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Abstract

All-trans-retinal (AtRal) can accumulate in the retina as a result of excessive exposure to light.
The purpose of this study was to compare cytotoxicity of AtRal and photodegraded AtRal
(dAtRal) on cultured human retinal pigment epithelial cells in dark and upon exposure to visible
light. AtRal was degraded by exposure to visible light. Cytotoxicity was monitored by imaging of
cell morphology, propidium iodide staining of cells with permeable plasma membrane and
measurements of reductive activity of cells. Generation of singlet oxygen photosensitized by
AtRal and dAtRal was monitored by time-resolved measurements of characteristic singlet oxygen
phosphorescence. Photodegradation of AtRal resulted in a decrease in absorption of visible light
and accumulation of the degradation products with absorption maximum at ~330 nm. Toxicity of
dAtRal was concentration-dependent and was greater during irradiation with visible light than in
dark. DAtRal was more cytotoxic than AtRal both in dark and during exposure to visible light.
Photochemical properties of dAtRal indicate that it may be responsible for the maximum in the
action spectra of retinal photodamage recorded in animals. In conclusion, photodegradation
products of AtRal may impose a significant threat to the retina and therefore their roles in retinal
pathology need to be explored.

INTRODUCTION

All-trans-retinal (AtRal) is formed in the retina as a result of photoisomerisation of the
visual pigment chromophore, 11-cis-retinylidene followed by its hydrolysis from the
protein, opsin (reviewed in 1-3). During exposure to light under conditions where the rate of
AtRal release exceeds the rate of its enzymatic removal, AtRal can accumulate in
photoreceptor outer segments (POS). AtRal is a potent photosensitizer which upon
photoexcitation with UVA or blue light in the presence of oxygen leads to formation of
singlet oxygen (10,), highly capable of oxidizing biological molecules such as nucleic acids,
proteins and unsaturated lipids (1-3). POS are composed mainly from lipids and proteins,
which themselves may become targets of photosensitized damage mediated by AtRal. POS
are in intimate proximity to the retinal pigment epithelium (RPE), a monolayer of cells
separating the retina from the choroidal blood supply which is essential for proper function
and survival of photoreceptors (4). Experiments /in vitro and in vivo have revealed several
pathways by which AtRal can be damaging to the RPE in dark (1-3,5-13). Dysfunction of
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the RPE is followed by dysfunction and ultimately loss of photoreceptors, and, as a
consequence, visual loss.

The role of AtRal as the major causative factor in light-induced damage to the retina was
deduced in 2005 (1). Recent studies on knockout mice with delayed clearance of AtRal from
the retina confirmed that finding and added a wealth of information on the cellular and
molecular effects exerted by AtRal on retinal cells [reviewed by Maeda et al. 2012 in this
Symposium-in-Print on Light-Induced Damage to the Retina (5)]. Maeda and colleagues
demonstrated that AtRal causes activation of NADPH oxidase which, in turn, produces
superoxide leading to increased oxidative stress. Activation of NADPH oxidase initiated by
AtRal is mediated by at least two G-protein coupled receptors, involves production of
inositol triphosphate (PI13), and mobilization of intracellular calcium stores resulting in an
increase in cytoplasmic calcium. Also toll-like receptor 3 (TLR-3) is activated by AtRal and,
in turn, stimulates further signalling cascade involving activation of nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB) and interferon regulatory factor 3 (IRF3),
eventually leading to apoptosis and an inflammatory response.

Retinoids are very susceptible to oxidation and photodegradation induced by ultraviolet light
under aerobic conditions (12,14-16). The degradation products include several
endoperoxides, shorter-chain aldehydes and epoxides. Thus, it may be hypothesized that
these products of AtRal degradation also contribute to cytotoxicity. UV light normally does
not reach the retina in an adult human eye. Absorption spectrum of AtRal extends into the
violet-visible part of the optical spectrum and photoexcitation of AtRal with blue light in the
presence of oxygen leads to photosensitized generation of singlet oxygen, which in turn can
oxidize AtRal. Thus it can be expected that irradiation of AtRal with visible light will lead to
AtRal degradation. The purpose of this study was to compare cytotoxic effects of AtRal and
AtRal photodegraded by visible light (dAtRal) on cultured RPE cells in dark and upon
exposure to visible light. Cytotoxicity was monitored by imaging of cell morphology,
propidium iodide staining of cells with permeable plasma membrane and measurements of
reductive activity of cells. Generation of singlet oxygen photosensitized by AtRal/dAtRal
was monitored by time-resolved measurements of characteristic singlet oxygen
phosphorescence. Our results demonstrate that AtRal is susceptible to degradation induced
by visible light and that the degradation products are more cytotoxic than AtRal. The
absorption spectrum of the degradation products and their photosensitizing properties
indicate that they may be responsible for the maximum in UV in the action spectra of retinal
photodamage recorded in previous studies on aphakic monkeys and rats (3,17,18).

MATERIALS AND METHODS

Photodegradation of all-trans-retinal (AtRal)

AtRal (Sigma-Aldrich Co.) was degraded by exposure of AtRal solubilized in benzene to
visible light from a solar simulator Sol lamp (H6nle UV Ltd, Birmingham). Benzene was
used as a solvent due to its low chemical reactivity. Heat and UV filters (Lee Heat Shield
and #226 Lee UV filter, respectively; Lee Filters, UK) were placed between the lamp and
glass Petri dish with the solution of AtRal. Spectral irradiance of the light source between
380 and 780 nm was measured in each experiment using a handheld spectroradiometer
(Specbos 1201 with JETI LiMeS software; Glen Spectra, UK). The distance between the
lamp and the glass shelf where the Petri dishes were positioned was adjusted so the
irradiance at the sample level was ~12 mW cm~2 (Fig. 1). During exposure to light, the
temperature was held at 34°C.

