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Abstract—A comparative study of individual groups of bisretinoids and their oxidation and degradation prod-
ucts in chloroform extracts from cells of the retinal pigment epithelium (RPE) of human cadaver eyes without
signs of pathology (norm) and in the case of visualized age-related macular degeneration is carried out. Flu-
orescence analysis and high-performance liquid chromatography-mass spectrometry show that with age-
related macular degeneration, an increased content of oxidation and degradation products of bisretinoids are
observed in comparison with the norm. The results obtained allow us to conclude that the listed methods can
be used in the preclinical diagnosis of degenerative diseases of the retina and the RPE of the human eye.
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INTRODUCTION

Degenerative diseases of the retina and retinal pig-
ment epithelium (RPE) of the human eye are one of
the main causes of complete or partial loss of vision.
The most common and socially significant disease is
age-related macular degeneration (AMD) [12]. In the
mechanisms of aging and degeneration of the retina
and the RPE, the most important role belongs to the
so-called old age pigment, lipofuscin granules (LGs)
[3], formed in the RPE cells as a result of the incom-
plete lysosomal degradation of photoreceptor debris
[4]. It is assumed that the development of AMD may
be related to the progressive accumulation of LGs.
Elevated LG levels in the RPE cells can be considered
one of the risk markers for AMD.

Lipofuscin granules contain more than two dozen
fluorophores, which are mainly derivatives of all-
trans-retinal (bisretinoids and their oxidation prod-
ucts) [5]. The most studied ones among them is bisret-
inylidenethanolamine (A2E) [6]. Upon absorption of
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visible light, they are able to generate a reactive oxygen
species (ROS), which determines their phototoxicity
[7]. Also, under the action of light and in the presence
of oxygen in LGs, the photooxidation of bisretinoid
fluorophores can occur with the formation of cyto-
toxic aldehydes and ketones [5].

One of the promising methods for diagnosing
degenerative diseases of the retina and the RPE,
including pathology, is the non-invasive fundus auto-
fluorescence (AF) imaging method. However, it
should be noted that the AF method makes it possible
to diagnose pathology with manifested clinical signs.
Therefore, at present, for preclinical diagnostics, they
are trying to improve the AF method to extract addi-
tional information from the total autofluorescence. A
promising approach for this is to measure the fluores-
cence lifetimes (FLTs) when recording them at certain
wavelengths: the Fluorescence Lifetime Imaging
Microscopy (FLIM) method [8, 9]. One of the main
tasks when introducing the FLIM method to ophthal-



COMPARATIVE ANALYSIS OF PHYSICOCHEMICAL CHARACTERISTICS 91

mological practice is to determine the composition
and fluorescent characteristics fluorophores of LGs in
AMD (hereinafter, pathology) compared to the norm.

We have previously shown [10, 11] that AMD is
accompanied by an increased content of products of
the photooxidation and photodegradation of bisreti-
noids in comparison with the norm. In addition, the
data obtained from the analysis of FLTs [12—14],
which showed that the numerical values of the FLTs in
both cases did not differ significantly; however, with a
pathology, the contribution of longer lived oxidized
bisretinoids increased compared to the norm.

Thus, given that the fluorescence characteristics of
oxidized and unoxidized forms of LG fluorophores
have significant differences, and their relative content
changes noticeably in the case of a pathology com-
pared to the norm [10, 11], further detailed study of
this phenomenon can make it possible to use these
data for the creation of preclinical diagnostics of AMD
and other degenerative diseases of the eye.

In this study, we carried out a comparative analysis
of the composition of unoxidized and oxidized bisreti-
noids in separate fractions of a chloroform extract
obtained from the RPE cells of human cadaver eyes
without signs of pathology and with visualized AMD.
To determine the composition of fluorophores, a tan-
dem of methods of mass spectrometry and HPLC
analysis were used [15—17]. To analyze the spectral
characteristics, the methods of fluorescence analysis
and recording of the kinetics of fluorescence decay
were used.

EXPERIMENTAL

Reagents. We used reagents and solvents from
Sigma-Aldrich, Fluka, and Component-reagent.

