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ARTICLE INFO ABSTRACT

Keywords: To facilitate the movement of retinoids through the visual cycle and to limit nonspecific chemical reaction,
Taurine multiple mechanisms are utilized to handle these molecules when not contained within the binding pocket of
Vita.min A opsin. Vitamin A aldehyde is sequestered by reversible Schiff base formation with phosphatidylethanolamine
l;::z;ﬁigzde (PE) and subsequently undergoes NADPH-dependent reduction. Otherwise inefficient handling of retinaldehyde
Retina can lead to the formation of fluorescent di-retinal compounds within the outer segments of photoreceptor cells.

These bisretinoid fluorophores initiate photooxidative processes having adverse consequences for retina. Various
carrier proteins confer water solubility and maintain the 11-cis-retinoid configuration. Mechanisms for seques-
tration of retinoid include the formation of a reversible Schiff base between retinaldehyde and taurine (Al-
taurine, A1T), the most abundant amino acid in photoreceptor cells. Here we have undertaken to examine the
effects of taurine depletion using the transport inhibitors guanidinoethyl sulfonate (GES) and p-alanine. Oral
treatment of BALB/cJ mice with p-alanine reduced ocular A1T and the mice exhibited significantly lower
scotopic and photopic a-wave amplitudes. As a secondary effect of retinal degeneration, A1T was not detected
and taurine was significantly reduced in mice carrying a P23H opsin mutation. The thinning of ONL that is
indicative of reduced photoreceptor cell viability in albino Abca4~/~ mice was more pronounced in f-alanine
treated mice. Treatment of agouti and albino Abca4 ™/~ mice with f-alanine and GES was associated with reduced
bisretinoid measured chromatographically. Consistent with a reduction in carbonyl scavenging activity by
taurine, methylglyoxal-adducts were also increased in the presence of f-alanine. Taken together these findings
support the postulate that A1T serves as a reservoir of vitamin A aldehyde, with diminished A1T explaining
reduced photoreceptor light-sensitivity, accentuated ONL thinning in Abca4~/~ mice and attenuated bisretinoid
formation.

1. Introduction

Taurine (2-aminoethanesulfonic acid) is an endogenous sulfur-
containing f-amino acid that is not incorporated into protein but is
the most abundant constituent of the amino acid pool of photoreceptor
cells [1]. Although taurine can be synthesized endogenously from
cysteine, it is primarily acquired through the diet [1,2]. The structure of
taurine does not include the carboxyl group typical of amino acids;
instead, it bears a sulfonate group. Retinal pigment epithelial (RPE) cells
take up considerable amounts of taurine; only the uptake of proline is
higher [3]. Taurine enters RPE cells by means of a high-affinity Na* and
Cl” dependent taurine transporter (TauT; SLC6a6) [4-6]. High con-
centrations of free taurine accumulate in neural retina in association

with photoreceptor cells [1]. Structural analogs of taurine, including the
synthetic compound guanidinoethyl sulfonate (GES) [7] and natural
occurring f-amino acids such as f-alanine [8] are competitive inhibitors
of the taurine transporter [6,9]. Both glutathione (GSH) and taurine rely
on cysteine for synthesis. It is perhaps for this reason that taurine sup-
plementation may increase reduced GSH levels [10]. Aging is reported
to be associated with decreased taurine in plasma and tissues [11].
Taurine deficiency negatively impacts the retina. Recently, there
have been two reports of unrelated families with affected siblings car-
rying homozygous disease-causing missense variants (p.G399V; p.A78E)
in the solute carrier (SLC) 6a6 gene [5,12] that encodes TauT [2]. These
hypomorphic alleles conferred profound reductions in taurine transport
[12], meager plasma taurine levels, cardiomyopathy and early-onset

