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Abstract: It is known that during the process of aging there is a significant decrease in the number
of melanosomes in the retinal pigment epithelium (RPE) cells of the human eye. We have previously
shown that the interaction of melanin melanosomes with superoxide radicals results in its oxidative
degradation with the formation of water-soluble fluorescent products. In the present study, we
show using fluorescence analysis, HPLC, and mass spectrometry, that visible light irradiation of
melanolipofuscin granules isolated from RPE cells of the human eye results in the formation of
water-soluble fluorescent products of oxidative degradation of melanin, in contrast to lipofuscin
granules and melanosomes irradiation. The formation of these products occurs as a result of
oxidative degradation of melanin by superoxide radicals, which are generated by the lipofuscin part
of the melanolipofuscin granule. We identified these products both in the composition of
melanolipofuscin granules irradiated with visible light, and in composition of non-irradiated but
oxidized by superoxide radicals, melanosomes. In melanolipofuscin granules irradiated with visible
light, ions that could be associated to melanin oxidative degradation products were identified by
applying principal component analysis of time-of-flight secondary ion mass spectrometry (ToF-
SIMS) data. Degradation of the intact melanosomes by visible light is also possible; however, this
requires significantly higher irradiation intensities than for melanolipofuscin granules. It is
concluded that the decrease in the concentration of melanin in RPE cells of the human eye with age
is due to its oxidative degradation by reactive oxygen species generated by lipofuscin as part of
melanolipofuscin granules under the action of light.

Keywords: human eye; retinal pigment epithelium; melanosomes; melanolipofuscin granules;
visible light; superoxide; melanin degradation

1. Introduction

The retinal pigment epithelium (RPE) cells of the eye contain three types of pigment granules:
melanosomes, lipofuscin granules, and melanolipofuscin granules. Melanosomes are specialized
organelles of RPE cells containing a protein part and a eumelanin-type polymer. All melanosomes in
RPE are formed right at the time of embryonic development and perform their functions throughout
the life of an individual, while lipofuscin and melanolipofuscin granules are formed much later and
accumulate in RPE cells as a function of age. Changes in the density of melanosomes and lipofuscin
granules in RPE are considered to be hallmarks of aging or the development of various retinal
diseases, including Stargardt’s disease and age-related macular degeneration [1]. Melanosomes
perform the function of screening photoreceptor cells from excessive illumination and the function
of antioxidant protection of the cell from free-radical oxidation caused by irradiation and reactive
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oxygen species [2-8]. With age, there is a significant decrease in the number of melanosomes in RPE
cells. Whereas melanosomes occupy up to 8% of the RPE cell volume before the age 20 years, this
volume gradually decreases to 3.5% between the ages of 40-90 years [9,10]. At the same time, the total
concentration of melanin in the RPE cell decreases by 2.5 times [10]. Simultaneously with age, the
density of lipofuscin and melanolipofuscin granules increases in RPE [9,11]. A decrease in the density
of melanosomes with age may be due to the fact that they conjugate with lipofuscin granules [12-15]
or with partially degraded phagosomes [16-19]. This results in the formation mixed melanolipofuscin
granules which, along-with lipofuscin granules, can occupy up to a third of the cytoplasmic space of
RPE cells in people over 70 years old [9]. However, this process alone cannot lead to a decrease in the
total concentration of melanin in the RPE cell.

Melanin content has been suggested to decrease due to its photooxidative and/or oxidative
degradation [10,20]. Oxidative degradation of RPE melanosomes leads, on the one hand, to a decrease
in their antioxidant activity, and, on the other hand, to the appearance of prooxidant properties and
an increase in photoreactivity [7,21-24].