Material. Cadaveric human eyes were obtained
from the Eye Tissue Bank of Fyodorov Eye Microsur-
gery, Ministry of Health of the Russian Federation
based on an agreement on scientific cooperation
between the Institute of Biochemical Physics of the
Russian Academy of Sciences and Fyodorov Eye
Microsurgery [10]: two eyes from a 74-year-old donor
without clinical signs of the RPE pathology (norm)
and two eyes from a 75-year-old donor with a visual-
ized AMD pathology (pathology).

Obtaining chloroform extracts from the RPE cells
containing bisretinoids and their derivatives. The RPE
was extracted from cadaver eyes according to the tech-
nique described in [10]. Retinoid LG fluorophores
were extracted from the RPE cells according to the
Folch method with a chloroform-methanol mixture
2:1)[18].

HPLC analysis. Chromatographic separation of
bisretinoids and products of their photooxidation and
photodegradation in chloroform extracts of the RPE
was carried out on a Knauer chromatograph (Ger-
many) with a Diasfer 110-C18 column (4 X< 250 mm,
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sorbent size 5 um) of BioKhimMak ST (Russia), as
described earlier in [13]. Bisretinoid A2E synthesized
according to the method described in [19] was used as
the standard.

As a result of the HPLC analysis of chloroform
extracts, fractions containing separate groups of reti-
noids were obtained. Fraction / was obtained at reten-
tion times of 2 to 5 min; fraction 2, 7—16 min; and
fraction 3, 18—25 min (see Fig. 1 below).

Measurement of fluorescence spectra. Fluores-
cence spectra were recorded on an RF-5301PC spec-
trofluorimeter (Shimadzu, Japan).

Registration of fluorescence decay kinetics. The
FLT of the chloroform extract of the RPE was mea-
sured by counting time-correlated photons using a
FluoTime 300 spectrofluorimeter (PicoQuant, Ger-
many) at the Center for Shared Use “New Materials
and Technologies” of the Institute of Biochemical
Physics, Russian Academy of Sciences. The fluores-
cence of the sample was excited using a PicoQuant
diode laser (Germany) LDH-PC-485 (485 nm, pulse
duration 107 ps). The fluorescence signal was
recorded at a wavelength of 556 nm. The kinetic curves
of fluorescence decay were processed within the
three-exponential model. The FLT and the contribu-
tion of individual groups of fluorophores to the
detected fluorescence decay curves were calculated
using the following formula, taking into account the
instrument response function (IRF):

1) = I IRF(t')ZA[ exp ((— —t')/ﬂ:,-)dt',

where i is the component number, A is the amplitude,
and 7 is the FLT. It should be noted that in this study,
we used the amplitude (4) parameter, and not inten-
sity, since the purpose of this analysis was to show the
relative content of the investigated substances, which
is displayed by the amplitude.

For the experiment, the samples were preliminarily
evaporated with the use of the chemical vacuum sys-
tem MZ 2C NT + AK + M + D (Vacuubrand, Ger-
many), and then dissolved in 1 mL of chloroform
(Dy55 = 0.08—0.2). Data analysis was carried out using
the FluoFit software (PicoQuant, Germany).

HPLC with mass spectrometric detection. Chloro-
form extracts from the RPE were analyzed by HPLC
with mass spectrometric (HPLC-MS) detection on a
Dionex UltiMate 3000 chromatograph (Thermo
Fisher Scientific, Germany) and a MaXis impact mass
spectrometer (Bruker, Germany). Separation was car-
ried out by the hydrophilic interaction chromatogra-
phy (HILIC) method on a Waters (United States)
SpherisorbSilica column (1 X 250 mm; sorbent size,
5 um) with the following gradient: 0—0.5 min, 94% A,
6% B; 0.5—60.5 min, 77% A, 23% B; and 61—64 min,
94% A, 6% B, where A is acetonitrile, B is ammonium
acetate, 5 mmol/L. The flow rate was 50 uL/min.
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Fig. 1. HPLC analysis of chloroform extracts from the RPE of two eyes of a donor aged 74 years without signs of pathology (a)
and two eyes of a 75-year-old donor with visualized AMD (b). Peak groups: (/) products of photooxidation and photodegradation
of bisretinoids [10]; (2) A2E, iso-A2E, mono-, and bis-oxy-A2E [20]; (3) modification products fully-trance-retinal and their
slightly oxidized products [5, 21, 22]. Detection by absorption at a wavelength of 430 nm.