Abbreviations: ERG, electroretinography; HPLC, high performance liquid chromatography; MG, methylglyoxal; ONL, outer nuclear layer; qAF, quantitative fundus
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retinal degeneration. The latter was evidenced by thinning of
photoreceptor-attributable layers in spectral domain optical coherence
tomography (SD-OCT) scans and severe reductions in electroretino-
grams [12]. Oral taurine supplementation (100 mg/kg/day, 2 years)
enabled normal blood taurine levels, correction of the cardiomyopathy
and non-progression of retinopathy in a 6-year-old [12]. Interest in
taurine also originates from reports that the bilateral concentric visual
field loss that is a side-effect of the anti-epileptic drug vigabatrin
(GABA-transaminase inhibitor) is due to taurine depletion [2,13,14].
The photoreceptor cell degeneration occurring as a side-effect of vig-
abatrin is intensified by light exposure and albino mice are predisposed
[15].

Taurine carries a primary amine that in retina reversibly binds to
retinaldehyde thereby forming a small molecule, taurine-retinaldehyde
Schiff base (A1T) [16,17]. A1T is an amphiphilic molecule carrying a
negatively charged sulfonated group together with a hydrophobic reti-
noid moiety and may serve to chaperone retinaldehyde, a molecule that
is otherwise poorly soluble in aqueous media. We recently showed that
AlT is present at higher levels in neural retina as opposed to RPE and is
more abundant under conditions in which 11-cis-retinaldehyde is more
abundant [16,17]. These conditions included mice carrying the
Rpe65-Leud50 versus Rpe65-450Met variant, the presence versus
absence of ocular pigmentation, dark-adaptation  versus
light-adaptation. A1T was also substantially decreased in mouse models
in which the synthesis of 11-cis-retinal is compromised, specifically
Rpe65~/~ and RLBP1/CRALBP~/~ mice. These findings indicated that,
as an amphiphilic molecule AIT may represent a mechanism for
escorting retinaldehyde in an aqueous milieu and may signify a pool of
mobilizable 11-cis-retinal [17].

The ability of taurine to sequester retinaldehyde is of additional in-
terest. Although 11-cis-retinaldehyde is the visual chromophore that
absorbs photons of light to begin the process of phototransduction,
retinaldehyde is also highly reactive and thus chaperoning during transit
through the visual cycle and chemical reduction of the aldehyde are
important protective processes [18-20]. The carrier proteins that serve
to chaperone retinoid include cellular retinaldehyde-binding protein
(CRALBP), interphotoreceptor retinoid-binding protein (IRBP) and
cellular retinoid binding protein (CRBP). Within photoreceptor cells
11-cis-retinaldehyde also binds to opsin and to phosphatidylethanol-
amine via Schiff base linkages. One consequence of inefficient handling
of retinaldehyde is the potential for reaction of two of the aldehydes
with phosphatidylethanolamine in the photoreceptor outer segment
membrane, the outcome being the formation of toxic bisretinoid com-
pounds. Evidence of adverse effects of bisretinoid has been provided by
studies demonstrating that bisretinoids undergo photooxidation and
subsequently degrade into small carbonyl compounds including glyoxal
and methylglyoxal [21-24]. These aldehyde-bearing species are known
to be reactive; they randomly attack amine moieties of biomolecules
forming advanced glycation endproducts (AGEs), that are deleterious to
cells.

Here we have investigated A1T, retinoid and bisretinoid levels under
conditions of taurine depletion and taurine supplementation and we
have measured A1T in mouse models of retinitis pigmentosa (RP) and
recessive Stargardt disease (Abca4~/~ mice). Since as a free amino acid
taurine is present at high concentration in retina, we have also explored
its ability to quench the activity of dicarbonyl aldehydes released by
bisretinoid photooxidation.

