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Purpose: This study aimed to evaluate the contribution of vitamin A dimerization to
retinal pigment epithelium (RPE) atrophic changes. Leading causes of irreversible blind-
ness, including Stargardt disease and age-related macular degeneration (AMD), occur
as a result of atrophic changes in RPE. The cause of the RPE atrophic changes is not
apparent. During the vitamin A cycle, vitamin A dimerizes, leading to vitamin A cycle
byproducts, such as vitamin A dimers, in the RPE.

Methods: To study the consequence of vitamin A dimerization to RPE atrophic changes,
we used a rodent model with accelerated vitamin A dimerization, Abca4—/~/Rdh8/~
mice, and the vitamin A analog C20Ds-vitamin A to selectively ameliorate the acceler-
ated rate of vitamin A dimerization.

Results: We show that ameliorating the rate of vitamin A dimerization with C20Ds-
vitamin A mitigates pathological changes observed in the prodromal phase of the most
prevalent retinal degenerative diseases, including fundus autofluorescence changes,
dark adaptation delays, and signature RPE atrophic changes.

Conclusions: Data demonstrate that the dimerization of vitamin A during the vitamin
A cycle is sufficient alone to cause the prerequisite RPE atrophic changes thought to
be responsible for the leading causes of irreversible blindness and that correcting the
dimerization rate with C20Ds-vitamin A may be sufficient to prevent the RPE atrophic
changes.

Translational Relevance: Preventing the dimerization of vitamin A with the vitamin A
analog C20Ds-vitamin A may be sufficient to alter the clinical course of the most preva-
lent forms of blindness, including Stargardt disease and age-related macular degenera-
tion (AMD).

of retinal atrophic lesions, which are responsible for

Introduction

According to histopathological analysis, the
most prevalent retinal diseases, including age-related
macular degeneration (AMD) and Stargardt disease,
occur as a result of atrophic changes in the retinal
pigment epithelium (RPE).! 8 These atrophic changes
include a filling of the RPE with lipofuscin, RPE
attenuation, hypertrophy, hyperplasia, migration and
atrophy, pigment clumping, and RPE detachment,
herein termed RPE atrophic changes. The above
pathological changes are followed by the formation
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loss of vision. The early development of RPE abnor-
malities has led to the theory that the above retinal
degenerations result primarily from a disease of the
RPE.’

The cause of the above RPE pathology is not appar-
ent. Constitutive opsin signaling,'? increased retinalde-
hyde flux,'! oxidative stress,'? the misfolded protein
response,'? complement activation,'#~'® inflammation,
autophagy dysfunction,!” Alu RNA accumulation,'®
a thickened Bruch’s membrane (BM), thinned chori-
ocapillaris, lipofuscin, blocked choroidal vessels,"
drusen, and environmental factors such as diet,

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND


mailto:publications@bioorg314.com
https://doi.org/10.1167/tvst.10.14.8
http://creativecommons.org/licenses/by-nc-nd/4.0/

translational vision science & technology

C20D3-Vitamin A Halts RPE Atrophic Changes TVST | December 2021 | Vol. 10 | No. 14 | Article 8 | 2

A Vitamin A B
iy PR R ol | [l oo il CEE
- ] Calcium . . .
= Cone ---- | t
3 Rod = — regulation* Opsin visual pigmen
5 Cell — a. Regeneration d. Light
S| K o b. Disc renewal c. Thermal release
s & c. Disc shedding
o Voo ey _ T Gene
O - > 11-cis-retinal all-trans-retinal —> retinoic acid - - - > regulation
7 - o s f

' Vitamin A cycle -

11-cis-retinal all-trans-retinal

RPE Vitamin A Schiff base = Schiff base
Vitamin A Phadocytosed
ﬂ rod cell | 11-cis-retinol all-trans-retinol
KRN

