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Purrost. With age, human retinal pigment epithelium (RPE) accumulates bisretinoid fluo-
rophores that may impact cellular function and contribute to age-related macular degen-
eration (AMD). Bisretinoids are comprised of a central pyridinium, dihydropyridinium,
or cyclohexadiene ring. The pyridinium bisretinoid A2E has been extensively studied,
and its quantity in the macula has been questioned. Age-changes and distributions of
other bisretinoids are not well characterized. We measured levels of three bisretinoids
and oxidized A2E in macula and periphery in human donor eyes of different ages.

MertHoDS. Eyes (V= 139 donors, 61 women and 78 men, aged 40-80 years) were dissected
into 8 mm diameter macular and temporal periphery punches. Using liquid chromatogra-
phy - electrospray ionization — mass spectrometry (LC-ESI-MS) and an authentic synthe-
sized standard, we quantified A2E (ng). Using LC-ESI-MS and a 50-eye-extract of A2E,
we semiquantified A2E and 3 other compounds (eye extract equivalent units [EEEUs):
A2-glycerophosphoethanolamine (A2GPE), dihydropyridine phosphatidyl ethanolamine
(A2DHPE), and monofuranA2E (MFA2E).

Resurrs. A2E quantities in ng and EEEUs were highly correlated (» = 0.97, P < 0.001).
From 262 eyes, 5 to 9-fold higher levels were observed in the peripheral retina than in
the macula for all assayed compounds. A2E, A2DHPE, and MFA2E increased with age,
whereas A2GPE remained unaffected. No significant right-left or male-female differences
were detected.

Concrusions. Significantly higher levels were observed in the periphery than in the macula
for all assayed compounds signifying biologic differences between these regions. Levels
of oxidized A2E parallel native A2E and not the distribution of retinal illuminance. Data
will assist with the interpretion of clinical trial outcomes of agents targeting bisretinoid-
related pathways.

Keywords: A2E, bisretinoids, age-related macular degeneration (AMD), macula, liquid
chromatography - electrospray ionization — mass spectrometry (LC-ESI-MS), retinal
pigment epithelium (RPE)

Lipofuscin accumulation is an important change in the
retinal pigment epithelial (RPE) layer over the lifes-
pan.'~* The relationship between the age-related functional
changes of RPE and the accumulation of lipofuscin is still
being elucidated.’~!3

Photoreceptor cell outer segments (POS) shed their tips
on a daily basis and are phagocytosed by RPE cells.'*!> POS
material accumulate in the RPE as aggregates called lipofus-

Copyright 2022 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

cin (i.e. long-lasting membrane-bounded inclusion bodies
that emit strong autofluorescence signal when excited by
blue-green light). Lipofuscin accumulation starts in child-
hood and increases throughout life.>'*!> Lipofuscin gran-
ules are of relatively uniform size and electron density
and localize to the apical three/fourths of the RPE cell
bodies with a few in apical processes.>®19-20 RPE lipofus-
cin is composed of fluorescent bisretinoid adducts.® The
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Biosynthetic pathway for studied bisretinoids. POS, photoreceptor outer segment; RPE, retinal pigment epithelium. The pathway

is comprised of pyridinium bisretinoids A2E (I), A2GPE (2), a dihydropyridinium bisretinoid A2DHPE (4) and 2 cyclohexadiene bisretinoids
atRALdi and atRALdi-E along with monofuran-A2E (4). Compounds 1 to 4 were analysed in this study. Abbreviations: A2E, N-retinylidene-
N-retinylethanolamine; A2GPE, A2-glycerophosphoethanolamine; A2DHPE, dihydropyridine phosphatidyl ethanolamine; atRALdi, all trans
retinal dimer; atRALdi-E, all trans retinal dimer ethanolamine; PE, phosphatidylethanolamine, MW, molecular weight in g/mol; PLD, phos-
pholipase D. (References: Fishkin et al., 2005; Jang et al., 2005; Sparrow et al., 2012; Ueda et al., 2016; Yamamoto et al., 2011; Parish et al.,

1998;Wu et al., 2009; Wu et al., 2013).

topographical distribution of autofluorescent material paral-
lels that of rod outer segments (ROS) within the retina.!”-!8
Similar to rod cells, autofluorescent granules concentrate at
the edge of the macula and decline toward both the periph-
ery and the fovea.'>'® Foveal autofluorescence is not zero
and may relate to high concentrations of melanolipofuscin
granules in the RPE cell bodies.'®