2. Materials and methods
2.1. Mouse models

BALB/cJ mice and P23H knock-in mice (Rho"23H/P23H) homozygous
mice [25] were purchased from the Jackson Laboratory (Bar Harbor,

ME). The albino Rho"?**/* mice were custom generated at The Jackson
Laboratory by repeated crossing homozygous black P23H mice (JAX
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stock# 017628) to albino B6 mice (JAX stock# 000058) for over 12
generations and the genetic background was confirmed to be over 99%
of that of albino B6. Both albino homozygous mice and their littermate
controls were maintained in house. Albino Abca4 null mutant mice
(Abcad™’ 7); albino Abca4™t mice; and agouti Abca4 null mutant mice
(Abca4~"7) (The Jackson Laboratory) all of which were homozygous for
Rpe65-Leu450, were bred in the laboratory and housed under 12-h
on-off cyclic lighting with in-cage illuminance of 30-80 lux. To ach-
ieve dark-adapted conditions, mice were placed in darkness for 18-20 h.
Genotyping confirmed that the mutant mice do not carry the rdl, 2, 3, 6,
7, 8 and 10 mutations [26]. Mouse lines studied are provided in Table 1.
The research was approved by the Institutional Animal Care and Use
Committee (IACUC) and was performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Visual Research.

2.2. Taurine, p-alanine and GES treatment

Mice received oral taurine (Millipore-Sigma, St. Louis, MO; phar-
magrade) delivered as 2.5% (w/v) in drinking water for 2 and 6 months.
Guanidinoethyl sulfonate (GES) was synthesized by Toronto Research
Chemicals (Toronto, Ontario; pharmagrade) and delivered in drinking
water (1%) for 2 months. f-alanine (NutriVitaShop, Lake Forest, CA;
pharmagrade) was delivered to mice in drinking water (2%) for 1-2
months.

2.3. Invitro cellular experiments

Human adult RPE (ARPE-19, American Type Culture Collection,
Manassas, VA) were treated with GES and g-alanine where indicated. To
test for direct effects of taurine on cultured RPE, ARPE-19 cells deficient
in endogenous lipofuscin [27] were grown to confluence as described
[28]. The cells accumulated A2E with and without p-alanine for 14
days. After culturing for an additional 3 days in media without A2E, the
cells were incubated with taurine (1 mM) for 24 h and without further
incubation the cells were exposed to 430-nm light (30 min). After 18 h,
the MTT (4, 5-di-methylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)
assay (Roche Diagnostics, Indianapolis, IN) was performed to evaluate
cell viability.

2.4. Synthesis

A2E, A2-GPE (A2-glycerophosphoethanolamine), A2-DHP-PE (A2-
dihydropyridine-phosphatidylethanolamine), atRALdi-PE (all-trans-
retinal dimer-phosphatidylethanolamine) and atRALdi were synthesized
as previously described with HPLC purification [23,27,29,30]. Retinoids
(9-cis-retinal, 13-cis-retinal and all-trans-retinal) were purchased from
Sigma-Aldrich; 11-cis-retinal was a gift from the National Eye Institute
provided through the laboratory of Dr. Rosalie K. Crouch. Al-taurine
isomers were synthesized as published [31]. Al-taurine isomers were
purified in their protonated forms by HPLC with a reverse-phase Atlantis
Prep dC18 column (10 x 250 mm, 10 pm; Waters) and gradient of
acetonitrile and water with 0.1% TFA [17].

2.5. Quantitative UPLC analysis of retinoids

Frozen mouse eyecups (1 eye/sample) were homogenized and
derivatized with O-ethylhydroxylamine (100 mM) (method 1) or with O-
ethylhydroxylamine (100 mM) and acetonitrile (method 2) on ice under
dim red light. Retinoids were extracted with hexane and resuspended in
acetonitrile for UPLC analysis [32] using a Waters Acquity UPLC-PDA
system (Milford, MA) with a CSH C18 column as described [33].
Molar quantities per eye were calculated based on standard solutions
with concentrations determined spectrophotometrically. Peak areas
were calculated using Waters Empower Software and results were
analyzed in Excel (Microsoft, Redmond, WA).
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Table 1
Mouse lines included in the study.
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Genotype Treatment in drinking water (w/v) Age (months) Light-condition Measurement Corresponding figure
BALB/cJ p-alanine 2% 1-3 cyclic light taurine in plasma Fig. 1B
taurine in eyes Fig. 1C
AT Fig. 1D
1-3 dark-adaptation retinoids Fig. 2A and B
2-3 light-adaptation Fig. 2C and D
1-3 cyclic light ERG Fig. 3
2-3 2 h post-bleach retinoids Fig. 4A and B
1-3 6 h post-bleach Fig. 4C and D
Albino Rho™/* RhoP?3H/+ No treatment 2 cyclic light taurine in eyes Fig. 5A
1 dark-adaptation retinoids Fig. 5B
2 cyclic light A1T Fig. 5C
albino Abca4™’* Abcad™'~ 4 taurine in eyes Fig. 5D
3 dark-adaptation retinoids Fig. 5E
3 cyclic light A1T Fig. 5F
albino Abca4™/~ p-alanine 2% 1-3 cyclic light bisretinoids Fig. 6A-C
agouti Abcad~/~ GES 1% Fig. 6D and E
p-alanine 2% Fig. 6F and G
albino Abca4™/~ taurine 2.5% 1-3 bisretinoids Fig. 7
p-alanine 2% 6-8 ONL Fig. 8