Photodegradation of AtRal was monitored at selected times of 0, 10, 30, 60, 90 and 120 min
by measurements of absorbance spectra. The level of degradation was estimated by a
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decrease in absorption maximum of AtRal at 380 nm and an increase in ratio of absorbance
at shorter wavelengths (at 337 nm) to absorbance at 380 nm or at longer wavelengths. For
each wavelength, the contribution of products of AtRal degradation to the absorption
spectrum was calculated using the equation below:

ADP.,I :AdAtRul,/l - AAtRul,/lAdArRu[,,%SOnm /A,ﬂtRul..?S()nm

where App 4 denotes the lower limit for contribution to absorbance at wavelength A by the
degradation products (DP) of AtRal; Agatral 2—the recorded absorbance at wavelength k of
the mixture of the degradation products and the remaining AtRal; Ajatral »—the recorded
absorbance at wavelength A of AtRal; Agatral 380 nm—the recorded absorbance of the
mixture of the degradation products and the remaining AtRal at 380 nm; AatRral 380 nm—the
recorded absorbance of AtRal at 380 nm. This was based on an assumption that absorbance
at 380 nm was due to AtRal only. However, as the subtraction from the recorded spectra of
the assumed AtRal contribution produced substantial negative values of absorbance, an
analogous procedure was applied with an assumption that AtRal is the major absorber at 450
nm.

For storage of dAtRal, benzene was evaporated on a rotary evaporator immediately after
photodegradation and degraded AtRal was stored under argon until use.

Calculations of intensities of absorbed light and numbers of absorbed photons

Intensity of absorbed light for each wavelength was calculated based on irradiance spectrum
and sample absorbance spectra:

I,=(1-10"") I,

A

where /a » denotes intensity of absorbed light at wavelength A; Ay—sample absorbance at
wavelength A; /y »—intensity of incident light at wavelength A.

The ratios of total numbers of absorbed photons for dAtRal samples relative to the initial
sample of AtRal, Myatral, Total/ VAtRal, Total Were calculated based on the following equation:
N

dAt Ral,Total

/N,

AtRal Total —

ZNLIAtRuL/l /ZNAtRu[,/l
=3/ /2,

A,dAtRal,A

A

AtRal,A

where Y denotes summation for each wavelength from the range of 380-780 nm,

> Myatral A+ 2 Natral, 2-—sums of fluxes of absorbed photons for each wavelength A from the
range of 380-780 nm for dAtRal and AtRal samples, respectively; Y /a datral A4,

Y Ia Atral AA—sums of products of the wavelength A and absorbed light intensity at A for
each wavelength from the range of 380-780 nm for dAtRal and AtRal samples, respectively.

RPE cell culture

Spontaneously immortalized cell line ARPE-19 derived from a 19 year old donor of human
retinal pigment epithelial cells was obtained from the American Type Culture Collection
(ATCC; Manassas, VA). ARPE-19 cells have been shown to exhibit several, but not all,
functional and structural properties of human RPE cells (19). Cells were cultured ina 1:1
mixture of Dulbecco’s Eagle’s medium and Ham’s F12 medium (DMEM:F12, GIBCO, UK)
supplemented with antibiotics (0.1 mg mL™1 streptomycin, 0.1 mg mL~! kanamycin and
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0.06 mg mL~1 penicilin; Sigma, UK), fungizone (1.25 ug mL~1 amphotericin; GIBCO, UK)
and 10% vol/vol heat-inactivated fetal calf serum (FCS; BioSera) at 37°C in a humidified
incubator containing 5% CO5, and 95% air. For cytotoxicity experiments, cells were cultured
in 24-well plates. As soon as cells reached confluence, the concentration of FCS was
decreased to 2% and cells were maintained in culture medium with 2% FCS for 4-5 days
before the experiments to reduce the variability in their responses to photo-oxidative stress
(20).

Exposure of ARPE-19 cells to ATR or dATR, and light

Before exposure to AtRal or degraded AtRal, cell culture medium was removed and the
wells were gently washed twice with phosphate-buffered saline (PBS) with an addition of
calcium chloride and magnesium chloride (Dulbecco’s PBS, GIBCO, UK; DPBS) in order
to remove the remnants of culture medium which itself contains photosensitzers (21).
ARPE-19 cells were exposed to 1 mL/well of AtRal or degraded AtRal which were first
solubilized in dimethylsulfoxide (DMSO) and then diluted in DPBS to the final 0.2%
DMSO. Culture plates with cells in the presence of AtRal/dAtRal or the vehicle (0.2%
DMSO) were exposed for 60 min to visible light from the same light source as for AtRal
photodegradation. For incubations with AtRal/dAtRal in dark, culture plates were wrapped
in blackened aluminium foil and then in aluminium foil, and placed above the lamp to
mimic the temperature and air conditions experienced by light-exposed cells. Spectral
irradiance at the sample level was measured in each experiment using a handheld
spectroradiometer (Specbos 1201 with JETI LiMeS software; Glen Spectra, UK). One hour
exposure was followed by washing cells twice with D-PBS, covering with culture medium
containing 2% FCS and then returning them to the incubator until cytotoxicity assays which
were performed 24 h postexposure unless stated otherwise.