However, specific mechanisms of melanosome biodegradation in RPE cells are still not known.
The most probable is the oxidative degradation of melanosomes as a result of their interaction with
reactive oxygen species (ROS). ROS, such as superoxide radicals and/or hydrogen peroxide, are
known to cause degradation of the melanin polymer [20,25-28] with the formation of water-soluble
fluorescent products [20,29-32]. In RPE cells of the eye, reactive oxygen species can arise from both
normal metabolic processes and photoinduced oxidation. A well-known light-induced generator of
reactive oxygen species in the RPE cell is lipofuscin bisretinoids, such as N-retinylidene-retinyl
ethanolamine (A2E). When irradiated with visible light, especially in the blue range, lipofuscin
granules from RPE cells reduce oxygen to superoxide radicals [33-36]. At the same time, the intensity
of superoxide generation by lipofuscin should increase with age, since the number of lipofuscin
granules increases sharply with aging.

We have previously shown that upon irradiation with blue light (450 nm; 4 mW/cm?) of RPE
melanosomes, fluorescent melanin degradation products are virtually not formed, whereas
irradiation of a mixture of melanosomes and lipofuscin granules leads to the appearance of melanin
degradation products [20]. On this basis, it was suggested [20] that age-related destruction of melanin
by superoxide radicals occurs under the action of light in melanolipofuscin granules containing a
source of superoxide radicals, lipofuscin. In this case, the age-related decrease in the concentration of
melanin in the RPE cell would result from a decrease in the number of melanosomes due to their
fusion with lipofuscin granules and the subsequent degradation of melanin already inside these
complex granules. Therefore, due to the degradation of melanin, the specific gravity of
melanolipofuscin granules will decrease, which will lead to the accumulation of mixed granules with
small admixtures of melanin, which has not yet had time to be destroyed by superoxide radicals. This
process will lead to a general decrease in the concentration of melanin in the RPE cell.

In the present study, we showed that blue light irradiation of melanolipofuscin granules from
RPE cells of the human eye, in contrast to irradiation of lipofuscin granules and melanosomes,
resulted in the accumulation of products of oxidative degradation of melanin caused by superoxide
radicals. It has also been shown that the products of oxidative degradation of RPE melanosomes are
photoinducible generators of superoxide and contain carbonyl compounds. We propose a scheme of
oxidative degradation of melanin and lipofuscin inside melanolipofuscin granules under the action
of light.

2. Results and Discussion

2.1. Spectral fluorescence studies of melanin oxidative degradation products

Incubation of a suspension of human RPE melanosomes with relatively low concentrations of
potassium superoxide results in the accumulation of water-soluble products with relatively high
absorption values in the short-wavelength region of the spectrum (less than 400 nm; Figure 1A, curve
2). Water-soluble products obtained from intact, non-oxidized melanosomes do not absorb in the
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long-wavelength region and absorb poorly in the short-wavelength region of the spectrum (Figure
1A, curve 2). This is probably due to the process of melanin oxidation by superoxide radicals, which
leads to the accumulation of water-soluble, low-molecular products of its destruction in the
incubation medium. Indeed, as can be seen from Figure 1B, melanosome oxidation with superoxide
radicals results in products with emission maxima at 460—480 nm (curve 2; excitation at 365 nm) and
530 nm (curve 4; excitation at 470 nm). At the same time, the water-soluble fractions obtained from
the initial, non-oxidized suspension of melanosomes showed almost no fluorescent properties
(Figure 1B, curves 1 and 3, respectively).
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Figure 1. Spectral characteristics of water-soluble destruction products of human RPE melanosomes.
A - Optical absorption (curves 1 and 2 - water-soluble products from non-oxidized and superoxide-
oxidized melanosomes, respectively; B - fluorescence spectrum upon excitation at 365 nm (1, 2) and
470 nm (3, 4) (curves 1, 3 and 2, 4 — water-soluble products from non-oxidized and superoxide-
oxidized melanosomes, respectively.