The role that lipofuscin and melanolipofuscin might play
in age-related macular degeneration (AMD), a prevalent
disease of older adults, is under discussion.?!"*> Further,
fundus autofluorescence is a clinically important diagnostic
tool for disease detection, for which bisretinoids in the RPE
lipofuscin and melanolipofuscin are believed to be the major
signal sources.”>~?> Among the bisretinoid components of
human RPE lipofuscin (Fig. 1), A2E is the first identified and
most extensively characterized.?°-32 A2E exists with its struc-
tural isomers iso A2E.?%30:33 Levels of A2E were observed to
be significantly increased with age in whole RPE/choroid
samples of human eyes.? Recent studies have indicated
significant regional variation in bisretinoids, including lower
AZ2E signal in the macula than in the periphery.26-28,34,35

Other Dbisretinoids have also been structurally
characterized?3230-%  (Fig. 1). These include A2-
glycerophosphoethanolamine (A2GPE), dihydropyridine

phosphatidyl ethanolamine (A2DHP-PE), all trans retinal
dimer (ATRD), and all trans retinal dimer ethanolamine
(ATRDE). The bisretinoids A2E and A2DHP-PE origi-
nate from same biosynthetic pathways of N-retinylidene-
phosphatidylethanolamine followed by formation of the
same intermediate through 6-aza electrocyclization. Subse-
quently, a phospholipase D (PLD) mediated pathway
leads to the formation of either A2E or A2DHPE, which

possess pyridinium and dihydropyridinium rings, respec-
tively,?%° whereas A2GPE is formed from glycerophos-
phoethanolamine when reacted with all-trans retinal. Two
studies have suggested that some bisretinoids may be more
abundant then A2E.** Apart from A2E, other bisretinoid
compounds were not previously analyzed for potential
regional differences in distribution, as they were identified
in the RPE choroid of whole eyecups only.

Understanding the role of bisretinoids in AMD progres-
sion as well as interpretation of clinical autofluorescence
imaging would benefit from information of how bisretinoids
vary with age and the retinal region.?!?? To quantify
bisretinoids, liquid chromatography - electrospray ioniza-
tion — mass spectrometry (LC-ESI-MS) is an advantageous
technique, because of high sensitivity and specificity.?’~%°
We recently synthesized and purified A2E and developed
an LC-ESI-MS method for A2E quantification in human
donor eyes.®> Further, this LC-ESI-MS method was applied
to tissue extracts for a novel semiquantitative analysis of the
bisretinoids A2E, A2GPE, and A2DHPE along with MFA2E.
In this report, this method has been used to quantify the
levels of these compounds using LC-ESI-MS, in the macula
and the peripheral RPE from a large sample of donor eyes
with healthy retinas, ranging in age from 40 to 80 years.

MATERIALS AND METHODS

Chemicals
All-trans retinal was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Analytical-grade formic acid,

ethanolamine, glacial acetic acid, ethanol, acetonitrile, and
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trifluoroacetic acid were purchased from Merck (Darmstadkt,
Germany). An A2E standard was prepared using microwave
assisted synthesis®> and purified using liquid partitioning.*®
The concentration was determined by dissolving A2E in
pure methanol and then subjecting it to UV spectroscopy
at Amax 439 nm (¢M 36,900). Water (18.2 MQ) was puri-
fied using a Milli-Q purification system (Millipore Corp.,
Bedford, MA, USA). All other chemicals and solvents used
were of the highest analytical grades available.

Human Donor Eyes

Whole donor eyes were collected during 2015 to 2016 by the
Lions’ International Eye Bank, Arvind Eye Hospital, Madurai,
and corneas were removed for transplantation. All donors
originated from this region in southern India. When possi-
ble, both eyes of a donor were used for analysis. In some
cases, one eye of a donor was not available because the
cornea was not eligible for transplantation. Time between
death and processing was less than 6 hours. Fundi deemed
to lack visible pathology by eye bank personnel were consid-
ered for this study. Vitreous was removed carefully, and an
8 mm diameter trephine was used to create full-thickness
(retina-RPE-choroid-sclera) punches of macula and tempo-
ral periphery. The macular punch was centered on the fovea,
and the peripheral punch was collected 2 mm away from the
macular sample (i.e. centered 10 mm temporal to the fovea).
The retina was removed from the RPE, and the RPE-choroid
was removed from the sclera. Then, RPE-choroid samples
were transferred to pre-weighed micro centrifuge tubes and
stored at —80°C until processed.

Tissues were handled in accordance with the tenets of the
Declaration of Helsinki. The study protocol was approved
by the Institutional Review Board of Arvind Eye Hospital
and Arvind Medical Research Foundation, Madurai (IRB #
RES2011002BAS) and subsequently by the human ethics
board of All India Institute of Medical Sciences, New Delhi
(IRB # IESC/T-347/23.06.2015). The written consent of the
donor or next of kin was also obtained by eye bank person-
nel.