Phase contrast microscopy for imaging of cell monolayer morphology

Cells were visualized using an Olympus 1X70 inverted microscope with phase contrast.
Images were obtained using a Spot RT color CCD camera and Spot Advanced software
(Diagnostic Instruments Inc, UK).

Staining with Hoechst 33342 and propidium iodide to visualize apoptotic and necrotic cells
by fluorescence microscopy

Hoechst 33342 (Hoechst) permeates through the plasma membrane and binds to DNA
emitting blue fluorescence (maximum at ~460 nm) when excited with UV-A light
(excitation maximum at about 350 nm) so allows visualization of all nuclei and
differentiation between normal and apoptotic cells whose nuclei appear shrunken and exhibit
brighter fluorescence (12). Propidium iodide (PI) is a red-fluorescence dye (excitation/
emission maxima ~535/617 nm when bound to DNA) which is normally not permeant
through the plasma membrane so stains nuclei of dead cells with permeable plasma
membrane. At selected times postexposure to AtRal/dAtRal (2 or 24 h), cells were incubated
for 15 min at 37°C with 3 ug mL~1 Hoechst and 1 g mL™1 PI in DPBS. After labelling,
cells were washed with DPBS and imaged immediately for fluorescence with the Olympus
IX70 inverted microscope. There were two filter sets used—one optimized for red emission
of PI (excitation with filter transmitting 510-550 nm light; emission monitored after long-
pass filter transmitting light >590 nm) and the other—for blue emission of Hoechst
(excitation 330-385 nm; long-pass emission filter >420 nm).

Assay of reductive activity of cells

Living cells can reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny! tetrazolium bromide
(MTT) to formazan, and therefore quantification of formazan can be used as a rapid test of
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cell viability (22,23). ARPE-19 cells 24 h after exposure to AtRal/dAtRal were incubated for
1 h with 1 mL/well of 0.5 mg mL™1 MTT. Then, MTT solution was aspirated, cell
monolayers in wells were washed with DPBS and after apirating DPBS, formazan was
dissolved in acidified isopropanol (200 pL/well of isopropanol with 0.04 M HCI).
Accumulated formazan was quantified by its absorbance at 590 nm in a microplate reader
(BioTek ELx800). A reference filter at 690 nm was used and absorbance values at this
wavelength were subtracted from the absorbance at 590 nm to minimize artefacts due to
light scatter. Background measurements were taken in cells exposed to acidified isopropanol
only (i.e. no ATR/dATR and no MTT) and corresponding absorbance values were
subtracted. For all experiments the reductive activity was calculated as a ratio to control
cells from the same plate (expressed as percentage) which were exposed only to the vehicle
(0.2% DMSO). In a set of control experiments, reductive activities of cells incubated in dark
or exposed to visible light in the presence of 0.2% DMSO were compared and it was
demonstrated that there was no statistically significant difference between these two groups.
Reductive activitites of ARPE-19 cells (A) in dark or upon exposure to visible light as a
function of AtRal or dAtRal concentrations (c) were fitted to a four parameter logistic curve:

A=m+ (M — m) | (1+(c/EC50)™))

where m, M, ECsq and sstand for the fitted parameters representing a minimum and
maximum of reductive activities, the concentration responsible for 50% inhibition of
reductive activity and the slope of the curve, respectively.

Detection of singlet oxygen

To monitor formation and decay of singlet oxygen, time-resolved detection of characteristic
singlet oxygen phosphorescence at 1270 nm was used (24—-26). Air-saturated solutions of
AtRal or dAtRal solubilised in benzene were photoexcited either by a 5 ns laser pulse of 355
nm wavelength from Continuum Surelite 11-10 Q-switched Nd:YAG laser (Photonic
Solutions Plc., Edinburgh, UK) or by selected wavelengths from a range of 414-2550 nm
obtained from a tuneable Continuum Panther type Il optical parametric oscillator pumped by
the third harmonic of Nd:YAG laser (Photonic Solutions Plc., Edinburgh, UK). Laser energy
of each shot was monitored by a photodiode, digitized and fed into a RISC computer
(Acorn, Swadlincote, Derbyshire) for data normalization. The photodiode was calibrated
with a J25LP-MB laser energy meter (Coherent, Portland, OR). The laser energy reaching
the sample was varied using neutral density filters. Sample luminescence was monitored by
a nitrogen-cooled germanium detector (Applied Detectors Co., CA), equipped with a cut-off
filter transmitting light only above 1200 nm and an interference filter with maximum
transmission centered at 1270 nm (LOT-Oriel UK, Leatherhead, UK), coupled to an Agilent
digitizing scope (Infiniium 54830B DSO, Agilent, Santa Clara, CA) and interfaced with a
LKS.60 nanosecond time-resolved spectrometer (Applied Photophysics, Leatherhead, UK)
and RISC computer.

To compare the yields of singlet oxygen photosensitized by AtRal and dAtRal, the growth
and decay of sample luminescence of samples containing AtRal or its equivalent after
photodegradation were recorded. The decaying part of phosphorescence signal was fitted
with a single exponential model, using the following equation:

I=Iyexp (—kt) +1

where /denotes phosphorescence intensity, /p—the initial emission intensity extrapolated to
the time of the laser pulse; A&—rate constant of decay; £—time; /oo—emission intensity at ¢
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— o0, The initial emission intensity was measured as a function of laser energy and the
slopes of the linear portion of the curve were taken as yields of singlet oxygen.