Incubation of a suspension of melanolipofuscin granules with potassium superoxide also leads
to the appearance of fluorescent melanin degradation products, though to a lesser extent, which is
apparently due to the lower melanin content in these granules compared to melanosomes (Figure
2A,B, curves 1 for water-soluble products melanosome destruction and curves 2 for water-soluble
destruction products of melanolipofuscin granules).
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Figure 2. Differential fluorescence spectra of water-soluble fractions obtained from RPE pigment
granules oxidized and non- oxidized with potassium superoxide at excitation lengths of 365 nm (A)
and 488 nm (B). 1 - melanosomes, 2 - melanolipofuscin granules.

2.2. Characterization and potential phototoxicity of melanin oxidative degradation products of RPE pigment
granules

The next stage of the work was to study the nature and physicochemical properties of water-
soluble products formed during the oxidative degradation of RPE melanosomes induced by
potassium superoxide. Potassium superoxide at millimolar concentrations disrupts RPE melanosome
with the formation of fluorescent products with an emission maximum of 520-525 nm. Figure 3A
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shows the kinetics of accumulation of melanin degradation products by melanosomes. The
degradation products formed during the oxidative degradation of melanin contain carbonyl
compounds. This is evidenced by the data obtained using time-of-flight secondary ion mass
spectrometry. As can be seen from the diagram (Figure 3C), under the action of potassium superoxide
on melanosomes, there is a significant increase in carbonyl ions (m/z = 29 — CHO* ion, m/z = 60 —
C2H4O2* ion, m/z = 69 — C4H7O* ion). Ions with m/z = 60 give the greatest increase in concentration (an
increase of about 1.5 times). The obtained results indicate the presence of aldehydes in the products
formed during the oxidation of melanosomes by superoxide radicals. These results are confirmed by
experiments on the content of carbonyl compounds that react with thiobarbituric acid (TBA-reactive
products) (Figure 3C). As can be seen, the water-soluble fractions obtained from oxidized samples
(Figure 3B, columns 2 and 3) contain significantly more TBA-reactive products than the supernatants
of control, non-oxidized samples (Figure 3B, column 1), and the higher the dose of KOz, the more
TBA-reactive products are formed (Figure 3B, columns 2 and 3).
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Figure 3. Physicochemical characteristics of the products formed during the interaction of RPE
melanosomes with potassium superoxide. A. Kinetics of accumulation of fluorescent decay products.
The incubation medium contained 0.1 M K-phosphate buffer, pH 7.4, 1.5x10°% melanosome
granules/ml, and 70 mM KOz. Curves 1-5 - incubation time 0, 30, 60, 90 and 180 min, respectively.
Excitation wavelength - 450 nm; B. Concentration of TBA-reactive products in water-soluble fractions
obtained by oxidation of melanosomes with potassium superoxide. Column 1 - original, non-oxidized
melanosomes, 2 - 15 mg KOz added, 3 - 30 mg KO2 added; C. Comparative histogram of carbonyl ion
signals in samples of non-oxidized (grey bars) and oxidized KO: (blue bars) RPE melanosomes;
student T test, P-value < 0.05; D. Kinetics of superoxide formation upon irradiation with blue light of
the products of oxidative degradation of RPE melanosomes. The reaction mixture contained 0.1 M K-
phosphate buffer, pH 7.6, 100 pM cytochrome ¢, 0.05% cetyltrimethylammonium bromide, and 100
pl of water-soluble melanin oxidative degradation products. The concentration of superoxide
dismutase added is 10 pg/ml.

The products of oxidative degradation of melanin from RPE melanosomes exhibited the ability
for light-induced generation of superoxide radicals (Figure 3D). When irradiated with blue light (450
nm), they catalyze the reduction of cytochrome c (transition of Fe* to Fe?* form) and nitro blue
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tetrazolium to formazan (not shown in the figures). The process is inhibited in the presence of
superoxide dismutase.