ERG, electroretinography; GES, guanidinoethyl sulfonate; ONL, outer nuclear layer.

2.6. Quantitation of bisretinoids

Mouse eyecups were homogenized, extracted with either A or B (A:
homogenized in Dulbecco’s phosphate-buffered saline (DPBS) and
extracted in chloroform/methanol, 1:1; B: homogenized and extracted
in chloroform/methanol, 1:1) and the solvent was evaporated as pre-
viously described [34]. The extract was re-dissolved in chlor-
oform/methanol by HPLC and in ethanol by UPLC for bisretinoid
measurement (Waters, Milford, MA) [35]. One to eight eyes were
combined for bisretinoid measurement, each measurement was
expressed as picomoles/eye, and from multiple measurements, mean
values were determined.

2.7. HPLC quantitation of taurine

RPE cells and whole murine eyes or isolated neural retina and iso-
lated RPE/choroid were homogenized in DPBS and extracted in chlo-
roform and methanol (1:1) to exclude the non-polar fraction. The DPBS
fraction was derivatized with NBD-F solution (1 mmol/L) as described
[36]. An Alliance system (Waters, Milford, MA) equipped with a 2475
Multi A fluorescence detector (Ex: 470 nm, Em: 530 nm) was used for
HPLC analysis as previously described [17]. Molar quantity of taurine
was determined using standard curves.

2.8. UPLC quantitation of AI1T isomers

Whole mouse eyes (3—4 eyes/sample) were homogenized in acidified
MeOH (0.1% TFA) and extracted in chloroform/DPBS (2: 1.3) (on ice
and under dim red light). Acidified methanol was used to protonate the
primary amine of taurine thus rendering it incapable of nucleophilic
attack on the aldehyde moiety of retinaldehyde. The addition of PBS in
the biphasic system with chloroform prevented unwanted formation of
A1T during extraction [17]. The sample was then centrifuged, filtered,
and extracted twice by addition of chloroform. The combined chloro-
form fraction was dried and then redissolved in MeOH and measured by
a Waters Acquity UPLC system (Milford, MA) with an XBridge BEH C18
column. Al-taurine isomers 11-cis, 13-cis, 9-cis, all-trans-retinal were
separated with water and acetonitrile, both with 0.1% formic acid as
published [17]. Molar quantities per eye were calculated by comparison
with each of the synthesized A1T isomers. To calculate total A1T, the
isomers were quantified separately and then summed [17]. Al-$-alanine
was added as an internal standard to compensate for Schiff base hy-
drolysis during the extraction. In desiccated mouse eyes extracted in
dehydrated methanol that favors reactions between endogenous taurine

and p-alanine with free retinaldehyde we confirmed that most of the
Schiff base was A1T (99%) and a small portion of Schiff base was
Al-p-alanine (1%). This is consistent with previous findings [37].