To measure the quantum yields of singlet oxygen formation, AtRal was used as a standard
with a known quantum yield of singlet oxygen generation of 0.30 £ 0.04 (24). AtRal sample
was diluted to match absorbance of dAtRal at the excitation wavelength. The initial
emission intensity was measured as a function of laser energy and relative slopes of the
linear portion of the curve were used for calculation of singlet oxygen quantum yield
generated by dAtRal according to the formula:

D ik =Pra * (aumku/ / a’mRu/)
where @yairal denotes quantum yield of singlet oxygen generation for dAtRal, @atra—

quantum yield of singlet oxygen generation for AtRal, ajaira—fitted slope for dAtRal;
apira—fitted slope for AtRal.

Calculations of total yields of singlet oxygen by samples illuminated with visible light

Total yields of singlet oxygen photosensitized by AtRal and dAtRal were calculated using
the following equation:
Vipw= [AtRal]®

AIRMINAI,RuI ,TotalNorm

= (1 = [AyRal]) I® ,;,5,s N ;. TotalNorm

where yrotq denotes the total yield of singlet oxygen when sample was excited with visible
light; [AtRal] denotes concentration of remaining AtRal relative to its initial concentration
before photodegradation; @atral, Pyatral denote quantum yields of singlet oxygen
generation for AtRal and dAtRal, respectively; Natral, TotalNorm: /VdAtRal, Total-Norm—total
flux of absorbed photons relative to its initial value by AtRal and its degradation products,
respectively.

Data analysis

RESULTS

Data analyses were carried out using Microsoft Office Excel 2007 and SigmaPlot for
Windows version 11.0. Unless stated otherwise, data points in graphs represent the means,
while error bars represent SEM from at least three independent experiments. Unless stated
otherwise, statistical comparisons were carried out using SigmaPlot 11.0 by one way
analysis of variance (ANOVA) and pairwise multiple comparison procedures (Holm-Sidak
method).

Photodegradation of AtRal

Irradiation of AtRal with visible light led to a rapid decrease in absorbance at 380 nm
corresponding to the absorption maximum of AtRal solubilized in benzene (Fig. 2a). After 2
h irradiation, the absorbance at 380 nm reached 20% of its initial value. The decrease in
absorbance at 380 nm was accompanied by a relative increase of absorbance at shorter
wavelengths indicating that the degradation products absorb shorter wavelength light than
AtRal. For example, the ratio of absorbance of 380 nm to the absorbance at 337 nm
decreased almost five-fold from 2.27 to 0.47 when the initial absorbance spectrum was
compared with the spectrum after 2 h irradiation.

Photochem Photobiol. Author manuscript; available in PMC 2013 May 06.
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Because AtRal contributes to the absorbance at 337 nm, the measured absorbance at 337 nm
of the mixture of AtRal and its degradation products represented the upper limit for the
absorbance of the degradation products at this wavelength. Lack of an isosbestic point
suggested that AtRal is degraded to more than one degradation product.

It can be expected that the degradation product(s) contribute to absorption at 380 nm. This
notion was supported by the absorbance spectra obtained after subtracting from the
measured spectra the contribution of AtRal estimated based on absorbance at 380 nm (Fig.
2b). The resulting difference spectra exhibited substantial negative values of absorbances
between 380 and 460 nm, suggesting that quantification of AtRal at 460 nm or longer
wavelengths may be a better approach. However, the absorbance of AtRal at 460 nm was
rather small and therefore its measurement prone to increased experimental uncertainties.
Therefore in attempt to quantify AtRal loss, absorbance at 450 nm was selected. The
difference spectra of absorbance obtained after subtracting AtRal contribution (estimated
based on absorbance at 450 nm) exhibited negative values only for 10 and 30 min
photodegradation times, but not for longer degradation times, suggesting minor
contributions of the late degradation products to absorbance at 450 nm (Fig. 2c). The ratio of
absorbances at 337 nm to 450 nm exhibited an exponential decay with the irradiation time
(Fig. 2d). Here, the ratios decreased ~11-fold when the initial absorbance spectrum was
compared with the spectrum after 2 h irradiation, thus the change was about twice greater
than the change in ratios of absorbances at 337 and 380 nm, supporting the choice of 450 nm
over 380 nm for quantification of AtRal depletion.

The decay of atRal monitored at 450 nm demonstrated a monotonic decrease with
photodegradation time, whereas at 380 nm there was an initial delay observed after 10 min
irradiation time, corresponding possibly to the formation of a mixture of different isomers of
retinal (27) (Fig. 2e). Within the range of 10-120 min of photodegradation time, the
decrease in absorbances at 380 and 450 nm followed an exponential decay. After 2 h
irradiation, ~92% of AtRal was degraded (Fig. 2e).

Assuming that AtRal was the main contributor to the absorbance at 450 nm, the subtraction
of the remaining AtRal from the absorbance spectra allowed estimation of the absorbance
spectrum of the degradation products (Fig. 2c). The absorbance of the degradation products
at 337 nm rose exponentially to maximum approaching the plateau already after 90 min of
photodegradation (Fig. 2f).

Depletion of AtRal and accumulation of the degradation products resulted in substantial
changes of the absorption of photons from the visible part of the electromagnetic spectrum
(Fig. 3). The absorbance integrated over the whole range of visible light (390-780 nm) and
consequently the number of absorbed photons from the light source decreased rapidly with
the degradation time (Fig. 3a). After 10 min photodegradation the decrease followed an
exponential decay. After 120 min degradation, the integrated absorbance in the visible range
was ~six-fold smaller than for the intact AtRal.