The obtained results indicate that the oxidation of melanosomes with potassium superoxide
results in the formation of carbonyl products that are readily soluble in the aqueous phase. The degree
of melanin degradation depends on the melanin/superoxide ratio. Increasing the superoxide
concentration leads to increased accumulation of TBA-reactive products (Figure 3B). Calculations
show that in one RPE cell with a volume of 2x10 ml, containing about 10-20 picograms of melanin,
when completely destroyed, up to 0.3 nmol of TBA-reactive products can accumulate. This is quite a
lot for the manifestation of the toxic effect of carbonyls. Aldehydes and ketones contained in the
water-soluble fraction obtained as a result of the oxidative degradation of melanosomes were also
found to be quite stable, since the content of TBA-reactive products in them remained virtually
unchanged (not shown in the figure). The appearance of such long-lived and active chemicals during
oxidative degradation of RPE by melanosomes may contribute to the development of various eye
pathologies. The revealed ability of the products of oxidative degradation of melanosomes to light-
dependent generation of superoxide radicals indicates their potential phototoxicity.

2.3. Spectral fluorescence studies of melanin photooxidative degradation products

We hypothesize that when melanolipofuscin granules are irradiated with blue light, the melanin
contained in them can be destroyed, by the action of superoxide radicals generated by lipofuscin
bisretinoids during photoexcitation. We assume that blue light irradiation of melanosomes would
not lead to a noticeable accumulation of melanin degradation products due to its high resistance to
irradiation and the absence of lipofuscin fluorophores and other photosensitizers in melanosomes.
Experiments on the comparative irradiation of RPE melanosomes and melanolipofuscin granules
with blue light showed that only upon irradiation of melanolipofuscin granules, a significant excess
of fluorescence intensity of water-soluble products was observed compared to unirradiated granules
(Figure 4, curves 2). This was observed at all excitation wavelengths but was especially pronounced
for excitation at 365 nm (Figure 4C).
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Figure 4. Differential fluorescence spectra of water-soluble products obtained from the RPE pigment
granules irradiated and not irradiated with blue light. Excitation wavelength: A - 488 nm, B - 450 nm,
C - 365 nm. Curves 1, 2 are the fluorescence of water-soluble products obtained by irradiation with
melanosome and melanolipofuscin granules, respectively.

The average value of the emission intensity (535 nm) for the decay products of irradiated
melanolipofuscin granules was + 0.15; for melanosomes, this value is significantly negative.

The average value of the emission intensity (525 nm) for the decay products of irradiated
melanolipofuscin granules was + 1.20; for melanosomes, this value is significantly negative.

The average value of the emission intensity (460 nm) for the decay products of irradiated
melanolipofuscin granules was + 16.0; for melanosomes - +4.0.

This indicates the appearance of melanin degradation products upon irradiation of
melanolipofuscin granules. In contrast to melanolipofuscin granules, irradiation of melanosomes
under the same conditions led to a decrease in the fluorescence intensity of the resulting products, so
that the differential spectra were in the negative region (Figure 4A,B, curves 1), except for the
excitation wavelength of 365 nm (Figure 4C, curves 1). At this excitation wavelength, the appearance
of melanin degradation products was observed, which may be associated either with the presence of
a slight admixture of lipofuscin in melanosomes, or with an admixture of prooxidant degradation
products of melanin itself (see below).

However, with an increase in the intensity of irradiation of RPE melanosomes with visible light,
an increase in melanin degradation is observed (Figure 5). The appearance of degradation products
of melanosomes upon their irradiation with high-intensity light is clearly seen from the
chromatogram (Figure 5C).
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Figure 5. Comparative chromatograms of water-soluble fractions of RPE melanosomes irradiated
with light of different intensity. Water-soluble fractions were obtained from: A — initial (dark)
melanosomes; (b) melanosomes irradiated with blue light from a LED source with energy of 4
mW/cm? for 1.5 hours; C - melanosomes irradiated with visible light of a halogen lamp with an energy
of 100 mW/cm? for 2.5 hours. Scale D (left)—detection by absorption at 270 nm (curves 1); scale I
(right) — fluorescence detection (excitation wavelength 270 nm, emission 380 nm (curves 2). Numerals
(1-22) indicate the peaks in the chromatograms.

