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Abstract. Bisretinoid N-retinyl-N-retinylidene ethanolamine (A2E) of the retinal pigment 
epithelium (RPE) lipofuscin granules is a side product of visual cycle. Its accumulation is 
associated with degenerative diseases of the retina and retinal pigment epithelium. In this 
study A2E photooxidation and photodegradation products were studied. Absorption and 2D 
fluorescence spectra of these substances were detected. Time-of-flight secondary ion mass 
spectrometry (ToF-SIMS) and Fourier-transform infrared spectroscopy (FTIR) revealed 
chemical changes during the A2E photooxidation process. Aldehyde accumulation was observed 
and new structure one of the resulting compounds was proposed.
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Аннотация. Бисретиноид А2Е, содержащийся в липофусциновых гранул в клетках 
ретинального пигментного эпителия глаза является побочным продуктом зрительного 
цикла. Его накопление связано с дегенеративными заболеваниями сетчатки. В 
данной работе были изучены продукты фотоокисления и фотодеградации A2E, их 
флуоресцентные свойства, а также химические изменения в процессе фотоокисления. 
Обнаружено накопление соединений, содержащих альдегидную группу. Предложена 
новая структура одного из полученных соединений.
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Introduction
N-retinyl-N-retinylidene ethanolamine (A2E) is the main bisretinoid of the lipofuscin granules 

(LGs) in the retinal pigment epithelium cells. It is the side product of the visual cycle. A2E bio-
genesis occurs when two molecules of all-trans retinal condense with one molecule of phospha-
tidylethanolamine in the photoreceptor membrane, followed by uptake into RPE and conversion 
to stable pyridinium bisretinoid [1]. In the RPE, LGs are formed by incomplete lysosomal deg-
radation of photoreceptor outer segment debris following phagocytosis of shed outer segments by 
RPE cells. LGs accumulate in the RPE of the human eye during aging, particularly in patients 
with hereditary diseases [2,3] and progressive age-related macular degeneration (AMD) [4].

A2E and its photooxidation and photodegradation products (A2Eox,deg) are major sources of 
LG fluorescence. The compounds investigated in LGs include A2E [5], A2Eox,deg [6–7] and a 
series of all-trans retinal conjugates [8]. It is known, that A2E is a photoinducible generator of 
reactive oxygen species (ROS) [9-10] and able to damage cellular structures in situ [11–12]. 

Earlier we demonstrated [13], the LG photooxidation results in the formation of toxic wa-
ter-soluble thiobarbituric acid (TBA)-reactive products. However, the nature of these products 
is not fully understood. There is evidence that the source of TBA-reactive products are the lip-
id peroxidation end-products, i.e., highly reactive electrophilic aldehydes like malondialdehyde 
(MDA) and 4-hydroxynonenal (HNE) in LGs, that suggests a connection between its formation 
and increased oxidative stress [14]. We assume that the source of highly active aldehydes and 
ketones may be A2Eox,deg in LGs [13]. 

Thus, the main goal of this work is to characterize the A2Eox,deg using the 2D fluorescence 
spectroscopy and time-of-flight secondary ion mass spectrometry (ToF-SIMS).

Materials and Methods

A2E synthesis and photooxidation. A2E was synthesized from all-trans retinal and ethanolamine 
in acetic acid and ethanol, as described previously [15]. A2E purity was monitored by high 
performance liquid chromatography (HPLC) [13]. A2E concentration was determined spectrally 
using a Shimadzu UV-1700 spectrophotometer (Japan) at a wavelength of 430 nm with ε = 
3.1·104 M–1·cm–1. For photooxidative destruction, 0.4 ml of A2E in methanol (with concentration 
of 1.8 mM) was irradiated for 120 min at room temperature under constant stirring using a 
150 W incandescent lamp with a heat filter (KGM 24-150, 400–700 nm). The luminous flux 
density irradiating the sample was 80 mWm−2 for visible light (400–700 nm), as determined by a 
photometer (Spectra-Physics 407A, USA).

Spectroscopy. Absorption spectra were recorded on a Shimadzu 3600 UV–vis near-infrared 
spectrophotometer (Japan). Fluorescence data were recorded on a Horiba Fluoromax. 2D analysis 
was performed with excitation wavelength step 2 nm. IR spectra were taken with a Fourier IR 
(FTIR) microscope LUMOS II (Bruker) in ATR mode. The samples were applied dropwise to 
CaF2 glass and dried in an argon atmosphere before analysis.

Mass spectrometry. Time-of-flight secondary ion mass spectrometry (ToF–SIMS) (ION-
ToF, Germany) with 30 keV Bi3

+ primary ions were used to detect A2E photooxidation products. 
10 spectra were recorded from different regions for each sample.
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Results and Discussion

A large number of products of A2E photooxidation and photodegradation are formed when 
A2E is irradiated with visible light. Previously we have shown using HPLC analysis the formation 
of these products [7, 16]. Fig. 1a demonstrates absorption spectra of synthesized A2E before and 
after irradiation by visible light. It is clearly seen that during irradiation there is a decrease in 
absorption in the region of 430 nm, and an increase in the region of 280 nm. These results are in 
good agreement with the literature data [7, 13, 17]. 