ﬂ \__ all-trans-retinyl esters /

Choroid Vitamin A

11-cis-retinyl esters
Figure 1. The Dimerization of Vitamin A During the Vitamin A Cycle. (A) Vitamin A is a descriptor for retinoids that exhibit the biological

activity of retinol. The retina transforms vitamin A between several congeners, all-trans-retinol, all-trans-retinyl esters, all-trans-retinaldehyde,
11-cis-retinol, 11-cis-retinyl esters, 11-cis-retinaldehyde, and retinoic acid, as it shuttles these congeners throughout its compartments. These
translocations, isomerizations, oxidations, and reductions are collectively referred to as the vitamin A cycle. Vitamin A enters or exits the
retina through exchanges between the RPE with choroid capillaries and the inner retina with retinal blood vessels (double arrows). Cycles
between rod cells and the RPE enable rod vision, while cycles between cone and Muller cells enable cone vision. The recycling of 11-cis-
retinaldehyde from phagocytosed photoreceptors and the integration of 11-cis-retinaldehyde into newly synthesized photoreceptors is
also part of the vitamin A cycle. (B) The vitamin A cycle is driven by (a) the regeneration of visual pigments after bleaching, (b) photore-
ceptor disc renewal or synthesis (c), photoreceptor disc shedding, (d) visual pigment bleaching with light, and (e) thermal isomerization
of visual pigment. As depicted, the vitamin A cycle regulates calcium homeostasis via opsin signaling and gene transcription via retinoic
acid production. Vitamin A cycle byproducts (VAB) form from the reaction of a cis or trans-retinaldehyde-Schiff base with another molecule(s)
of cis or trans retinaldehyde. Any primary amine in the retina can participate in Schiff base formation and catalyze the dimerization of vitamin

A. Retinal: Retinaldehyde.

smoking, and sunlight, to name a few, have been argued
to contribute to the development of Stargardt disease
and/or AMD.

During the vitamin A cycle, vitamin A reacts with
another molecule of vitamin A to form a dimer. These
vitamin A dimers can be transformed into oxida-
tive catabolites’”2® and react with additional vitamin
A molecules to generate higher-order oligomers,>’?
together termed vitamin A cycle byproducts (VAB)
(Fig. 1). Vitamin A dimerizes at an accelerated rate
in Stargardt disease and presumably after the seventh
decade of life, when similar concentrations of VAB are
estimated in the human eye.”” We hypothesized that the
dimerization of vitamin A is responsible for the RPE
atrophic changes that lead to retinal atrophic lesions
and vision loss in retinal diseases marked by the forma-
tion of lipofuscin, such as AMD and Stargardt disease.

We have shown that the rate-limited step in the
dimerization of vitamin A is abstraction of a proton at
carbon number 20 of vitamin A.3° Selective deuterium
enrichment at carbon number 20 results in a kinetic
isotope effect that increases the energy required for
proton abstraction and thus the dimerization of
vitamin A (Fig. 2). Replacing the retina’s vitamin
A pool with C20Ds-vitamin A thus results in a

reduced rate of vitamin A dimerization and its result-
ing byproducts.

C20Ds-vitamin A ameliorates the dimerization of
vitamin without slowing or inhibiting the vitamin
A cycle, altering the concentration of vitamin A
congeners, or inhibiting normal retina function.’’ 3
Otherwise, inhibiting the delivery of vitamin A to
the retina or the vitamin A cycle precipitates retinal
denegation. Consequently, C20D;-vitamin A is a clini-
cally amenable therapeutic strategy to correct the
aberrant dimerization of vitamin A, which occurs in
several retinal conditions.

We have administered C20D;-vitamin A to swine,
mice, rats, and mouse models of Stargardt disease,
Abca4~'~ mice.’0 33 In Abca4~'~ mice, C20Ds-vitamin
A corrected the accelerated rate of vitamin A dimeriza-
tion down to the rate observed in unaffected, wild-type
mice. This rate correction correlated with a reduction
in changes typically observed in the prodromal phase
of human retinal degeneration, notably inflammation,
the accumulation of lipofuscin in the RPE, comple-
ment activation, age-related declines in electroretinog-
raphy (ERG) amplitudes, and delayed dark adaptation.
However, Abca4~'~ mice show limited RPE pathol-
ogy. Thus, whether ameliorating the dimerization of
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Figure 2. C20Ds-Vitamin A Prevents the Dimerization of Vitamin A. Shown, a C20 carbon-hydrogen bound of vitamin A at natural isotopic
abundance relative to a C20 carbon-hydrogen bound of C20D;-vitamin A. To dimerize, a C20 carbon-hydrogen bond on vitamin A must be
broken. Enriching the C20 carbon-hydrogen bonds (H) with deuterium (D) makes the bonds harder to break and the dimerization of vitamin