2.4. Detection of products of oxidative degradation of melanin in melanolipofuscin granules

2.4.1. HPLC analysis

To detect melanin degradation products in the water-soluble fraction of melanolipofuscin
granules irradiated with visible light, we analyzed the chromatograms of supernatants of all three
types of RPE pigment granules, melanosomes, melanolipofuscin granules, and lipofuscin granules.
It was important to show that during irradiation of melanolipofuscin granules with visible light, it
formed products characteristic of the oxidative degradation of melanin under the action of
superoxide radicals. For this purpose, chromatography experiments were carried out on the products
formed during the oxidative degradation of RPE melanosomes by potassium superoxide. These data
were compared with chromatograms of water-soluble products of light-induced degradation of RPE
melanolipofuscin and lipofuscin granules. Figure 6 shows typical chromatograms superoxide-
oxidized supernatants of melanosomes (A), as well as melanolipofuscin granules (B) and lipofuscin
granules (C) irradiated with blue LED light.
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Figure 6. Chromatograms of water-soluble fractions of RPE pigment granules. A. Products of
degradation of melanosomes oxidized by superoxide; B and C are destruction products of
melanolipofuscin and lipofuscin granules, respectively, formed upon irradiation of the granules with
blue light from an LED lamp. Scale D (left, curves I) - detection by absorption at 270 nm; scale I (right,
curves II)—fluorescence detection at an excitation wavelength of 270 nm and emission at 380 nm. The
numbers (1-22) indicate the peaks in the chromatograms.

Figure 6C shows that the water-soluble products formed upon irradiation of RPE lipofuscin
granules are characterized by peaks designated by numbers 6, 9, 10, 12, 13, 15, 16, 18, 20 and 22. On
the contrary, the water-soluble degradation products of RPE melanosomes, formed during the
oxidation of granules with superoxide, are characterized by peaks designated with numbers 2, 3, 4,
5,7,8,11, 14,17, 19, and 21 (Figure 6A). The standards for specific melanin degradation products,
pyrrole-2,2-dicarboxylic acid (PDCA, peak No 17) and pyrrole-2,3,5-tricarboxylic acid (PTCA, peak
No 21), are released at 11.5 min. and at 22.1 minutes, respectively, which is in good agreement with
the literature data [37].

It is important to note that among the degradation products of RPE melanosomes, we observed
peaks of both PDCA and PTCA, which are considered to be the main products of oxidative
degradation of melanin and characterize its initial structure, as well as other compounds that are
formed during the degradation of melanosomes when they are irradiated with intense visible light
(Figure 5C). This indicates the existence of two different groups of melanin degradation: the first
group is PDCA and PTCA, and the second group is melanin degradation fragments exhibiting longer
wavelength fluorescence.

The water-soluble fraction obtained from irradiated melanolipofuscin RPE granules shows the
presence of peaks characteristic of degradation products of both melanosomes and lipofuscin
granules (Figure 6B). Thus, the water-soluble products of light-induced degradation of
melanolipofuscin RPE granules irradiated with blue light from an LED lamp (450 nm, 4 mW/cm?), in
contrast to lipofuscin RPE granules, contain products characteristic of the oxidative degradation of
melanin caused by superoxide radicals (Figure 6 B).

The results confirm the assumption that bisretinoid fluorophores present in the
melanolipofuscin granules, which generate superoxide radicals under the action of blue light, cause
oxidative degradation of the melanin contained in these granules.
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2.4.2. Mass spectrometric analysis

The compounds formed as a result of light-induced degradation of RPE pigment granules were
characterized using principal component analysis (PCA) for mass spectra obtained by the ToF-SIMS.
Mass spectra of samples of melanosomes, melanolipofuscin and lipofuscin granules were obtained
before and after their irradiation with visible light. The peaks that are related to melanin degradation
products were identified both in the composition of melanosomes and in the composition of
melanolipofuscin granules. PCA is routinely applied for ToF-SIMS data to distinguish the differences
in sample composition [38]. PCA score plot revealed a significant difference between the samples of
melanolipofuscin and lipofuscin granules (Figure 7).
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Figure 7. PCA score plot of RPE pigment granules. Suspension of lipofuscin (LG) melanolipofuscin
(MLG) granules were irradiated by a white light LED source with energy of 20 mW/cm? for 2.5 hours.
Ellipse marked 95% confidence interval.