2D fluorescence map spectra were collected for non-irradiated (Fig 1,b) and irradiated A2E (Fig. 
1,c). Three fluorescence sites detected for the non-irradiated A2E: excitation at 263 nm with emission 
at 580 nm; two excitations at 340 and 440 nm with emission at 610 nm (Fig 1b). These excitation 
maxima are in good accordance with absorption spectra. However, excitation at 263 nm is not 
clearly expressed in the absorption spectrum. Interestingly, the UV excitation site has a much larger 
extinction coefficient and a large Stokes shift. Probably, such shift is present due to the existence of 
pyridinium in A2E. Pyridinium is known to form a fluorescent complex with charge transfer [18]. 

Blue shift of fluorescence emission sites were observed for A2E irradiated. Two fluorescence 
sites of A2E irradiated showed up: excitation at 270 nm with emission at 470 nm, excitation 
at 370 nm with emission at 460 nm (Fig 1c). The fluorescence profile shows that the emission 
maxima in the area < 500 nm, which are likely associated with the fluorescence of A2E oxidized 
products. This is probably due to the destruction of the original A2E conjugated structure and the 
accumulation of oxidation products with a shorter conjugated structure. 

Fig. 1. Absorption spectra before and after irradiation (a); fluorescence profiles 
of unirradiated A2E (b); fluorescence profiles of A2E irradiated by visible light (c).

 The color of the area is responsible for the fluorescence intensity 
from blue (no fluorescence observed) to red (maximum fluorescence signal)

a) b) c)

Fig. 2. Chemical changes during oxidation: IR-spectra of unirradiated A2E (blue), A2E after irradiation 
for 60 min (red) and A2E after irradiation for 120 min (purple) (a), the spectrum of the solvent 
(methanol) is also shown (black); oxidized A2E formation after light exposure revealed by ToF-SIMS (b), 
the intensities of all ions were normalized to the ion intensity with m/z 592 (A2E); formation of ions 

containing carbonyl groups after light exposure revealed by ToF-SIMS (c) 
Data are presented as means ±SD from 9 independent experiments. *р < 0.05; **p < 0.005

a) b) c)
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A2E was irradiated during 30 min, 60 min and 120 min for chemical changes observation. IR 
spectrum were collected for irradiated and non-irradiated A2E samples (Fig. 2). IR spectra of 
methanol were received to exclude solvent bands.

The band at 1740 cm–1 could be attributed to the stretching vibrations of the carbonyl group. 
The bands at 1375 and 1450 cm–1 are probably deformational bands of CH3C(O)- and -CH2C(O)-, 
respectively. The band at 1625 cm–1 is probably related to the presence of the pyridine ring. 
Band 1260 cm–1 is expected epoxy group. Growing bands at 1740 cm–1 identified the aldehyde 
accumulation. It was also confirmed by the growth of deformation bands at 1375 cm–1 and 1450 
cm–1. Wider band at 1740 cm–1 for the 60 min irradiated sample indicates presence unsaturated 
conjugate aldehyde in middle of oxidation act. Significant difference was observed for IR band 
1260 cm-1. It could be result in epoxides accumulation during photooxidation process. Thus, 
formation of both the oxidation products of A2E epoxides and furanoids and the products of their 
further destruction – aldehydes and ketones were demonstrated.

Using ToF-SIMS relative intensities of A2E oxidized forms were obtained before and after 
exposure of A2E by light. It can be seen, that during the photooxidation process, the amount 
of oxidized A2E forms such as A2E+2O, A2E+3O, A2E+4O, A2E+5O A2E increases by about 
3 times relative to non-irradiated A2E. These results are the evidence of the accumulation of 
A2E oxidized forms during irradiation, which contributes to further oxidative degradation. The 
A2E+O ion intensity (m/z 608) decreases during the oxidation process, because it gradually 
oxidizes more strongly, turning into compounds with a mass of 624, 656 and 672 (Fig. 2,b). The 
formation of oxygen-containing products such as epoxides, peroxides, ketones, and aldehydes, 
was revealed by ToF-SIMS analysis of characteristic fragment ions containing carbonyl groups 
(Fig. 2,c). There was a significant increase in carbonyl ions after exposure A2E to light as it can 
be seen in the diagram. For example, the ion with m/z = 60 (C2H4O2

+) increase is particularly 
significant (about 100 times). Based on the data obtained and the A2E structure, an ion with 
m/z = 205.07 was identified (C11H11NO3

+), assuming it is an aldehyde. The exact mechanism 
of oxidative degradation of A2E has not yet been described. However, the A2E tail groups show 
significant similarity to carotenoids. Therefore, the mechanism of ion formation with m/z 205 
may be similar to the mechanism of carotenoid oxidation [19]. Fig. 3 represents the proposed 
scheme of the product with m/z = 205.07 formation.

Conclusion 
The photooxidation of A2E leads to generation of highly reactive products containing aldehyde 

groups. We have previously shown that as a result of visible light exposure of LG aldehydes are 
accumulated in them in a free state and are able to diffuse from the LG into the cytoplasm of the 
RPE cell [13, 17]. Obtained results allow us to propose other mechanism of cytotoxic action of 
LGs. A2E, which is the side product of the visual cycle, can also be a source of such compounds 
in addition to lipid peroxidation products.
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