A more difficult.

vitamin A is sufficient alone to mitigate the signature
RPE pathology has been disputed.?* 38

To elucidate the contribution of inhibiting the
dimerization of vitamin A to RPE pathology,
we administered C20Ds-vitamin A to mice with
abolished activity in both the Abca4 and RdhS genes
(Abca4~'~IRAhS™'~ double knockout mice).*® The
rate of vitamin A dimerization is accelerated in these
double-knockout mice relative to Abca4~'~ mice. Our
data suggest that the dimerization of vitamin A is
sufficient alone to explain the signature RPE atrophic
changes observed in retinal diseases marked by lipofus-
cin formation and that mitigating the rate at which
vitamin A dimerizes with C20D3-vitamin A may halt
the development of RPE atrophic changes.

Materials and Methods

Interventions

Animal protocols were approved by Columbia
University’s Institutional Animal Care and Use
Committee. Animals were treated in accor-
dance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. The
Abca4~'~/Rdh8~'~ mice were obtained from Case
Western Reserve University.”’ The lighting in the
vivarium was >0.05 umol.s~!.m~? at the cage floor and

~3 pmol.s~!.m~? in the room. To modulate the accel-

erated dimerization of vitamin A, mice were provided
standard rodent diets containing vitamin A as either
retinyl acetate (Sigma Aldrich, St. Louis, MO, USA)
or C20Djs-retinyl acetate (Alkeus Pharmaceuticals,
Somerville, MA, USA), both at 20,000 1U/kg, from
weaning, for up to 18 months of age. Land O’Lakes,
Inc. (Arden Hills, MN, USA) formulated the diets as
reported.’?> Animals were divided into the two cohorts
at random. Each cohort contained approximately
half male and half female. Fundus autofluorescence,
quantification of qVAB, and electroretinography were
performed.3!-33:40-41

Histology

Eyes were removed and fixed in 10% formaldehyde.
HistoWiz Inc. (Brooklyn, NY, USA) performed the
histology. Eyes were sliced through the optic nerve. For
each eye, eight or more cross-sections were placed on
one slide for analysis. Slides were imaged at 40x magni-
fication. For retinal thickness, we measured 1 mm from
either side of the optic nerve head. For each eye,
measurements from at least three slices were averaged
to give the retinal layer thickness per eye. Measure-
ments for each eye were then averaged to give the final
retinal layer thickness per experimental cohort. The
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investigator was blinded to the group allocation when
assessing the outcome.

Optical Coherence Tomography (OCT)

Images were acquired with a Spectralis OCT
Angiography Module (Heidelberg Engineering
GmbH, Heidelberg, Germany), during a retrospec-
tive chart review of patients with a clinical diagnosis
of AMD or Stargardt disease. Columbia University’s
Institutional Review Board approved the retrospective
analysis of anonymized data, and the research adhered
to the Declaration of Helsinki.

Statistics

Values are shown as mean + SEM or SD. A p-value
of less than 0.05 was considered significant as calcu-
lated by a 2-sided, unpaired, ¢- or F-test, where appro-
priate. For comparisons of retinyl thickness, P values
are from unpaired ¢-tests, at 12- and 18-month points,
relative to baseline (3 months of age). Statistical signif-
icance was determined using the Holm-Sidak method,
with « = 5%. Computations assume that all rows are
samples from populations with the same scatter. For
population proportions, we used two-tailed, Fisher’s
exact test, using 2 x 2 contingency tables and the
method of summing small P values. Statistical analy-
ses were performed with GraphPad Prism.