Mass spectrometric analysis was performed with elec-
trospray ionization and mass spectra were recorded in
the positive ion mode in the range m/z from 400 to
1000. The parameters of the ion source: the voltage
across the needle was 4200 V, the spraying gas was sup-
plied at a pressure of 0.7 bar, and the drying gas flow
was 6 L/min at a temperature of 200°C.

RESULTS AND DISCUSSION

Comparative HPLC Analysis of Retinoids from the RPE
Cells of Eyes of Donors without Signs of Pathology
and with Visualized AMD

Figure 1 shows the results of the HPLC analysis of
chloroform extracts from the RPE of two donor eyes
without signs of pathology (a) and two donor eyes with
visualized AMD (b). The group of peaks / on the
chromatograms corresponds to products of the photo-
oxidation and photodegradation of bisretinoids [10].
The group of peaks 2 corresponds to A2E and iso-
A2E, as well as the products of their mono- and bis-
oxidation [20]. Peak group 3 (according to the pub-
lished data) can correspond to bisretinoids such as
A2-DHP-PE, A2-DHP-E [5], RAL-dimer, RAL-
dimer-E, A2-GPE, and products of their weak oxida-
tion [21], as well as high-molecular products of the
polymerization of bisretinoids [22]. A comparative
analysis shows that in the case of AMD in group 7
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there are peaks corresponding to diverse products of
the photooxidation and photodegradation of bisreti-
noids. These results are in good agreement with those
obtained earlier [10, 11].

Comparative Fluorescence Analysis of Chloroform
Extracts from RPE Cells from the Eyes of Donors
without signs of Pathology and with Visualized AMD

Figure 2 shows the fluorescence spectra of the studied
samples and individual fractions of these chloroform
extracts. The individual fractions were obtained as a
result of HPLC analysis and correspond to the numbers
of the indicated groups of peaks in Fig. 1.

It can be seen from Fig. 2 that in the case of a chlo-
roform extract from the RPE of donor eyes with signs
of a pathology, the fluorescence intensity in the short-
wavelength part of the spectrum (500—550 nm) is
noticeably higher compared to the norm. In the previ-
ously published works [10, 11, 13], we assumed that
such an increase in the fluorescence intensity in the
short-wavelength part of the spectrum occurs due to the
increased content of the products of photooxidation
and photodegradation of bisretinoids. In this study, in
order to test this assumption, we obtained individual
fractions of chloroform extracts and recorded their flu-
orescence spectra (Fig. 2, fractions 1—3). It can be seen
from the data obtained that the main contribution to
Vol. 16
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Fig. 2. Fluorescence spectra of chloroform extracts from the RPE of donor eyes and individual fractions of these chloroform
extracts (fractions 1—3) obtained as a result of HPLC analysis (Fig. 1). Fluorescence was excited with light with a wavelength of
488 nm. Norm, black line of the spectrum; pathology, red line of the spectrum. Fraction (1) products of photooxidation and pho-
todegradation of bisretinoids [10]; fraction (2) A2E, iso-A2E, mono-, and bis-oxy-A2E [20]; fraction (3) modification products
fully-trance-retinal and their slightly oxidized products [5, 21, 22]. The spectra of chloroform extracts are normalized to a wave-

length of 592 nm.

the increase in the fluorescence intensity in the short-
wavelength part of the spectrum of the RPE sample
from donor eyes with signs of AMD occurs due to the
increased content of the photooxidation products and
photodegradation of the bisretinoids present in frac-
tion 1 (Fig. 1, group of peaks 1).

Comparative Analysis of Fluorescence Decay Curves
of Individual Fractions of Chloroform Extracts
from the RPFE Cells of Donor Eyes without Signs
of Pathology and with Visualized AMD

For each fraction obtained from the chloroform
extract (Figs. 1, 2), the decay kinetics fo the fluores-
cence was recorded at a wavelength of 556 nm. The
FLTs and the contribution of individual groups of flu-
orophores (fractions 1—3) to the detected curves were
calculated in the three-exponential model (Table 1).

As shown above, the fluorescence of the chloro-
form extract from the RPE is mainly due to the LG
fluorophores. Currently, more than 20 types of fluo-
rophores have been identified that are all-frans-reti-
nal. Therefore, the use of the three-exponential model
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gives averaged values when calculating the characteris-
tic FLTs. In relation to this, according to the results
obtained (Table 1), we can assume that the values of T,
T,, and T; for different samples are approximately the
same and are, on average, 0.18, 3.2, and 6.8, respectively.
The obtained times are in good agreement with our
previous studies [12, 13], as well as the published data
[23].