To determine how changes in absorbance spectra due to photodegradation of AtRal affect
absorption of photons from the light source, spectra of absorbed fluxes of light for AtRal/
dAtRal solubilized in benzene were calculated (Fig. 3b). All samples absorbed only blue-
violet light and the fluxes of absorbed light decreased rapidly with the photodegradation
time (Fig 3b). The number of absorbed photons by samples photodegraded for 60 and 120
min decreased to 37% and 17%, respectively, when compared with the initial sample of
AtRal (Fig. 3a).

Photochem Photobiol. Author manuscript; available in PMC 2013 May 06.
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Effects of AtRal and its degradation products solubilized in DMSO on RPE cell function
and viability

Both AtRal and a mixture of all-frans-retinal and its degradation products obtained after 60
min of photodegradation (dAtRal) exhibited a dose-dependent effect on cell morphology,
attachment and reductive capacity in dark and these effects were exacerbated by exposure to
visible light (Figs. 4-6). Changes in cell morphology in dark were observed after incubation
with 25 uM dAtRal with apparent cell shrinkage and rounding up (Fig. 4). The shrunken
cells appeared above the monolayer as bright white spots when attempting to focus at the
level of the monolayer. At 50 M dAtRal, the majority of cells were affected. AtRal at the
same concentration did not exert noticeable effects. Toxic effects of AtRal in dark were
clearly visible at concentrations of 100 .M and higher.

Concentrations of AtRal and dAtRal producing damage during exposure to visible light
were at least twice lower than those producing similar damage in dark (Fig. 4). Rounding up
of cells was observed in cells subjected to 18 and 12.5 uM of AtRal and dAtRal,
respectively. The majority of cells were rounded up in wells subjected to 50 zM and 18 uM
of AtRal and dAtRal, respectively.

Morphological changes also included condensation of the chromatin in the nuclei which was
noticeable already 2 h postexposure and became more pronounced 24 h postexposure to 25
4M dAtRal both in dark and while irradiated with visible light (Fig. 5). Condensation of
nuclei occurred also for cells treated with AtRal but for concentration of 50 M and higher.
Two hours postexposure there was very little labelling of nuclei with propidium iodide
indicating that the majority of cells retained intact plasma membrane even when treated with
the highest concentrations of AtRal and dAtRal. Twenty-four hours after exposure to AtRal
or dAtRal, almost every field of view included some cells with plasma membrane permeable
to propidium iodide.

Measurements of the reductive capacity of cells gave consistent results with observations of
cell morphology (Fig. 6). The lowest concentrations of AtRal and dAtRal significantly
decreasing formazan formation (P < 0.05) in dark were 100 M and 50 xM, respectively.
For cells exposed to light, the lowest concentrations of AtRal and dAtRal significantly
decreasing formazan formation were 50 and 25 p«M. Concentrations of AtRal and dAtRal
decreasing formazan formation by 50% (ECsp) were 71 + 6 and 39 + 3 uM, respectively, in
dark; whereas for light-exposed cells, concentrations of AtRal and dAtRal decreasing
formazan formation by 50% were 30 + 3 and 23 + 2 uM, respectively (Fig. 6b).

To further determine how degradation of AtRal affects its cytotoxic properties, RPE cells
were subjected to 50 M AtRal or 50 M AtRal photodegraded for different times up to 120
min when 92% of AtRal was degraded (Fig. 7a,b). The more degraded AtRal was the greater
the inhibition of reductive activities of ARPE-19 cells. Already 30 min of degradation
resulted in a significantly increased inhibitory effect in dark when compared to treatment
with nondegraded AtRal. Despite the degradation-related decrease in fluxes of absorbed
photons (Fig. 3), the inhibitory effect on reductive activity increased with increasing
degradation time and loss of AtRal (Fig. 7).

Comparison of photosensitized generation of singlet oxygen by AtRal and dAtRal

Both AtRal and dAtRal photosensitized singlet oxygen when excited with UV-A (355 nm)
or blue (422 nm) light (Fig. 8). The yields of singlet oxygen photosensitized by samples of
photodegraded AtRal were 34% and 72% lower than for AtRal for photoexcitation with 355
and 422 nm light, respectively (Fig. 8; Table 1). However, when the yields were compared
for samples of AtRal and dAtRal absorbing the same number of photons, the quantum yields
were the same within the experimental uncertainty both for excitation with UV-A light and
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blue light (Fig. 8; Table 1). It suggests that the photodegradation products have the same
quantum yield of 10, generation as AtRal.

The same quantum yields of photosensitized generation of singlet oxygen by excitation with
355 and 422 nm light, suggests that the quantum yields of singlet oxygen photosensitized by
AtRal or dAtRal may be the same for the whole range of visible light they absorb. Based on
that assumption, a ratio of singlet oxygen photogenerated by dAtRal and AtRal during
irradiation with visible light could be calculated. To validate this approach, the ratio of
yields of singlet oxygen photosensitized by AtRal/dAtRal samples of known absorbance at
the excitation wavelength were calculated. For example, for samples of AtRal and dAtRal of
absorbance at 355 nm of 0.350 and 0.182, respectively, the calculated ratio of yields of
singlet oxygen produced by dAtRal and AtRal was 64%, which was in good agreement with
its measured value of 66 + 4% (Fig. 8a; Table 1). For excitation with 422 nm light, the
calculated ratio of 30% was also in good agreement with the measured ratio of singlet
oxygen produced by dAtRal and AtRal (28 £ 2)% (Fig. 8a; Table 1). When analogous
calculations were made for the entire range of the visible spectrum taking into account
absorption of light from our light source, the yield of singlet oxygen photosensitized by
AtRal was 2.5-fold greater than for dAtRal obtained from 60 min photodegradation (Fig.
9a).