Tissue Processing

Bisretinoids were extracted from the macular and periph-
eral retina RPE—choroid tissues using a previously described
method.*” Briefly, tissues were homogenized with 1:1 chlo-
roform/methanol (2 mL) and 0.01 M phosphate-buffered
saline (PBS, 1 mL). Thereafter, the organic layer was sepa-
rated and was evaporated to dryness. Residues were trans-
ferred on dry ice to the analysis site (AIIMS, New Delhi).
The samples were then reconstituted with methanol and
analyzed with LC-ESI-MS.

Instruments and Techniques Used

A2E was synthesized in the dark using a commercial
microwave synthesizer “Microwave 300” (Anton Paar GmbH,
Austria). To scale up A2E synthesis®> all-trans retinal (100
mg equivalent to 352 pmol) and ethanolamine (9.5 pL; 155
pmol) were added in ethanol (3 mL) in the presence of
acetic acid (9.3 pL; 155 pmol) using stochiometric ratios as
described.?® Further, large scale purification was achieved
using liquid partitioning® to obtain HPLC pure A2E.
Chromatography separation and peak monitoring were
achieved using an ultrahigh performance liquid chromatog-
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raphy (UPLC; Thermo Accela; Thermo Electron Corp.,
Waltham, MA, USA) system with a quaternary pump
connected to an online degasser and photodiode array
detector (PDA). The UPLC system was coupled with a
tandem mass spectrometer (4000 Q-Trap; AB Sciex Biosys-
tems, Foster City, CA, USA). ChromQuest software version
4.1 (San Jose, CA, USA) was used to control all parameters
of UPLC. For analytical separations, an Xterra RP 18 column
was used (4.6 x 150 mm with 5 pm particle size; Waters,
Milford, MA, USA). Ionization of analytes was accomplished
by electrospray ionization (ESI; Turbolon Spray; ABSciex)
operating in the positive ion mode followed by tandem
mass spectrometric analysis. Data acquisition and integra-
tion were performed by Analyst 1.5.2 software (ABS Biosys-
tems, Foster City CA, USA).

Semiquantification of Bisretinoids in Macular and
Peripheral Human RPE-Choroid by Single Ion
Monitoring Mode in LC-ESI-MS

Quantitative determination of bisretinoids was carried out in
selected ion monitoring (SIM) mode of LC-ESI-MS. Briefly,
the chromatographic separation was achieved by gradi-
ent elution using water and methanol containing 0.1%
trifluoroacetic acid (TFA) using X-terra RP-18 column at
80% methanol (0-4 minutes), 80% to 96% methanol (4—
12 minutes), 96% methanol (12-14 minutes), 96% to 100%
methanol (14-16 minutes), 100% methanol (16-19 minutes),
100% to 80% methanol (19-20 minutes), and 80% methanol
(20-22 minutes) with a flow rate of 600 uL/minutes. Based
on the expected structures, the ions for A2E (M m/z of
592.4), 2DHPE [M+H] m/z of 594.9, MFA2E with [M'] m/z
of 608.4, and A2GPE with [M*] m/z of 746.9 were optimized
for all source- and compound-dependent parameters using
Analyst version 1.5.2 built in algorithm for maximum ion
intensity in ESI MS. For collision energy, nitrogen at an arbi-
trary unit of 3 (as per the manufacturer’s grading) was used.

Preparation of Standard Calibration Curve for the
Quantification of A2E

The concentration of purified synthetic A2E was calculated
by taking absorbance using UV spectrophotometer at Amax
439 nm (ey 36,900) in pure methanol.?® Separate stock
solutions of A2E and sulfadimethoxine (Internal Standard)
were prepared at concentrations of 1 mg/mL in methanol.
These stock solutions were appropriately diluted with pure
methanol containing 0.1% formic acid to reach the required
lower working concentrations. A working solution of inter-
nal standard was used at the concentration of 50 ng/mL in
100% methanol. A calibration curve for A2E was plotted by
taking concentrations ranging from 0.9 ng/mL to 250 ng/mL
on the x-axis and ratio of peak height for analyte/internal
standard on the y-axis.

Preparation of Calibration Curve for Non-A2E
Bisretinoids

Although the synthesis of individual bisretinoids is available
in literature, the prototype A2E was synthesized and used to
validate a semiquantification method for other compounds.
Such a semiquantification method could facilitate analysis
and enhance our understanding of individual bisretinoids.
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A method for semiquantification of bisretinoid
compounds was validated as described by Kotnala et
al.*> A tissue extract was generated from the pooled RPE-
choroid extracts of 50 randomly selected samples from the
macular and peripheral punches. This extract, considered
a stock solution, was concentrated using rotary evapo-
rator, reconstituted with 1 mL of methanol, and stored
at —70°C. This stock solution was serially diluted with
pure methanol containing 0.1% formic acid to reach the
required lower working concentrations. A working solution
of sulfadimethoxine as internal standard was used at the
concentration of 50 ng/mL in 100% methanol.