2.9. Measurement of outer nuclear layer (ONL) thickness

Mouse eyes were marked and fixed as described [38]. Sagittal
paraffin serial sections of mouse retina were prepared and stained with
hematoxylin and eosin. The section most centrally positioned in the
optic nerve head (ONH) was selected and imaged with the 40 x objec-
tive using Leica SCN 400 system (Leica Microsystems; Leica Application
suite; Welzlar, Germany). ONL thickness was then measured at 200 pm
intervals superior and inferior to the edge of the ONH along the vertical
meridian with image processing software Fiji after a custom ruler was
place with Photoshop CS5. ONL width in pixels was converted to mi-
crons (1 pixel: 1.26 pm). For groups of mice at the indicated ages, mean
ONL thickness of 3 sections at each position along the vertical plotted as
a function of eccentricity from the ONH [39].

2.10. Electroretinography (ERG)

ERG recordings were obtained with a Celeris rodent ERG system
(Diagnosys, Lowell, MA). Scotopic and photopic responses were recor-
ded under incremental stimuli. To measure recovery of visual sensi-
tivity, the eyes were exposed to 1000 cd s/m? white light for 5 min to
bleach rhodopsin (90%) and ERG responses to 1 cd s/m? white light
were recorded before and after bleaching at regular intervals.

2.11. Quantitative fundus autofluorescence (qAF)

Short-wavelength (SW) fundus autofluorescence (488 nm excitation)
images were acquired non-invasively from mice as described [40].

2.12. Detection of methylglyoxal-(MG) adducts by enzyme-linked
immunosorbent assay (ELISA)

Dissected neural retina and RPE (8 eyes per sample) were placed in
1X lysis buffer (Cell Signaling, Danvers, MA) with 1% (v/v) protease
inhibitors (protease inhibitor cocktail, Millipore-Sigma, St. Louis, MO)
and were sonicated on ice. After centrifuging the lysates, the MG-H1
(methylglyoxal-hydroimidazolone) protein adducts were quantified by
competitive indirect enzyme-linked immunosorbent assay (ELISA) using
an HRP conjugated-secondary antibody (OxiSelect, Cell Biolabs, San
Diego, CA). MG content was determined by comparison with an MG-BSA
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standard curve, a four-parameter fit algorithm [41]. To ensure antibody
specificity for MG-H1, an adduct of MG with an arginine residue and a
reaction mixture of MG with taurine were screened.

2.13. Statistical analysis

Statistical analysis was carried out using GraphPad Prism, version 8
(GraphPad Software, Inc. La Jolla, CA) and P < 0.05 was considered
significant.

3. Results

3.1. Depletion of taurine by GES- and p-alanine-treatment in ARPE-19
cells and in mice

The taurine transporter (TauT) a sodium- and chloride-dependent
protein encoded by the SLC6A6 gene and expressed by RPE is compet-
itively inhibited by analogs of taurine such as guanidinoethyl sulfonate
(GES) and p-alanine [7,42]. Since expression of TauT by ARPE-19 cells
has been demonstrated previously by immunocytochemical staining
[43], we confirmed the inhibitory behaviors of -alanine and GES by
HPLC quantification of taurine in ARPE-19 cells that were grown in
media (with 10% fetal bovine serum) containing 0.4 microM taurine and
treated with 0.5 and 2 mM of g-alanine and GES. In these GES- and
p-alanine-treated cells, taurine concentration, measured after derivati-
zation of amine groups by NBD-F, was inhibited by 96% and 97%,
respectively (P < 0.01, 1-way ANOVA and Tukey’s multiple comparison
test) (Fig. 1A). We also quantified taurine in plasma and in isolated
neural retina and RPE of mice. In cyclic reared albino BALB/cJ mice
receiving p-alanine in drinking water from age 1-3 months, HPLC
analysis revealed 19% lower levels of taurine in plasma (P < 0.05, un-
paired two-tailed t-test) (Figs. 1B) and 14% decreased taurine in isolated
neural retina (P < 0.001, two-way ANOVA and Bonferroni’s multiple
comparison test) versus untreated-controls (Fig. 1C). Conversely, in
isolated RPE there was no appreciable difference in taurine levels be-
tween control and treated mice (Fig. 1C). Since f-alanine and GES
produced similar levels of inhibition, and p-alanine was more readily
available, we continued the work using f-alanine.