It can be assumed that the shortest FLTs (t,) corre-
spond to unoxidized retinoids from fractions 2 and 3.
In fraction 1, they are most likely absent, as indicated
by the absence of this temporal component when
detecting fluorescence at a wavelength of 556 nm. In
other words, fraction 1 contains practically only the
products of the photooxidation and photodegradation
of retinoids [10].

In this experiment it was impossible to determine
the nature of the compounds characterized by time 7,.
It would seem that from the data of the chromato-
graphic analysis the main products should be A2E and
its isomeric forms. However, according to our studies
[10], the contribution of this bisretinoid to the total
fluorescence upon excitation by light with a wave-

No.1 2022
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Table 1. Indicators of the FLTs of individual fractions of chloroform extracts from the RPE of donors’ eyes without signs
of a pathology (norm) and with visualized AMD (pathology); excitation with light at a wavelength of 488 nm, detection at

a wavelength of 556 nm

Faction number* Ty, 1S A, % Ty, 1S Ay, % T3, NS Az, %

. Norm — — 3.2 67 7.1 33
Fraction 1

Pathology — - 34 53 7.6 47

. Norm 0.11 33 3.7 62 6.9 5
Faction 2

Pathology 0.1 20 3.0 55 6.0 25

. Norm 0.3 45 2.7 45 6.4 10
Faction 3

Pathology 0.2 35 2.9 49 6.8 16

* The numbers of the fractions correspond to the numbers of the groups of peaks in the chromatograms shown in Fig. 1.

length of 488 nm is minimal. At the same time,
according to the data of fluorescence analysis, the
contribution of the second component (T,) is signifi-
cant. It can be assumed that these compounds can be
mono- and/or bis-oxy-A2E (Fig. 1).

The longest-lived component (T;), most likely, cor-
responds to the products of photooxidation and pho-
todegradation of various retinoids (fraction 1). The
presence of this component in fractions 2 and 3 can be
explained by the contribution of the oxidized A2E
forms, as well as weakly oxidized products of the mod-
ification of all-trans-retinal [21, 22, 14].

Earlier [11, 14], we proposed to determine the pres-
ence of a pathology (AMD) by the FLIM method [8,
9] not by the absolute values of the characteristic life-
times of fluorescence but according to the contribu-
tion of individual components, namely, the long-lived
component T3, to the fluorescence decay kinetics.

The results of this study confirmed our assumption
that in a pathology the content of the products of the
photooxidation and photodegradation of retinoids is
higher than in the norm. Analysis of the fluorescence
decay curves showed that the contribution (4;) of the
longest-lived component (T;), which corresponds to
these products (fraction 1), increases by 14% in com-
parison with the norm. It should be noted that a simi-
lar trend is observed for fractions 2 and 3. Thus, it has
been shown that the products of photooxidation and
photodegradation of bisretinoids have the longest
FLTs.

A Comparative Mass Spectrometric Analysis
of Individual Fractions of the Chloroform Extract
from the RPE cells of Donors’ Eyes without Signs

of a Pathology and with Visualized AMD

Figure 3 shows the mass spectra of positive ions,
summed over all retention times, for each individual
fraction (Figs. 1, 2). As seen from Fig. 3, the most
noticeable difference between the mass spectra of the
normal and pathology samples is observed in the case
of fraction 1. In the case of a pathology, a larger set of
intense peaks (10—100% of the maximum intensity
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value) is characteristic in comparison with the norm.
It should be noted that the results of mass spectral
analysis are in good agreement with the chromato-
graphic data and fluorescence detection (Figs. 1, 2).
All three types of analysis clearly indicate an increase
in the quantitative content and change in the qualita-
tive content of the products of oxidation and degrada-
tion of bisretinoids in the case of a pathology.