A calibration curve was plotted using the peak area of
analytes in LC-ESI-MS chromatograms obtained from the
pool of macular and peripheral extracts. A standard cali-
bration curve was plotted from a serial dilution of the 50
eye extract in factors of 2 (halved, quartered, etc). The stan-
dard calibration curve was plotted by taking the peak area in
ordinate (“Y” axis) and number of eyes used in abscissa (“X”
axis). Hence, eye extract equivalent units (EEEUs) denote
the mass in ng of individual bisretinoid compounds found
in one eye, using A2E levels in the 50-eye extract (see above)
as a reference.

We validated this approach by comparing A2E expressed
in ng to A2E expressed in EEEUs in the same samples, with
the expectation that these would be highly correlated. This
analysis revealed that eyes processed in 2014 (V= 118) had
internally inconsistent values, whereas eyes processed in
2015 to 2016 had consistent values as expected (see Results
section). Thus, we report only analyses performed in 2015
to 2016.

This analysis assumes that each individual compound
tracked A2E in an internally consistent way. Whether all
compounds tracked either other (i.e. they were up- or down-
regulated together), is a separate question and beyond the
scope of this study.

Statistical Analysis

We included in the analysis donor eyes that have at least
one A2E measurement. We reported medians and interquar-
tile ranges (IQRs) for all bisretinoid measurements, reported
P values using the Kruskal-Wallis test to assess the differ-
ences of bisretinoids measurements among different groups,
and reported Spearman’s rank correlation coefficient to
assess the association between two continuous variables. We
also used box plots and scatter plots to visualize the distri-
bution of continuous variables and their relationships with
log-transformation on axes where appropriate. All statistics
are computed on complete cases. The P values are reported
without family or group adjustment. Statistical analysis was
conducted using R (version 4.03) and graphs were created
using R package “ggplot2.”48:4

REsuLTs
Demographics of Donors and Eyes

As shown in Table 1, eyes from 139 human donors, with
61 (43.9%) women, were available for the quantification of
bisretinoids. Donor eyes by age group and sex are shown
in Table 2. A total of 262 eyes from 139 right eyes and 123
left eyes was analyzed. For 16 donors (11.5%), only one eye
was available. For analysis, the samples were categorized
into younger and older age groups of <60 and >60 years.
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TasLe 1. Demographics of Eye Donors
Age,y Overall Male Female
10-39 1 1 0
40-59 69 39 30
60-79 61 35 26
80-100 8 3 5
<60 70 40 30
>60 69 38 31
TaBre 2. Study Eyes Stratified by Age and Sex
Variable Level Overall Left Eye Right Eye
N 262 123 139
Age grouping I 10-39 2 1 1
40-59 134 65 69
60-79 112 51 61
80+ 14 6 8
Age grouping 11 <60 136 66 70
>60 126 57 69
Sex M 149 71 78
F 113 52 61

TaBie 3. A2E (ng) in Macular and Peripheral Samples Using Synthe-
sised Standard

Variable Level N Median (IQR) P (KW)
Eye LE 224 11.6 (2.8, 30.8) 0.8736
RE 264 11.6 (2.4, 31.5)
Region Per 255 27.5(13.9, 53.1)
Mac 233 2.4 (0.9, 7.3) <0.0001
Sex M 276 10.7 (2.3, 27.3)
F 212 13.2 (3.3, 36.5) 0.0608
Age group <60 252 9.6 (1.8, 24.3)
>60 236 14.4 (4.1, 44.3) <0.0001
M <60 121 1.5 (0.7, 3.8)
>60 112 4.3 (1.4,9.8 0.0001
P <60 131 20.9 (10.9, 35.4)
>60 124 40.7 (19.1, 78.2) <0.0001

LE, left eye; RE, right eye; P, periphery; M, macula; M, male; F,
female; IQR, interquartile range; KW, Kruskall-Wallis test.

There were 136 eyes in the <60 age group comprised of 66
left eyes and 70 right eyes. In the >60 age group, there were
126 eyes with 57 left eyes and 69 right eyes. There were 149
male eyes (71 left eyes and 78 right eyes) and 113 female
eyes (52 left eyes and 61 right eyes).