C20Ds-Vitamin A Ameliorates the
Accelerated Dimerization of Vitamin A

Fundus autofluorescence—observed upon 488 nm
excitation and 500 to 680 nm emission—reflects the
concentration of VAB and has been used as an indica-
tor of retinal aging.*> As such, we used quantita-
tive autofluorescence imaging to estimate the relative
concentrations of VAB in the above cohorts of mice. At
three months of age, the C20Dj;-retinyl acetate cohort’s
retinas were visibly less autofluorescent compared
to the retinyl acetate cohort. When quantified, the
C20D;-retinyl acetate cohort showed, on average, 75%
less autofluorescence compared to the control cohort
administered vitamin A as retinyl acetate (Figs. 3A,
3B).

Because the structures of the majority of the VAB
remain to be determined, to further quantify changes in
VAB we quantified the amounts of three characterized
VABs: N-retinylidene-N-retinylethanolamine (A2E),
its geometric isomer iso-A2E, and a major oxidative
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metabolite of A2E, oxo-A2E, altogether denoted here
as “quantifiable VAB" or qVAB. Because qVAB can
be found in the neural retina, RPE,***** and Bruch’s
membrane (BM),* we measured qVAB in whole eyes
periodically from between one month and 18 months
of age for animals in each cohort. We found that the
C20Ds;-retinyl acetate cohort had, on average, 85% less
qVAB compared to the retinyl acetate cohort at all ages
measured (Fig. 3C), in agreement with the reduction in
fundus autofluorescence.

C20Ds-Vitamin A Prevents Prodromal
Changes

Delayed dark adaptation has been proposed as
a functional biomarker to predict the likelihood of
progressing from early to late AMD.* We thus
measured the recovery of ERG b-wave amplitudes after
exposing animals to light. For 12-month-old animals in
the C20D5-retinyl acetate cohort, b-waves recovered up
to 71% =+ 0.7% of their initial values 30 minutes after
exposure to light. However, the retinyl acetate cohort
recovered 53% =+ 0.5% of their initial values, giving a
34% improvement in the C20Ds-retinyl acetate cohort
(Fig. 3D). Simultaneously, we did not measure signif-
icant age-related declines in maximum, dark-adapted,
ERG a- and b-wave amplitudes in mice between three
months and 18 months of age (Figs. 3E, 3F). This
indicated that declines in dark adaptation were not
due to attenuated maximum a- and b-wave amplitudes.
We observed for both cohorts, on average, ~25% and
~11% decreases in maximum, dark-adapted ERG a-
and b-wave amplitudes, respectively, between seven and
18 months of age. But these decreases were not statis-
tically significant (P > 0.05).

C20Ds-Vitamin A Prevents RPE Atrophic
Changes

C20Ds-vitamin A intervention prevented age-
related reductions in retinyl thickness (Fig. 3G). At 12
months of age, retinal thickness was reduced by 17% in
the retinyl acetate cohort and 5% in the C20Djs-retinyl
acetate cohort, for a difference with a standard error
of 11% £ 4% (P = 0.02). At 18 months of age, retinal
thickness was reduced by 15% in the retinyl acetate
cohort and 3% in the C20Ds;-retinyl acetate cohort,
for a difference with a standard error of 12% + 5% (P
= 0.03). The average thickness of outer nuclear layer
(ONL), outer segment (OS), and inner nuclear layer
(INL) was also thicker in the C20D;-retinyl acetate
cohort relative to the control cohort, but this difference
was not statically significant (Supplementary Fig. S1).
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Figure 3. C20Ds-Vitamin A Prevents the Prodromal Phase of Retinal Degenerations. (A) Representative quantitative fundus autofluores-