Principal component 1 (PC1) was mainly related to the difference between melanolipofuscin and
lipofuscin while PC2 could be attributed to the difference between non-irradiated and irradiated
states of RPE granules. PC loadings analysis was applied to make a list of photodegradation
fragments that have enlarged ion yield in melanolipofuscin granules.

However, it was unclear did these fragments originated from the supernatant or melanin
polymer structure. In order to understand the source of photodegradation products a suspension of
melanosomes containing melanin degradation products was subjected to centrifugation. Two
samples were acquired: a precipitate containing melanosomes with an intact melanin polymer
structure and a supernatant, where small molecules of melanin degradation products were present
in water solution. Mass spectra were analyzed by PCA in the same manner. As a result, the fragments
corresponding to the products of melanin degradation in the supernatants from oxidized
melanosomes were revealed and compared with ions found in the melanolipofuscin. The resulting
Table 1 shows the masses responsible for the photodegradation products of melanin in both

melanosomes and melanolipofuscin granules. The assignments were proposed according to the exact
mass value (Table 1).

Table 1. The ions with enlarged yields in melanolipofuscin granules according to mass spectra data.

Ions m/z Ions m/z Ions m/z
CHaN+* 28,02 CsHs0+ 55,02 C2HsNs* 72,05
C2Hgt 28,03 CsHeN 56,05 C2H7Ns* 73,06
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CHaN* 30,04 CHeNs* 60,06 CsHsNO* 84,04
C2H50* 43,02 CsHeN 68,05 CsHioN* 84,08
CH:NO* 44,01 CsHs0+ 69,03 CsHs02+ 85,04
C2HsN* 44,05 CsHaio* 70,07

The obtained results indicate the presence of melanin degradation products in the water-soluble
fraction of melanolipofuscin granules irradiated with blue light. Previously, we found that the
concentration of melanin in human RPE melanosomes does not change with age [39]. We can assume
that the decrease in melanin concentration with age is not due to its destruction in RPE melanosomes,
but is caused by its degradation by superoxide radicals generated by lipofuscin bisretinoids localized
in melanolipofuscin granules. In the present study, we have shown that it is superoxide radicals that
cause melanin degradation in melanolipofuscin granules, and the resulting products, in turn, are
photosensitive generators of superoxide. Considering these facts, a scheme of the mechanism of
melanin and lipofuscin degradation in melanolipofuscin granules is proposed, to explain the reasons
for the decrease in melanin concentration in RPE cells with age (Figure 8).
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Figure 8. Scheme of the mechanisms of melanin degradation in the melanolipofuscin granule.

Light in the presence of oxygen activates the generation of superoxide (SupOx) mediated by
lipofuscin fluorophores (LIPs). The superoxide reacts with the melanin (MEL) in the
melanolipofuscin granule, causing its degradation and the formation of photosensitive degradation
products (PMD). The latter can partially leave the granule, partially remain in it, in turn causing
additional formation of superoxide under the action of light. This leads to further degradation of
melanin and oxidation of lipofuscin. The toxic products of lipofuscin oxidation, carbonyls, can exit
the granule into the cell and damage cytoplasmic proteins in the dark.