3.2. AIT levels in p-alanine-treated WT mice

A1T was also measured in eyes of BALB/cJ mice raised under cyclic
light and treated with g-alanine from 1 to 3 months of age. Ocular A1T
was reduced by 35% (P < 0.01; unpaired two-tailed t-test) in the
f-alanine-treated versus control mice (Fig. 1D).

3.3. Effect of p-alanine on retinoid levels

We have previously shown that levels of A1T are higher under con-
ditions in which 11-cis-retinal is more abundant. For instance, A1T (sum
of 9-cis, 11-cis, 13-cis and all-trans isomers) is significantly greater in
dark-adapted albino mice (C57BL/6JCZj and BALB/cJ mice) relative to
the same strains of cyclic light-adapted mice [17]. A1T is also higher in
black C57BL/6J mice as compared to albino C57BL/6J¥ mice. In the
current studies BALB/cJ mice were treated with f-alanine from 1 to 3
months of age and then dark-adapted. In the treated mice there were no
differences in retinoid (atROL, atRE, atRAL, 11cisRAL, 11cisRE) levels as
compared to untreated mice. In the f-alanine-treated mice, there was,
however, a decrease in 11cisROL (28% decrease) (P < 0.05, two-way
ANOVA, and Sidak’s multiple comparison test) (Fig. 2A and B). Simi-
larly in cyclic-light reared BALB/cJ mice, there was no difference in
retinoid levels in mice receiving oral p-alanine for 1 month compared
with the untreated mice (Fig. 2C and D). We note that the estimated total
retinoid concentration in dark vs light-adapted eyes is 500.9 + 66.5
pmoles/eye and 700.6 + 90.5 pmoles/eye, respectively (extraction
method 1).
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Fig. 1. Quantitation of taurine and A1T. Taurine and all-trans-A1T were
measured by HPLC and UPLC, respectively. (A) Taurine in ARPE-19 cells was
depleted by treating with the taurine transport inhibitors guanidinoethyl sul-
fonate (GES; 2 mM) and f-alanine (0.5 and 2 mM). (B-D) Cyclic light reared
BALB/cJ mice treated with g-alanine (2% in drinking water; age 1-3 months).
Taurine was measured in plasma (B) and in isolated neural retina (NR) and
retinal pigment epithelium (RPE) (C). (D) Al1T in g-alanine-treated mice was
measured in whole eyes. Each plotted value is based on one sample (A) one
mouse (B), one eye (C) and 4 eyes (D). Means + SD based on 2 (A) 8-10 (B) 4-5
(C) 4 (D) replicates. P values were determined by one way ANOVA and Tukey’s
multiple comparison test (A), unpaired t-test (B, D) and two-way ANOVA with
Sidak’s multiple comparison test (C); *P < 0.05, **P < 0.01, ***P < 0.001.

3.4. Electroretinographic recording in taurine-deficient mice

To assess retinal function in terms of both rod and cone activity, we
also recorded scotopic and photopic electroretinographic responses in 3-
month-old BALB/cJ mice treated with g-alanine for 2 months to reduce
taurine uptake and we compared the data to untreated mice. The cornea-
negative a-wave originates from photoreceptor cells while the b-wave
reflects responses from bipolar cells [44]. As shown previously in
taurine-deficient mice [45], p-alanine-treated mice exhibited signifi-
cantly lower scotopic and photopic a-wave amplitudes (P < 0.05, 1-way
ANOVA and Tukey’s multiple comparison test) (Fig. 3A), and signifi-
cantly increased b-wave implicit times (P < 0.01, 1-way ANOVA and
Tukey’s multiple comparison test) relative to control mice (Supple-
mentary Fig. S1). B-wave amplitudes were unchanged (Fig. 3B). The
changes in a-wave amplitude without corresponding changes in b-wave
amplitudes likely indicates that the photoreceptor cell responses were
adequate to elicit responses in bipolar cells; transmission of signal from
photoreceptors to second order neurons is non-linear [46].