cence (AF) images of 3-month-old Abca4~'~/Rdh8~'~ mice administered a diet containing vitamin A as either retinyl acetate or C20Ds-retinyl
acetate. (B) Average (with SEM) AF intensity of the retinas of mice described in panel A. Each spot corresponds to the AF intensity of a single
eye. Eight eyes of eight different animals per cohort were imaged (n = 8). P-value is from a two-sided, unpaired T-test. (C) The qVAB (A2E,
iso-A2E, and oxo-A2E) in mice described in panel A. Each point represents between 5 and 10 pooled eyes. (D) Average (SEM) ERG b-wave
recoveries following light exposure in ~12-month-old Abca4~'~/Rdh8~/~ mice administered a diet containing retinyl acetate (n = 13 eyes,
blue curve, recovered a mean and SD of 71% =+ 0.7% after 30 minutes of dark-adapted maximum b-wave) or C20D;-retinyl acetate (n = 12
eyes, red curve, recovered 53 + 0.5%, P = 0.01, two-sided F-test). (E and F) ERG dose-response curves (average with SEM) for the cohorts of
dark-adapted Abca4~'~/Rdh8~'~ mice described in panel A at seven months (E, retinyl acetate: n = 16 eyes; C20D;-retinyl acetate: n = 19
eyes) and 18 months of age (F, retinyl acetate: n = 12 eyes; C20Ds-retinyl acetate: n = 12 eyes). (G) Percent change in retinal thickness (RPE
and neuroretina) from baseline (3 months of age) in mice described in panel A, measured 1 mm from either side of the optic nerve head.
Averages and SEM are shown. C20D;-retinyl acetate: n = 6 at three months, n = 14 at 12 months, and n = 4 at 18 months. Retinyl acetate: n
=5 at 3 months, n =5 at 12 months, and n = 10 at 18 months. Each eye was from a different animal.

The lack of significant changes in the thickness of C20Dj;-retinyl acetate cohort (n = 12 eyes from six

the neuroretina was in agreement with a lack of a
significant decline in dark-adapted maximum ERG a-
and b-wave amplitudes.

By 12 months of age, animals in the retinyl acetate
cohort began to display focal RPE atrophic changes
(Figs. 4B-D). After 13 months of age, all animals in
the retinyl acetate cohort (n = 16 eyes from eight
animals) showed focal areas of enlarged RPE cells,
RPE clumping, and RPE migrating into the subreti-
nal space and/or neural retina. Morphology in areas
away from the focal RPE atrophic changes remained
grossly normal (Supplementary Fig. S2). The focal
RPE pathology was similar to what is observed in
humans with AMD and Stargardt by OCT (Figs.
4F, 4G, Supplementary Fig. S2). No RPE pathol-
ogy was observed in any 18-month-old animals in the

animals) (Fig. 4A). The difference in histology, 16 of 16
eyes (100%) showing RPE abnormalities in the retinyl
acetate cohort and 0 out of 12 eyes (0%) with RPE
abnormalities in the C20D;-retinyl acetate cohort, was
statistically significant (P < 0.0001).

Discussion

Abca4™'~/RAhS™'~ mice developed delayed dark
adaptation and focal RPE pathology without a
decrease in ERG a- and b-wave amplitudes and other-
wise limited retinal histopathology. These observations
are similar to humans in the prodromal phase of retinal
degeneration secondary to AMD and Stargardt, where
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Figure 4. (C20D;-Vitamin A Prevents the Signature RPE Atrophic Changes. (A) Representative hematoxylin and eosin (H&E) cross-section of
the C20D;-retinyl acetate cohort at 18 months of age. Histology was performed on n = 12 eyes of 12 mice between 13 and 18 months of
age. No RPE pathology was observed in the C20D;-retinyl acetate cohort at any age. (B-E) Representative H&E cross-sections of 18-month-
old Abca4~'~/Rdh8~/~ animals administered vitamin A as retinyl acetate. Each panel represents a slice from a different eye. RPE migration
into the neuroretinal space (arrows), RPE swelling (arrowheads), RPE clumping, or regions of missing or atrophic RPE (black arrows) were
observed. Histology was performed on n = 16 eyes of 16 mice between 13 and 18 months of age. All eyes displayed areas of RPE pathology
after 13 months of age. (F-I) Representative OTC images of human AMD (F, G) and Stargardt disease (H, I) show similar RPE atrophic changes.
Each image is from a different eye.
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RPE atrophic changes can be observed by OCT and
delayed dark adaptation can be measured by electro-
physiology or psychologically. Progression to advanced
stages of retinal degeneration, such as overt choroidal
retinal atrophy or choroidal neovascularization, was
not observed in these mice. However, these animals
have a fraction of VAB compared to humans.’> The
VAB presumably did not form in sufficient amounts to
cause the advanced disease.