Assuming that AtRal/dAtRal remain in solubilized form and the relative quantum yields of
singlet oxygen photosensitized by AtRal and dAtRal are the same as in benzene when they
are delivered to ARPE-19 cells, the difference between reductive activity of ARPE-19 cells
maintained in dark and cells exposed to visible light during incubation with AtRal
photodegraded for up to 120 min was plotted against the calculated yields of singlet oxygen
photosensitized by the visible light from the light source. There was a positive correlation
between the calculated yield of singlet oxygen photosensitized by AtRal/photodegraded
AtRal and an increase in inhibitory effect on reductive activities of ARPE-19 cells
suggesting that singlet oxygen can play an important role in increasing the inhibitory effect
(Fig. 9b). It needs to be noted though that an extrapolation of the results from singlet oxygen
photosensitized by AtRal and dAtRal solubilized in nonpolar solvent to experiments with
cells need to be treated with caution. The quantum yields of singlet oxygen photosensitized
by AtRal vary depending on the local environment (24,28). For example, in nonprotic
nonpolar benzene the quantum yield of singlet oxygen generation by AtRal is 0.3 whereas in
much more polar and protic methanol it is decreased to 0.05 (24,28). The sub-cellular
localization of AtRal and dAtRal after delivery from 0.2% DMSO remains unknown. It is
likely that at least some products of AtRal degradation are more hydrophilic than AtRal
itself and therefore more likely to diffuse between different sub-cellular compartments or
even remain solubilized in the aqueous environment. This different distribution of AtRal and
dAtRal can affect their corresponding absorption cross-sections as well as quantum yields of
singlet oxygen generation.

DISCUSSION

Susceptibility of AtRal to degradation induced by visible light and photochemical
properties of the degradation products

There are numerous studies reporting photodegradation of retinoids, including AtRal, upon
exposure to UV light (12,14-16). Our results demonstrate that exposure of AtRal to visible
light under aerobic conditions also results in its rapid photodegradation. One of the potential
mechanisms responsible for photodegradation of AtRal is its oxidation by singlet oxygen,
which can be generated by energy transfer from photoexcited AtRal to molecular oxygen.
The quantum yields of photosensitized generation of singlet oxygen by AtRal are the same
irrespective of whether AtRal is photoexcited with UV-A or blue light (24) and therefore
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this pathway can account at least in part for AtRal photodegradation. The susceptibility of
AtRal to photodegradation by visible light is important considering that in the adult eye, the
crystalline lens filters out almost completely all UV light so only visible light can be
responsible for photodegradation of AtRal in the normal adult human retina (29).

Our results show that photodegradation of AtRal with visible light results in accumulation of
products absorbing shorter wavelength light than AtRal with absorption maximum at about
320-340 nm but still extending their absorption into the violet-blue range of the visible
spectrum. Interestingly, the mixture of AtRal and its degradation products exhibits almost
the same quantum yields of singlet oxygen generation as AtRal both when excited with UV-
A (355 nm) or blue (422 nm) light, suggesting that the degradation products of AtRal can be
important contributors to photosensitized damage in the retina /n vivo particularly in young
children or in animals like rodents whose lenses transmit UV light (29-32).

Cytotoxic effects of AtRal and its degradation products

Our results demonstrate that AtRal and dAtRal exert cytotoxic effects on cultured ARPE-19
cells involving a delayed type of cell death. Immediately and 2 h after exposure, AtRal or
dAtRal do not substantially affect integrity of the plasma membrane, but cell morphology
changes gradually with condensation of nuclear chromatin and shrinkage of nuclei
suggesting an apoptotic type of cell death. Both AtRal and dAtRal affect the reductive
activity of ARPE-19 cells measured with MTT assay.

The reduction of MTT to formazan is usually ascribed to the activity of mitochondrial
enzymes (33). However, some contribution can be caused by activity of oxidoreductases
other than those present in mitochondria, such as NADPH oxidase (33,34). It has been
shown that exposure of ARPE-19 cells to AtRal results in up-regulation of NADPH oxidase
activity (11). Some indication that this may have occurred in our experiments can be seen in
Fig. 6 where the concentration of the formazan formed in cells incubated with 12.5 uM
AtRal in dark was 9% greater than in control samples; however, the difference was not
statistically significant. Higher concentrations of AtRal exerted an inhibitory effect on
reductive activity of ARPE-19 cells and this effect was exacerbated upon exposure to visible
light.

Our results on AtRal cytotoxicity are in agreement with previous reports on cytotoxic effects
of AtRal to cultured RPE cells despite some differences in the experimental conditions (6,9).
Maeda and colleagues demonstrated that 16 h incubation of ARPE-19 cells with 30 uM
AtRal results in an inhibition of reductive activity measured by MTT assay by more than
90% both in dark and after exposure to blue light (9). AtRal caused an increase in the
cytoplasmic calcium, activation of caspase and activation of Bax-dependent apoptosis.
Wielgus and colleagues tested on ARPE-19 cells the effects of incubation for up to 24 h
with 20-60 M AtRal (6). AtRal caused an incubation time- and dose-dependent inhibition
of reductive activity, and an increase in leakage of lactate dehydrogenase. Already 3 h
exposure in dark to 20 M AtRal induced significant cytotoxic effects, whereas 40 uM
AtRal led to >90% decrease in reductive activity and release of lactate dehydrogenase
similar to that of lysed cells. These effects were exacerbated by exposure to visible light. In
all these experiments, the cytotoxic concentrations of AtRal were equivalent to only a small
fraction of AtRal which can be released from visual pigments upon photoexcitation (1-3).