3. Materials and methods

3.1. Preparing products of oxidative degradation of RPE pigment granules during oxidation by superoxide
radicals.

Pigment granules were isolated from RPE cells of human cadaveric eyes. Human cadaveric eyes
were obtained from the Eye Tissue Bank of the S.N. Fedorov Institute of Eye Microsurgery of the
Ministry of Health of Russia from donors without ophthalmic pathologies, aged 40 to 75 years. A
total of 40 donor eyes were used. Pigment granules were isolated from retinal pigment epithelium
cells according to the method described in [40,41]. RPE cells in 0.1 M K-phosphate buffer, pH 7.4,
when cooled to 4° C, were sonicated twice for 40 s at maximum resonance, followed by removal of
undamaged cell membranes by centrifugation at 100g for 15 min. The resulting supernatant was
centrifuged at 6,000g for 15 min, the precipitate was suspended in 0.3 M sucrose and centrifuged in
an ultracentrifuge in a sucrose density gradient (2.0; 1.8; 1.6; 1.5; 1.4; 1.2; 1.0; 0.3 M) at 103,000g for 1
hour. Then, pigment granules separated into fractions were selected and washed from sucrose with
0.1 M K-phosphate buffer. Melanosomes formed a dark brown precipitate, lipofuscin granules
formed a layer in the region of sucrose density of 1.2, and melanolipofuscin granules were localized
in the region of 1.6 - 1.8. The granules were suspended in phosphate buffer and stored in a freezer at


https://doi.org/10.20944/preprints202307.1837.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 July 2023 do0i:10.20944/preprints202307.1837.v1

11

-18°C. Granule concentration counting was carried out in a Goryaev chamber using a “LOMO
MikMed-2” fluorescent microscope equipped with a camera.

Oxidative degradation of granules was carried out by incubating a suspension of granules in 0.1
M K-phosphate buffer, pH 7.4, (1.0x10% — 5.0x10® granules/ml) with dry potassium superoxide (3-8
mg) at room temperature for 1-2 hours. At the end of the reaction, the water-soluble products were
separated by centrifugation in a Beckman Allegra 64R centrifuge at 12,000g for 20 min.

Photoinduced degradation of RPE pigment granules was carried out by irradiating them with
blue light from an LED source with irradiation energy of 4 mW/cm? for 1-2 hours. In some
experiments, the products of RPE melanosome photodegradation were obtained by irradiating them
with visible light of a halogen lamp with an energy of 100 mW/cm? for at least two hours. At the end
of the reaction, the water-soluble products were separated by centrifugation in a Beckman Allegra
64R centrifuge at 12,000g for 20 min.

3.2. Investigation of the Spectral Characteristics of Degradation Products of Pigment Granules

The degradation products of the melanin-containing pigment granules were recorded
fluorometrically by measuring the emission intensity at the excitation wavelength of 365 nm, 450 nm,
470 nm, and 488 nm. The emission intensity was measured on a Shimadzu RF5301PC Spectro
fluorophotometer (Japan). To estimate the concentration of melanin degradation products, we used
a calibration curve of the dependence of the emission intensity at 520-525 nm on the concentration of
synthetic DOPA melanin completely oxidized by KO2. The control samples were incubated for the
same time in the dark. When the reaction was completed, the water-soluble degradation products of
the granules were obtained by centrifugation at 15,000g for 20 min. Differential fluorescence spectra
(light-dark) were plotted to analyze the obtained products.

3.3. Measurement of photoinduced generation of superoxide radicals by water-soluble products of oxidative
destruction of melanosomes and melanolipofuscin granules

The process of light-induced generation of superoxide radicals by water-soluble products of
oxidative destruction of melanin was estimated by measuring the kinetics of the reduction of
cytochrome c (Fe*) inhibited by superoxide dismutase using a modified method [42]. The reaction
mixture contained 0.1 M K-phosphate buffer, pH 7.6, 100 uM cytochrome ¢, 0.05% cetyl trimethyl
ammonium bromide, and various amounts of water-soluble melanin oxidative degradation products.
The mixture was irradiated with blue light from an LED source with an irradiation energy of 4
mW)/cm? and an irradiation wavelength of 450 nm with constant stirring, followed by measuring of
the absorption maximum at a wavelength of 550 nm (molar absorption coefficient 21 mM-'cm) [43].
Samples incubated in the dark and samples containing no melanin degradation products, served as
controls.