Quantification of A2E in the Macula and
Peripheral Human Retina Using Synthesized
Standard by Selected Ion Monitoring Mode in
LC-ESI-MS

As shown in Figure 2 and Table 3, A2E was quantified
using liquid chromatography - electrospray ionization —
tandem mass spectrometry (LC-ESI-MS/MS) in reference to
a synthetic standard in 233 macula and 255 peripheral RPE-
choroid samples in 139 human donors. In the macula, the
lowest levels of A2E were detected at 0.4 ng up to 63.27 ng.
In the periphery, the range of A2E was observed from
1.09 ng to 202.9 ng. The macula samples had a median of
2.4 ng and IQR of 0.93 to 7.25, whereas peripheral samples
had a median of 27.5 ng and IQR of 0.93 to 7.25. The
difference observed in the macular and peripheral levels of
A2E was significant (P < 0.0001, Kruskall-Wallis test). The
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60+

T 1

p(KW) < 0.0001

P M

Region (P = periphery, M = macula)

Ficure 2. A2E (ng) in macular and peripheral samples of 262 eyes of 139 donors. Box and whisker plot shows A2E quantified using a
synthetic standard in macula and peripheral retina by donors <60 and >60 years of age. Y-axis is log-transformed for display. The P values
are reported as a Kruskal-Wallis rank test between P(eripheral) and M(acula) within groups. Because the differences between M and P are

so significant, all P values are less than 0.0001.

median same-eye ratio of periphery to macula was 9.2 (IQR:
4.4-25.2).

To investigate the levels of A2E with age, samples from
donors <60 years of age (n = 252) were compared to donors
>060 years of age (n = 2306; see Table 3). The younger age
group had median A2E levels of 9.6 ng and IQR of 1.79 to
24.3. The older age group had median A2E levels of 14.4
and IQR of 4.07 to 44.3. Levels of A2E observed in donors
>60 years were significantly higher than levels <60 years
(P <0.0001). The within-eye periphery to macula ratio in
younger eyes had a median of 11.7 (IQR: 4.7-25.5) and
lower, at 8 (IQR: 4.3-23.7), in older eyes. This difference
in ratio occurred because macular A2E levels were 2.9-fold
higher in donors >60 years than in donors <60 years (4.3 ng
vs. 1.5 ng), whereas peripheral A2E levels were only 2.0-fold
higher in older versus younger donors (40.7 vs. 20.9 ng).

To investigate sex differences in A2E levels, samples from
male and female donors were evaluated separately, as shown
in Supplementary Table S1. There were 276 macular samples
from male donors with a median A2E levels of 10.7 ng and
IQR of 2.26 to 27.3. In 212 macular samples from female
donors, a median A2E of 13.2 ng and IQR of 3.27 to 36.5
were observed. The differences between samples of male
and female donors was not significant. In additioin, we

4

w

Relative, A2E in EEEQ
— N

g
s e T
4 / o
O

0 50

observed similar levels of A2E in left and right eyes (median
of 11.6 ng and 2.8, 30.8 IQR in 224 left eyes and a median
of 11.6 ng and 2.42, 31.5 IQR in right eyes, Supplementary
Table S2).

Comparative Analysis of A2E in Synthesised
Standard Versus Relative Quantification

For semiquantification of bisretinoids, a standard calibration
curve was plotted using an extract of macula and peripheral
retina pooled from 50 donors as described.> We reasoned
that A2E levels in individual samples referenced against
synthetic A2E (measured in ng) and referenced against the
pooled extract (measured in EEEU/mL) should be correlated.
A2E levels measured in these two ways are shown as a scat-
ter plot in Figure 3. These two methods were highly corre-
lated (Spearman’s p = 0.97, P < 0.001), with scatter increas-
ing at higher absolute levels.

An SIM method of LC-ESI-MS/MS was developed for the
simultaneous quantification of bisretinoids in small amounts
of donor eye tissue. The simultaneous semiquantitative anal-
ysis of multiple extracted bisretinoids from a single injection
of a 68-year-old male right eye using LC-ESI-MS/MS is shown
in Figure 4. The elution profile for the individual compounds

Spearman's p =0.98, p < 0.001

100 150 200

Absolute, A2E in ng

Figure 3. Correlation of A2E referenced to synthetic standard (ng) and 50-eye-extract (EEEQ). X-axis represents A2E (ng) values and Y-axis
represents A2E (EEEQ) from same human donors including the macula and peripheral retina with age ranging from 40 to 80 years. The graph
shows 259 human eyes (481 absolute-relative paired values from macula and periphery) accessioned 2015 to 2016; 118 eyes accessioned

2014 were omitted. See Methods section for details.
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Ficure 4. Representative LC-ESI-MS chromatograms using selected ion monitoring mode of quantification. Highlighted blue peaks represent
elution profiles of individual bisretinoids including A2E, A2GPE, monofuran-A2E, and A2DHPE from a single chromatographic injection.
Retention time is shown on the x-axis and intensity relative to the peak for that compound is shown on the y-axis (please note the different

y-axis scales). Data from a 68-year-old male donor.
ADE*+++

10.24+

2.56+

0.64-+

EEEQ

0.04+

0.01+

P M P M

A2GPE***

MonofuranA2E****  A2DHPE****
P M P M

P = periphery M = macula **** p(KW) < 0.0001

Ficure 5. Bisretinoids in periphery and macula of 139 donor eyes. In the eyes shown in Supplementary Tables S1 and S2, four bisretinoids
were detected in macular and peripheral samples of RPE-choroid. All compounds were referenced to A2E recovered in a 50-eye extract.
Abundance was expressed in units of EEEQ. Y-axis is log-transformed for display. The difference between macula versus periphery for all

four compounds was significant on Kruskal-Wallis test at P < 0.0001.