Interestingly, our results demonstrate that the cytotoxicity of degraded AtRal is even greater
than of AtRal. One possible explanation is that degradation of AtRal leads to generation of
aldehydes and epoxides with reactivities comparable to AtRal but more hydrophilic and
therefore able to diffuse more freely to different cellular compartments. Moreover, unlike
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AtRal which can act as an efficient antioxidant, its degradation products may no longer
exhibit similar antioxidant properties (35-37).

A considerable research effort has been devoted to identify products of oxidation of a
pirydynium bisretinoid called A2E (38-46). Most of the identified molecules are
hydrophobic and therefore sequestered within the lipofuscin granules. For example, A2E
remains in the granule despite treatments with proteinase K and SDS, and thus is unlikely to
cause damage in cellular compartments other than the lipofuscin granule (44,47). Except for
the methylglyoxal, all other small cleavage products of A2E have been largely ignored
(43,44). These small molecules are likely to be the same as some of the degradation products
of AtRal. Due to their increased hydrophilicity, they are more likely than AtRal to diffuse
between cellular compartments while photosensitizing singlet oxygen formation and
exerting other deleterious effects, such as binding to proteins affecting their structure and
function. Therefore, the degradation products of AtRal appear to be the ones that deserve to
be identified and their photochemical and cytotoxic properties investigated.

In particular, it would be of great interest to determine whether or not the aldehydic products
derived from AtRal can bind to complement factor H (CFH). It has been recently shown that
CFH is a major protein binding malondialdehyde (MDA), a small aldehyde derived from
peroxidation of lipids, and this way protecting from its deleterious effects (48). Interestingly,
the CFH polymorphism H402, which is strongly associated with a greater risk of developing
age-related macular degeneration (AMD), substantially reduces the ability of CFH to bind
MDA.

Cytotoxic effects of degradation products of AtRal can provide an alternative explanation of
results in other studies. Shiose and colleagues exposed Y79 cells (derived from human
retinoblastoma cells) first to all-frans—retinal and then to 365 nm UV light in order to
completely degrade AtRal (12). Supernatants obtained from damaged Y79 cells promoted
apoptosis in ARPE-19 cells, induced up-regulation of NF-«xB activity in both ARPE-19 cells
and HEK?293 cells transfected with human TLR3, as well as up-regulation of IRF3. These
effects were not observed in the absence of TLR3 suggesting that TLR3 was orchestrating
all these downstream events. Up-regulation of NF-xB and IRF3 were decreased in cells
treated with nucleases leading to a suggestion that RNAs may be the ligands which activate
TLR3 (12). While double-stranded RNA is a typical ligand for TLR3, it cannot be excluded
that degradation products of AtRal can bind and activate TLR3. The inhibitory effect of
nucleases may be due to scavenging of aldehydic products of AtRal degradation by amine
groups of nucleobases.

Can degradation of AtRal explain the maximum in UV in the action spectra of light-induced
damage to the retina?

Importantly, our results suggest an explanation for the wavelength dependence observed in
the action spectra for retinal photodamage recorded on aphakic primates and rodents
showing an increase in susceptibility to light-induced damage with decreasing wavelength
down to 325 and 320 nm, respectively (3,17,18). Based on the changes in absorption spectra
during photodegradation of AtRal and the photosensitizing properties of the degradation
products, it can be expected that during photoexcitation with 325 nm light AtRal undergoes
photodegradation and, while its degradation products, with absorption maximum close to
325 nm accumulate, both AtRal and its degradation products can act as photosensitizers.
However, photoexcitation of AtRal with 380 nm or violet/blue light can lead to rapid
degradation of AtRal so no chromophores are left to absorb that light and cause retinal
photodamage.
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It can be suggested that in the retina /n vivo the photosensitizing effects of all-trans-retinal
and its degradation products will be damaging mostly to structures where these compounds
accumulate and upon photoexcitation can produce reactive oxygen species and degradation
products—photoreceptors. Indeed, studies on animals demonstrate that photoreceptors are
the primary site of damage induced by 380 nm light (49). RPE cells become the primary site
of photodamage for irradiations with wavelengths >440 nm. The dose of 470 nm light which
is required to induce threshold damage in the retina is ~3 orders of magnitude greater than
for 380 nm light (11,49). Due to much smaller absorption coefficients of AtRal above 440
nm in comparison to 380 nm, it can be suggested that direct photosensitized damage induced
by AtRal and damaging RPE is unlikely. However 470 nm light is effectively absorbed by
rhodopsin (extinction coefficient for 470 nm is smaller only by a factor of ~0.8 in
comparison to that at the rhodopsin maximum at 500 nm), and therefore it can be expected
that during exposure to 470 nm light, photoexcitations of rhodopsins result in considerable
fluxes of all-trans-retinals released from photobleached visual pigments. Some of
accumulated all- trans-retinal may diffuse out of the photoreceptors to the RPE, where it can
activate NADPH oxidase and TLR-3, which in turn, increase oxidative stress, lead to
apoptosis and inflammatory response (5,7-13).

CONCLUSION

In conclusion, AtRal is susceptible to degradation by visible light and the degradation
products of AtRal are more cytotoxic than AtRal itself. This warrants further investigation
of the degradation products, including the identification of their chemical structures,
presence in the retina, metabolism, and their effects on retinal function.