3.4. Measurement of products that react with thiobarbituric acid (TBA-reactive products).

Water-soluble degradation products of melanosomes and melanolipofuscin RPE granules were
evaluated for the content of reactive carbonyls reacting with thiobarbituric acid [44]. The
concentration of TBA-reactive products was determined spectrophotometrically at a wavelength of
532 nm [45] on a Shimadzu UV-1700 spectrophotometer (Japan). Water-soluble products obtained
from native, non-oxidized pigment granules served as controls.

3.5. Mass Spectrometry of Pigment Granule Destruction Products by ToF-SIMS

Mass spectra were obtained on a TOF.SIMS.5 time-of-flight secondary ion mass spectrometer
(ION-TOF, Germany) with a bismuth cluster beam, which is regularly used for biological studies [46].
The 300x300 pum (64x64 pixels) analysis area was probed with primary Bis* ions with an energy of 30
keV at a primary ion dose density of ~4x10'! jons/cm? in each measurement. At least 10 measurements
were recorded for each sample, in both positive and negative ion modes. During the analysis, the
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electron gun was activated. Ions processing and identification was carried out using SurfaceLab 7
software.

3.6. Chromatographic analysis of melanin degradation products

Chromatographic separation of melanin degradation products in supernatants from
melanosomes, melanolipofuscin and lipofuscin granules of the human eye was carried out on a
Knauer chromatograph (Germany) with a Diasfer 120 C18 column (4x250 mm, sorbent size 5 um),
according to the modernized method described in the work [37]. PDCA and PTCA, - were kindly
provided by Prof. Dr. Kazumasa Wakamatsu (Institute for Melanin Chemistry, Fujita Health
University, Toyoake, Japan). A mixture of a 1% solution of formic acid in water (pH, 2.8) and
methanol in a ratio of 97:3, by volume, was used as an eluent [37]. The eluent flow rate was 0.8 ml/min.
The chromatographic separation products were measured using a Knauer K-2501 photometric
detector and a fluorometric detector (RF-10A-xl, Shimadzu). Detection was performed at 270 nm by
absorption as well as by fluorescence at different excitation and detection wavelengths.

4. Conclusions

The obtained results indicate that during the oxidative degradation of RPE melanosomes under
the action of superoxide radicals, water-soluble carbonyls - aldehydes and ketones, exhibiting TBA
activity, are formed. It was found for the first time that water-soluble melanin degradation products
are photosensitive and generate superoxide radicals under blue light irradiation. Consequently, the
toxicity of melanin oxidative degradation products for cells can be due to both the content of reactive
aldehydes and the ability to generate light-dependent superoxide radicals. Since superoxide radicals
cause the oxidation and degradation of melanin, as well as the oxidation and degradation of
lipofuscin fluorophores, this can lead to increased light-induced degradation of both lipofuscin and
melanin in the melanolipofuscin granule (Figure 8). This fact may also explain the important role of
melanin in the process of lipofuscin degradation in the RPE cell [19].

Melanin degradation products formed as a result of its reaction with superoxide radicals were
identified and characterized using HPLC and mass spectrometry. The same products were found in
samples of melanolipofuscin granules irradiated with blue light. This indicates the degradation of
melanin by superoxide radicals in these granules. Superoxide radicals in melanolipofuscin granules
can be generated during the irradiation of granules with both bisretinoids, which are part of the
lipofuscin part of the granule, and photosensitive degradation products of the melanin part of the
granule.

Thus, it can be concluded that when melanolipofuscin granules are irradiated with blue light
(450 nm, 4 mW/cm?), the melanin included in their composition will be destroyed as a result of its
reaction with superoxide radicals. This process probably leads to an age-related decrease in the
concentration of melanin in RPE cells of the human eye.
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