associated with AMD, it is likely that the increased
oxidative stress by HOCl and H2O2 generated by activated macrophages could be the major
player of macular degeneration. It is likely that in patients given large doses of carotenoids,
the oxidation products of carotenoids such as Lutein and Zeaxanthin could increase the toxicity
rather than prevent it. Some of the products of carotenoid oxidation such as apocarotenal,
ionone, etc. have indeed been characterized in the retinal tissues (Prasain et al., 2005; Khachik
et al., 1997; Bernstein et al., 2001; Bhosale and Bernstein, 2005). However, NaOCl may not
be the only or main oxidizing agent in vivo. Further, oxidative environment in vivo could be
different since the carotenoids will be in the lipid and/or protein environment. Thus the NaOCl
is a model system to simulate the possible deleterious effects of excessive use of catotenoids
commonly used in the therapy of progressive AMD. Our results are however potentially
important in explaining the Melbourne Visual Impairment Project (MVIP) (Vu et al., 2006b)
report which found harmful effects of higher Lutein and Zeaxanthin intake on AMD in subjects
concurrently consuming high levels of linoleic acid. Although recently there have been several
editorial letters that question the validity of this retrospective study, a prospective study similar
to AREDS-2 will greatly help in understanding the beneficial vs harmful effects of carotenoids,
particularly Lutein and Zeaxanthin already commonly used in the prevention and treatment of
AMD.
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Fig. 1. Effect of CDA on ARPE-19 cell viability
(A) B-CDA caused concentration-dependent decrease in ARPE-19 cell viability. Cells were
exposed to various concentrations of B-CDA (0–100 μM) as well as corresponding amount of
vehicle and after 24 h cell viability was determined. (B) Time-dependent effect of B-CDA on
ARPE-19 cell viability. Cells were exposed to 40 μM B-CDA for 6 h, 12 h and 24 h and cell
viability was determined. (C) L-CDA caused concentration-dependent decrease in ARPE-19
cell viability. Cells were exposed to various concentrations of L-CDA (0–100 μM) as well as
corresponding amount of vehicle and after 24 h cell viability was determined. (D) Z-CDA
caused concentration-dependent decrease in ARPE-19 cell viability. Cells were exposed to
various concentrations of Z-CDA (0–100 μM) as well as corresponding amount of vehicle and
after 24 h cell viability was determined. There was no effect on cell viability when cells were
incubated with vehicle. Data represents the mean ± SD of three experiments (*p < 0.001).
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Fig. 2. Effect of CDA on ROS levels and protective effect of NAC in ARPE-19 cells
(A) B-CDA generates concentration-dependent elevation in ROS levels in ARPE-19 cells. The
cells were incubated with 10μM DCF-DA dye for 30 mints. After washing with PBS, cells
were treated with B-CDA (0–80 μM) for 30 min without or with NAC. (**p < 0.001 vs control;
## p < 0.001 vs B-CDA treated cells). (B) Concentration-dependent protective effect of NAC
on ARPE-19 cell viability. Cells were preincubated with various concentrations of NAC (0–
10 mM) for 1 h and exposed to B-CDA (40 μM) for 12 h and cell viability was determined by
MTT assay. Data represents the mean ± SD of three experiments (*p < 0.001)
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Fig. 3. Effect of CDA on ARPE-19 cell apoptosis and protection by NAC
Cells (1 × 106) were incubated with B-CDA (40 μM) or H2O2 (200 μM) and harvested after
12 h. Apoptosis was detected by Annexin V- FITC as described in the text. Panels: (A) Control,
(B) 1 mM NAC, (C) 40 μM B-CDA + 1 mM NAC, (D) 200 μM H2O2 + 1 mM NAC, (E) 40
μM B-CDA and (F) 200 μM H2O2. Picture is a representative of three different sets of
experiments.
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Fig. 4. Quantification of protective effect of NAC on CDA- induced apoptosis in ARPE-19 cells
Cells (1 × 106) were preincubated with 1 mM NAC for 1 h prior to the addition of 40 μM B-
CDA or 60 μM L-CDA or 25 μM Z-CDA or 200 μM H2O2. The cells were harvested after 12
h and apoptosis was measured by ELISA as described in the text. Data represents the mean ±
SD of three experiments (# p < 0.001 vs Control; * p < 0.001 vs CDA and H2O2 treated cells).
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Fig. 5. Protective effect of NAC on CDA-induced ARPE-19 cell apoptosis
After treating the ARPE-19 cells with 40 μM B-CDA or 200 μM H2O2 for 12 h without or
with pretreatment with 1 mM NAC for 1 h, the cells were washed with PBS and stained with
Hoechst 33342 as described in the text. The arrows indicate condensed and fragmented nuclei
associated with apoptosis. Panel represents (A) Control, (B) 1 mM NAC, (C) 40 μM B-CDA
+ 1 mM NAC, (D) 200 μM H2O2 + 1 mM NAC, (E) 40 μM B-CDA and (F) 200 μM H2O2.
Picture is a representative of three different sets of experiments.
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Fig. 6. CDA- or H2O2- induced changes in ARPE-19 cell MMP represent an early apoptotic change
Cells (0.5 × 106) were exposed to 40 μM B-CDA or 200 μM H2O2 for 4 h without or with
pretreatment with 1 mM NAC for 1 h. At the end of experiment, the cells were harvested,
washed with PBS, incubated with JC-1 dye for 30 min, followed by 3X wash with PBS,
suspended in PBS and subjected to flow cytometry. The percentage in upper right corner of
quadrant Q2 represents the percent of cells with altered MMP. Panels: (A) Control, (B) 1 mM
NAC, (C) 40 μM B-CDA + 1 mM NAC, (D) 200 μM H2O2 + 1 mM NAC, (E) 40 μM B-CDA
and (F) 200 μM H2O2. Representative pictures from three different sets of experiments.
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Fig. 7. Effect of CDA on activation of NF-κB
(A) B-CDA-induced concentration-dependent activation of NF-κB. EMSA autoradiographs
of nuclear extracts prepared from serum-starved ARPE-19 cells treated with 1, 10, 40, 75 &
100 μM B-CDA for 1h. TNF-α (20 ng/ml) was used as positive control (* p < 0.01; ** p <
0.001). (B) Inhibition of B-CDA and TNF-α induced NF-κB activation by NAC. (C) B-CDA
and TNF-α induced AP-1 activation and significant inhibition by 1 mM NAC. (C) Inhibition
of L-CDA, Z-CDA and TNF-α induced NF-κB activation by NAC. (E) L-CDA, Z-CDA and
TNF-α induced AP-1 activation and significant inhibition by 1 mM NAC. Data represent the
mean ± SD of three experiments (# p < 0.001 vs Control; *p < 0.001 vs CDA or TNF- α treated
cells).
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Fig. 8. Effect of CDA on activation of AP-1
EMSA autoradiographs of nuclear extracts prepared from ARPE-19 cells. (A) B-CDA and
TNF-α induced AP-1 activation and significant inhibition by 1 mM NAC. (B) L-CDA, Z-CDA
and TNF-α induced AP-1 activation and significant inhibition by 1 mM NAC. Data represent
the mean ± SD of three experiments (# p < 0.001 vs Control; *p < 0.001 vs CDA or TNF- α
treated cells).
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