A2E, A2GPE, A2DHPE, and MFA2E with their respective
retention time is shown (see Fig. 4) using the SIM mode of
LC-ESI-MS/MS. The retention times of individual bisretinoids
were previously confirmed based on their fragmentation
pattern using multiple reaction monitoring (MRM) mode of
quantification in LC-ESI-MS/MS and LC-APCI-MS/MS.>?

Semiquantification of Lipofuscin Components in
Human Retina Using Selected Ion Monitoring
Mode in LC-ESI-MS

Large differences between the macula versus peripheral
retina were observed for 4 individual bisretinoids measured
in units of EEEU/mL, as shown in Figure 5 and summa-
rized in Supplementary Table S1. The amount of compounds
recovered from periphery exceeded macula by 5-fold for

A2E, 5.9-fold for A2GPE, 8.8-fold for MFA2E, and 8.3-fold
for A2DHPE.

As shown in Figure 6 and summarized in Supplemen-
tary Table S2; the effect of age on bisretinoids levels
was less consistent than the regional differences, with 3
compounds increased by age (A2E, A2DHPE, and MFA2E)
and 1 compound not affected by age (A2GPE).

There was no relationship between any of these
compounds and right or left eyes (Supplementary Table S3).
A2E was slightly higher in samples from women but did not
reach significance. No other compound was related to the
sex of the donors (Supplementary Table S4).

DISCUSSION

This study was designed to investigate the role of RPE
bisretinoids in relation to age in human donor eyes. Among
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MonofuranA2E**  A2DHPE****

<60 60+ <60 60+

Age Group ** p(KW) < 0.01 **** p(KW) < 0.0001

FiGure 6. Bisretinoids were compared in eyes of donors <60 year and >60 years. A total of 139 donor eyes were used with <60 years
(n = 70) and +60 years (n = 69). All compounds were referenced to A2E recovered in a 50-eye extract. Abundance was expressed in units
of EEEQ. Y-axis is log-transformed for display. The difference in <60 and 460 years was significant on the Kruskal-Wallis test for A2E,
Monofuran A2E, and A2DHPE, no statistical significance was observed for A2GPE.

all studied bisretinoids, A2E has been the most investi-
gated, and its relative abundance in the human macula has
been scrutinized.?!:2:20-28,35,50 To increase our understand-
ing of well-characterized bisretinoids, for the first time, we
measured the levels of three bisretinoids along with A2E
in the macula and peripheral retina in the largest sample of
human donor eyes yet examined for this purpose. Synthesiz-
ing the standards for those components and analyzing them
together using a suitable method given the considerable size
of the human retina is a challenging task. Therefore, a newly
validated method using LC-ESI-MS was adopted to analyze
bisretinoids, including A2E, A2GPE, and A2DHPE along with
MFAZ2E from the macula and peripheral retina of 138 eyes of
268 donors.

We previously developed a new and sensitive relative
quantification method using 50 human donor macula and
peripheral retina pooled extract named as EEEUs for the
semiquantification of selected bisretinoids along with A2E
from a single chromatographic injection.*> To investigate the
validity of the semiquantification method, we first compared
A2E quantification using a synthetic standard (ng) versus
its relative quantification (EEEQ) and observed a statistically
significant correlation between them as shown in Figure 3.

Using both absolute and relative quantification methods,
we observed increased levels of A2E with age for both the
macula and peripheral retina when samples from donors less
than and greater than 60 years of age were compared (see
Fig. 2). We also observed 9.6 and 14.4-fold increases in A2E
from the studied donor groups in periphery compared to the
macula samples in <60 and >60 years of age donors, respec-
tively. We then investigated bisretinoid A2GPE and observed
4.8 and 7.1-fold increases in the macula to the peripheral
retina in <60 and >60 years of age donors, respectively. We
observed an increase in A2GPE with age, but the increase
was not significant statistically. The bisretinoid A2DHPE was
observed to be 6.4- and 12-fold higher in the macula to
the periphery, in 60 and >60 years donors, respectively. We
further investigated the well-characterized oxidation product
of A2E formed by addition of one oxygen to A2E, named
MFA2E.>">! We observed its increase with age and 8- and
9.6-fold increases in the macula to peripheral retina in <60
and >060 years of age donors, respectively.