The values m/z of the most intense peaks in the
mass spectral analysis of the fractions of the chloro-
form extracts are presented in Table 2. For fraction 1,
most of the masses are in the range m/z = 400—500.
According to the published data, the detected sub-
stances can be classified as products of the oxidative
degradation of bisretinoids [23]. In the mass spectra of
fraction 2, the main bisretinoid A2E (m/z = 592) and
the products of its oxidation (592 + n X 16) with m/z =
608, 624, 640, and 656 are detected [10, 20]. The pro-
files of mass spectra of fraction 3 for the norm and
pathology are similar (Fig. 3, fraction 3), which is in
good agreement with the data of chromatography and
fluorescence detection (Figs. 1, 2). Fraction 3 is char-
acterized by large masses (m/z > 700), which can cor-
respond to polymer forms all-frans-retinal, as well as
bisretinoid dimers and trimmers [22].

Thus, the mass spectrometric analysis showed that
the main difference between the norm and pathology
in the qualitative and quantitative content of bisreti-
noids and their oxidation products is observed in frac-
tion 1. In the case of a pathology, the content of prod-
ucts with values m/z < 600 is noticeably greater com-
pared to the norm. Taking into account the results
obtained earlier [10], it can be assumed that this frac-
tion mainly contains the products of the oxidative deg-
radation of A2E and other bisretinoids, and that it is
the most promising for use as a diagnostic sign of a
degenerative disease of the retina.

CONCLUSIONS

We have previously shown that, in the presence of
signs of AMD, the fluorescence spectra of both the
RPE suspension and the chloroform extracts of LGs
Vol. 16
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Fig. 3. Total mass spectra of positive ions obtained as a result of analysis of chloroform extracts of fractions /—3. Black lines of

mass spectra, norm; red lines of mass spectra, pathology.

from the RPE cells are characterized by more intense
fluorescence in the short-wavelength part of the spec-
trum compared to the norm [10, 11]. In this case, the
HPLC analysis showed that in the case of a pathology
there is a greater variety and increased relative content
of the products of oxidation and degradation of bisreti-
noids [10, 11]. In addition, in a comparative analysis of
the FLTs of chloroform extracts, it was found that the
values of the characteristic times for the norm and
pathology practically do not differ, but the contribu-
tions of long-lived components (T;) increase in the

case of a pathology [11, 13]. Based on the data
obtained, it was assumed that in AMD, the relative
content of the oxidation and degradation products of
bisretinoids in LGs from the RPE cells is higher than
in the norm.

In this study, a comparative study of individual
groups of bisretinoids and their oxidation and degra-
dation products for the norm and a pathology was car-
ried out. Fluorescence analysis, HPLC, FLT mea-
surement methods, and mass spectrometry confirmed

Table 2. The m/z values of the most intense peaks* in the mass spectral analysis of fractions of chloroform extracts of RPE
in cadaver eyes without signs of pathology (norm) and with visualized AMD (pathology)

Fraction 1** Fraction 2** Fraction 3**
norm, pathology norm pathology norm pathology
400.3 400.3 592.5 592.4 - 413.2
426.4 426.4 608.4 608.3 471.1 471.1

- 428.4 624.5 624.5 — 473.1
459.5 459.5 640.6 640.6 703.6 703.6
— 460.5 656.2 656.2 706.5 704.5
487.5 487.5 703.5 703.6 732.6 -
496.3 - 760.5 760.5 734.6 734.5
— 512.4 783.5 783.5 758.6 758.6
515.5 515.5 — - 760.5 760.6
- 561.4 - — 762.6 762.6
— 576.4 — — 782.6 782.6
- 605.4 — — — 784.5
— 693.5 — — 786.6 786.6
704.6 703.6 — — 788.6 788.6
758.6 — - — — 806.5
760.6 760.6 — - — 810.6
— 782.6 — — — —
786.6 786.6 — - — -

* The values of the masses of peaks with a relative intensity of 10 to 100% of the maximum intensity value are shown (Fig. 3).
** The numbers of the fractions correspond to the numbers of the groups of peaks in the HPLC analysis of chloroform extracts (Fig. 1).
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the earlier assumptions that AMD is accompanied by
an increased content of the oxidation and degradation
products of bisretinoids in comparison with the norm.
The results obtained allow us to conclude that this
phenomenon determines the difference in the fluores-
cent properties of LGs in the normal and pathological
conditions, and that it may underlie the development
of the spectral analysis of the AF pattern for preclinical
diagnosis of degenerative diseases of the retina and
RPE of the human eye.
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