AtRal degradation products exhibit similar quantum yields of singlet oxygen generation but
their absorption is shifted towards shorter wavelengths in comparison with AtRal. This may
explain the action spectra of retinal photodamage observed in animals. Degraded AtRal may
play the major role in photosensitized damage in retinas exposed to UV light such as in
young children or rodents.
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Figure 1.
Irradiance spectrum of visible light used for AtRal degradation and exposure of ARPE19
cells; ~12 mW cm™2,
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Photodegradation of AtRal with visible light leads to AtRal depletion and accumulation of
degradation products. Absorption spectra of AtRal before irradiation and after indicated
times of exposure to 12 mW cm=2 of visible light (a). Absorbance spectra obtained after
subtraction of AtRal contribution based on absorbance at 380 (b) and 450 nm (c). Ratios of
absorbances at 450 and 337 nm as a function of the photodegradation time (d). Absorbances

at 380 and 450 nm expressed as the percentage of the initial absorbances at the

corresponding wavelengths as a function of the photodegradation time (e). Absorbance at
337 nm of the degradation products (from part c) as a function of the photodegradation time

(f).
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Photodegradation of AtRal results in a decrease in absorption of visible light. Integrated
absorbance for visible light (390-780 nm) and fluxes of absorbed photons of blue light as a
function of the photodegradation time (a). Values are expressed as percentages of the initial
integrated absorbance and flux of absorbed photons by AtRal/dAtRal. Spectra of absorbed
visible light by a layer of AtRal/dAtRal solution in benzene (with absorption spectra shown

in Fig. 2) after indicated photodegradation times (b).
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Figure 4.
Effects of AtRal and degraded AtRal (dAtRal) on morphology of the ARPE-19 cell

monolayer. Phase contrast images of ARPE-19 cells taken 24 h after 60 min incubation with
indicated concentrations of AtRal or its degradation mixture in dark (dark) or during
exposure to 12 mW cm=2 of visible light (light).
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Figure5.

Representative photographs of ARPE-19 cells labelled with Hoechst (emission of
fluorescence in blue) and propidium iodide (red emission) 2 or 24 h after completing 60 min
incubation with indicated concentrations of AtRal or degraded AtRal (dAtRal) in the dark
(dark) or during exposure to visible light (12 mW cm™2, light).
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Figure6.

Reductive capacity of ARPE-19 cells as a function of initial concentration of AtRal or
degraded AtRal (dAtRal) measured by MTT assay 24 h after 60 min incubation with AtRal
or degraded AtRal (dAtRal) in dark or during exposure to visible light (~12 mW cm™2) (a).
Cells without AtRal/dAtRal were used as control (100% reductive capacity). Concentrations
of AtRal/dAtRal responsible for inhibiting by 50% (ECsp) of the reductive activity of
ARPE-19 cells in dark and during exposure to visible light (b). EC5q + SE were obtained
from fitting experimental data to a four parameter logistic curve.
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Figure7.

Reductive capacity of ARPE-19 cells as a function of the degree of AtRal degradation. The
reductive activity was measured by MTT assay 24 h after 60 min incubation with 0.05 mM
AtRal photodegraded by visible light for the indicated time (a) leading to the indicated loss
of AtRal (b). During exposure to AtRal/degraded AtRal cells were kept in dark (dark) or
exposed to visible light (~12 mW cm~2; light). Cells without AtRal/dAtRal were used as
controls corresponding to 100% reductive capacity.
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Figure8.

Representative kinetics of formation and decay of characteristic singlet oxygen
phosphorescence at 1270 nm upon photoexcitation with 355 nm (a) and 422 nm (b) laser
pulse. Samples contained 10 M AtRal or degraded AtRal (dAtRal; obtained by
photodegradation for 60 min of 10 M AtRal with ~12 mW cm™2 visible light) solubilized
in benzene in air equilibrium. For measurements shown in graph (a), absorbances of AtRal
and dAtRal at 355 nm were 0.350 and 0.182, respectively. For measurements shown in
graph (b), absorbances of AtRal and dAtRal at 422 nm were 0.181 and 0.042, respectively.
To compare quantum yields of singlet oxygen photosensitized by AtRal and dAtRal, AtRal
was diluted to match absorbance of dAtRal at the excitation wavelength (diluted AtRal).
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Figure9.

Calculated singlet oxygen yields in samples containing AtRal or AtRal photodegraded for
up to 120 min when excited with visible light in benzene (a). Difference between reductive
activity of ARPE-19 cells maintained in dark and cells exposed to visible light during
incubation with AtRal photodegraded for up to 120 min as a function of calculated yields of
singlet oxygen generated during irradiation. The calculated yields are based on assumptions
that AtRal and dAtRal remain in solubilized form and the relative quantum yields of singlet
oxygen photosensitized by AtRal and dAtRal are the same as in benzene.
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Table 1

Summary of singlet oxygen yields (relative to AtRal) and quantum yields in samples of (i) AtRal, (ii) AtRal

photodegraded by visible light for 60 min, ~12 mW cm~2 (dAtRal), and (iii) AtRal diluted to match
absorbance of dAtRal at the excitation wavelength (diluted AtRal).

Excitation Excitation
with UV-A with blue
light (355 nm) light (422 nm)
10,yidd 10, quantum 1O,yied 0O, quantum
v (%) yied @ v (%) yied @
AtRal 100 100
dAtRal 66+4 0.31+£0.02 28+2 0.33+£0.02
Diluted AtRal 0.30+0.04" 0.30+0.04"

Values represent means + standard deviations from three experiments.

*
Value from reference (24).
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