Eldred and Katz, in 1988, separated the fluorescent bands
from human RPE lipofuscin using thin layer chromatogra-

phy (TLO). They also showed the RPE fluorophores deposit
with age by demonstrating the TLC from 78 and 5 years old
human donor.!? Later, they identified a quaternary ammo-
nium compound, which is now known as A2E from one of
the TLC-separated fractions from RPE lipofuscin.>'!? Sakai et
al. published the correct structure as a bis-substituted pyri-
dinium ring and coined the term A2E.** A2E and its isomer
iS0A2E were first synthesized and isolated in extracts of
human donors eye cups and was discovered to increase with
age in 7 human donors ranging from 44 to 80 years of age
by Parish et al.?®

Bhosale et al., for the first time, observed an age-wise
increase in the levels of A2E in organic extracts of 8 mm
punches of the macula and peripheral retina.?” They divided
eye donors into 2 groups: <50 years (n = 22) and > 50 years
(n = 31) and observed an increase in A2E in the periph-
ery, compared to the macula, by 3.9 and 3.39-fold using LC-
ESI-MS/MS.?” Ablonczy et al. further validated the observa-
tion of more A2E detected in peripheral retina as compared
to the macula using MALDI imaging.?® Another MALDI IMS
study showed A2E present in the macula without showing
data from peripheral retina.’> Adler et al. also observed an
increase in A2E levels with age and a 3 to 6-fold increased
peripheral A2E than macula based on HPLC coupled UV-
Vis along with MALD-IMS that showed a low intensity for
A2E in the macula compared to the periphery.?® A similar
A2E distribution was also observed in the monkey.>* Feld-
man et al. reported that A2E is not the predominant fluores-
cent molecule of human eyes based on fluorescence spec-
troscopy.>?

Our assayed compounds were all previously discovered
and characterized in human eyes, typically in a small number
of mid-life donors, assayed as whole eyecup.20-3238-4 Inves-
tigating the levels of other bisretinoids from macula to
peripheral retina would increase the understanding of the
general trend of bisretinoid formation and to better under-
stand their fate as RPE fluorophores. The higher presence
of other bisretinoids along with A2E in peripheral retina
remains to be understood. Previous observations detected
A2GPE in the organic layer of 2 representative whole eye
cups of human RPE/choroid of 45 and 54-year-old donors.>
This study reported a twofold increase in A2GPE from
lower to higher age with 25-fold and 15-fold higher A2E
as compared to A2GPE.>® Our study investigated 69 donors
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Ficure 7. Relationship of rod photoreceptors, fundus autofluorescence, and samples for bisretinoid assay. In (A and B), the optic nerve
head is a dark circle, and the fovea is a region of low signal intensity. The circles represent 8 mm diameter tissue punches assayed for
bisretinoids in this study, one centered on the macula and one centered in the temporal periphery. The frame (8.64 mm or 30 degrees
on a side) indicates the area captured by fundus autofluorescence imaging with a scanning laser ophthalmoscope (Spectralis, Heidelberg
Engineering). A Distribution of rods, average of 5 human eyes aged 27 to 37 years, shown as a fundus of a left eye.>® Color scale is linear from
0 to 200,000 cells/ mm?. B Wide-field 488 nm autofluorescence image of a left eye of a 35-year-old adult (California, Optos PLC; courtesy
of Dr. Lajos Csincsik). The yellow annulus represents the qAF8 ring where autofluorescence intensity is measured (qAF8) on a Spectralis,
shown in the context of pan-retinal autofluorescence. (C) Cones and rods per mm? along the horizontal meridian in the eyes shown in A.
The lines labeled M and P represent the macula and peripheral tissue punches in A. The gap in the nasal retina represents the optic nerve

head.

comprised of 39 men and 30 women from the 40 to 60 years
age group. The previous study population was not large
enough to show an increase in A2GPE with age.

In 2009, Wu et al. identified and characterized A2DHP-
PE and phosphatidyl of dihydropyridine bisretinoids
(A2DHPE).** They compared the levels of A2E and A2-
DHP-PE from 2 human donor aged 54 and 64 years, but
A2DHPE was not detected in one representative human
and bovine RPE sample.*® In addition, PLD-mediated cleav-

age of A2-DHPPE (to A2-DHPE) was shown to be ineffi-
cient, and A2DHPE could not be detected in a pool of 9
bovine neural retinas. Surprisingly, we were able to collect
the fragmentation pattern of A2DHPE from a pooled extract
of 50 human donor maculas and peripheral retina standard
mixture. It was identified based on its fragmentation pattern
as shown in the Supplementary Figure S1. The observation
was confirmed based on LC-ESI-MS/MS and LC-APCI-MS/MS
modes. However, we did not collect the UV visible spectra at
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the time of analysis, which can be considered as a limitation
of the current study.