Replacing dietary vitamin A with C20D;-vitamin
A retarded the rate of vitamin A dimerization as
measured by the decreased concentrations of the
resulting VAB, which prevented increased fundus
autofluorescence, dark adaptation delays, and signa-
ture RPE atrophic changes. From these observations—
and because the administration of C20Djs-retinyl
acetate did not correct the genetic defects—we can
conclude that the genetic defects were not sufficient
alone to cause the above changes. Instead, the above
changes are best explained by the accelerated rate of
vitamin A dimerization.

It has been argued that retinaldehyde is respon-
sible for retinal pathology in this Abca4~'~/Rdh8~'~
mouse model.’”-* Based on this argument, it was
further argued that dimerization of vitamin A would
protect the retina from retinaldehyde. C20D3-vitamin
A inhibits the dimerization of vitamin A without alter-
ing retinaldehyde concentrations, yet C20D3-vitamin A
prevents the development of retinal pathology. From
these observations, it can be concluded that retinalde-
hyde does not play a role in RPE pathology relative
to the dimerization of vitamin A. This conclusion
is in accord with our prior in vitro work showing
that isolated RPE cells can tolerate large amounts of
retinaldehyde but not A2E*’ and our animal work
with C20Ds-retinyl acetate in wild-type, Abcad~'~
pigmented, and Abca4~'~ albino mice.? 3

Pathological changes in the choriocapillaris and
BM might precede RPE abnormalities.*® As others
and we have shown, byproducts of the vitamin A cycle
can damage the choriocapillaris*-*° and are located
in the BM.*> Whether the vitamin A byproducts first
damage the choriocapillaris or BM, which cause the
RPE abnormalities, or first damage the RPE, which
cause choriocapillaris or BM damage, or damage all
three structures concurrently is not clear. Because the
choriocapillaris, BM, and RPE are interdependent, it
would be challenging to show damage to one and not
the other.

In humans, sub-RPE deposits, such as drusen,
are correlated with RPE abnormalities. We observed
the RPE abnormalities in the absence of sub-RPE
deposits, indicating that the sub-RPE deposits are
not prerequisites for the RPE abnormalities. This
conclusion is in accord with sub-RPE deposits origi-
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nating from excreted RPE debris.’! Because sub-RPE
deposits perturb the RPE, and RPE abnormalities are
typically seen over sub-RPE deposits,' the additional
presence of sub-RPE deposits likely contributes to
RPE abnormalities.

There are changes observed in AMD, such as
drusen, linear deposits, and choroidal neovascu-
larization that are typically not observed in the
juvenile retinal dystrophies, such as Stargardt disease.
Retinopathy induced by the accelerated vitamin A
dimerization would mean that disease heterogeneity
results from the body’s reaction to the accelerated
dimerization. In Stargardt disease, vitamin A dimer-
izes abnormally in the young retina. In AMD, vitamin
A dimerizes abnormally in the aged retina. The differ-
ences observed between the two diseases presumably
result from the age of the eye in which the vitamin
A cycle byproducts form. The molecular derange-
ments observed during Stargardt disease and AMD
would be best explained by an individual’s responses
to the dimerization of vitamin A or the dimerization
byproducts: as with all poisons, individuals would
show a range of responses, dictated by genetic and
environmental factors.

We show that the accelerated dimerization of
vitamin A is sufficient to cause the RPE atrophic
changes thought to be a prerequisite to atrophic lesions
and vision loss in human Stargardt and AMD, presum-
ably by chronically poisoning the RPE, BM, or chorio-
capillaris with dimerization byproducts. Data indicate
that preventing the dimerization of vitamin A with
C20Ds-vitamin A may be sufficient to mitigate the
development of RPE atrophic changes to alter the clini-
cal course of these conditions.
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