In 2004, Avalle et al. detected oxidized A2E for the first
time from human retinal lipofuscin.’! In 2005, Jang and co-
workers detected monoperoxy-A2E in addition to MFA2E in
4 isolated human RPE/choroid samples of 58 to 68 years
of age’” We identified MFA2E in donor eyes ranging from
40 to 80 years of age and found on average 7-fold higher
levels in the periphery than in the macula. It is believed
that bisretinoids are photosensitizers that generate reactive
oxygen species, such as singlet oxygen.>”>*%5 These then
react on parent molecules generating oxidized species, such
as monofuran-A2E. Oxidation progresses to photodegrada-
tion as bonds at the oxygen are unstable. Thus, it is possible
that photodegradative loss of A2E, A2-GPE, A2-DHP-PE, and
other bisretinoids explains reduced levels in the macula rela-
tive to the periphery. This interpretation is not supported
by the current data. Optics studies from the 1980s deter-
mined that retinal illuminance is broadly distributed across
the ocular fundus, with nearly uniform light levels out to
50 degrees from the fovea (approximately 14.4 mm, assum-
ing 0.288 mm per degree, i.e. partly including our periph-
eral tissue punch).>®57 If A2E was originally abundant in the
macula and converted to an oxidized form throughout life,
we might expect to abundant monofuran-A2E in the macu-
lar punch. However, the current studies, like others,?® found
that the distribution of the oxidation product monofuran-
A2E parallels the abundance of native A2E (i.e. high in
the peripheral tissue). This result, along with high levels
of other bisretinoids not resulting from oxidation, suggests
that differences in the macula and periphery are due to
biologic rather than environmental factors, as developed
further below.

Our focus on macula-periphery differences in
bisretinoids is warranted due to marked regional varia-
tion in photoreceptor density (cells/mm?),”® the source of
bisretinoid precursors, and known to parallel histologic
autofluorescence.l”-'® The photoreceptor content overly-
ing the RPE-choroid tissue punches used in this study is
demonstrated in Figure 7. Within the macula, photorecep-
tor abundance decreases from the foveal peak, roughly
equally in all directions (see Fig. 7A,C). Our 8-mm diameter
macular punch contained both the foveola (all cones and
no rods) and the inner slope of a ring of high rod density
(approximately 150,000/mm?) at the vascular arcades. Assay
of bisretinoid abundance in the all-cone fovea, which is
approximately 0.8 mm in diameter, requires techniques
with higher spatial resolution than those used here. The
peripheral punch was centered at 10 mm temporal to the
fovea, where rod and cone densities are 100,000/mm?
and 3800/mm?, respectively (rod:cone ratio, approximately
26). Imaging mass spectrometry applied to flat mounts of
RPE-choroid shows an extensive area of high A2E signal
at the region of our temporal punch and further ante-
rior,2% where rod density is even lower. Thus, the A2E
signal is high where the density of both rods and cones
is low. This conclusion may apply to the other molecules
assayed herein. Figure 7B also demonstrates that, although
bisretinoids are autofluorescent and likely signal source(s)
for clinical fundus autofluorescence, regional differences
like those investigated herein are not yet accessible through
clinical imaging. Quantitative autofluorescence includes a
reference standard in the light path and reports intensities
only within a ring on the inner slope of the rod ring
(i.e. within the area of our macular punch).® Wide field
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autofluorescence imaging, which does cover both of our
sample locations, is not yet quantitative.

CONCLUSION

Strengths of this study include a very large number of
short postmortem human donor eyes and novel methods
for semiquantification of multiple bisretinoids and related
compounds. Limitations include the truncated age range that
preclude a true lifespan analysis and the possibility of unde-
tected pathology in the samples. Further, while preparing
the trephine punches, we did not take special precautions
to prevent RPE cells from being dislodged and lost. Never-
theless, this study is an exhaustive investigation of levels
of A2E, oxidized A2E, and two intermediates in the macula
and peripheral retina of healthy human donors. Low levels
of bisretinoids in the macula compared to the peripheral
retina is indicative of a consistent trend that has now been
reported by multiple studies. It is time to re-think the role
of A2E in macular disease. A role for bisretinoids in AMD
is difficult to infer because of its lower levels in the macula,
the primary region affected in AMD.

Further studies are required to evaluate the role of indi-
vidual bisretinoids in patients with AMD and in healthy
aging macula specifically, especially in melanolipofuscin-
rich fovea. Our data are important for interpreting the
outcomes of clinical trials for therapeutic approaches target-
ing bisretinoid pathway components.’’ Our data are also
important for interpreting studies of visual cycle and
bisretinoid biochemistry using whole eyecup preparations
of human eyes.®>% Our data do not rule out undiscov-
ered bisretinoids as major signal sources for clinical fundus
autofluorescence imaging. In fact, our data should further
propel the search for such compounds. Our findings may
help in developing non-invasive methods for early detection
and monitoring of AMD, as outcome measures are needed
for any targeted therapy. Finally, the role of bisretinoids
in outer retinal physiology remain to be explored through
future research.
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