3.5. Effect of p-alanine on the recovery of retinoid levels 2, 6 h postbleach
in dark-adapted BALB/cJ mice

Retinoids were analyzed in f-alanine-treated mice and controls when
mice were dark-adapted overnight, subjected to photobleaching and
allowed to recover for 2 and 6 h in the dark (Fig. 4). After 2 and 6 h of
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[25]. We found that the concentration of taurine in the whole eyes
(including neural retina) of albino albino Rho"?"/* mice was decreased
by 31.7% when compared to Rho™’* control mice (Fig. 5A). Since
numerous findings indicate that in retina taurine functioning primarily
relates to photoreceptor cells [2,12,15,49-52], we tested for a secondary
effect of reduced retinoid and photoreceptor cell degeneration on A1T
levels. Accordingly, in albino Rho"?*/* knock-in mice at age 1 month
we observed that 11-cis-retinal was reduced by 85% and atRAL was 69%
lower (Fig. 5B). All-trans-retinyl ester, all-trans-retinal and 11-cis-retinal
were also significantly reduced in the mutant mice (P < 0.0001, 2-way
ANOVA and Sidak’s multiple comparison test) (Fig. 5B). A1T was
measured and compared in albino cyclic light-housed mice. The latter
taurine-retinaldehyde Schiff base [17], was not detected in ocular

Fig. 2. UPLC quantitation of retinoids in f-alanine (2% in drinking water)
treated and untreated (control) albino BALB/cJ mice (age 3 months). (A-D)
Dark-adapted mice treated with p-alanine from age 1-3 months. (C, D) Cyclic
light-adapted mice treated with f-alanine from age 2-3 months. On the left axis,
all-trans-retinol (atROL), all-trans-retinyl palmitate (atRE), all-trans-retinal
(atRAL), 11-cis-retinal (11cisRAL) are presented as picomoles per eye. On the
right axis, 11-cis-retinol (11cisROL) and 11-cis-retinyl ester (11cisRE) are pre-
sented as peak area/eye. Extraction method 1. Individual values are based on
one eye; n = 4-17, mean + SD. P values were determined by two-way ANOVA
and Sidak’s multiple comparison test; *P < 0.05.

recovery, there were no significant differences in retinoid levels in
BALB/cJ mice treated with g-alanine for 1 and 2 months (P > 0.05)
(Fig. 4).

3.6. AIT, retinoid and taurine levels in a mouse model of retinitis
pigmentosa

A point mutation of proline to histidine at position 23 of opsin
(P23H) is responsible for a dominant form of retinitis pigmentosa (RP)
[47]. Partial misfolding of rhodopsin in P23H mutant mice results in
abnormal 11-cis-retinal binding to the opsin protein [48]. In pigmented
RhoP#H/* knock-in mice at age 63 days the ONL consists of 6-7 rows of
photoreceptor cell nuclei as compared to 9-10 rows in wild-type mice
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P23H/+

samples (4 eyes per sample) of albino Rho mice at age 8 weeks, ANOVA and Sidak’s multiple comparison test) (Fig. 6D) after GES

whereas all-trans-A1T was detected in age-matched WT mice (P < 0.001,
unpaired two-tailed t-test) (Fig. 5C).

3.7. Taurine, retinoid and AI1T in Abca4™'™ mice

The Abca4~/~ mouse is a model of recessive Stargardt disease, a
disorder of central retina that begins with deterioration of RPE and
photoreceptor cells [53]. Impaired ABCA4 activity is associated with less
efficient reduction of retinaldehyde to retinol [54] and in albino
Abca4~/~ mice photoreceptor cell degeneration is readily detectable at
age 9 months [40]. Thus we also compared A1T levels in untreated al-
bino Abca4™/~ versus WT mice (age 3 months). No differences were
observed when eyes were studied at age 3 months (Fig. 5F), an age at
which photoreceptor cell loss has not yet occurred. Likewise, levels of
retinoids (atROL, atRE, atRAL, 11cisRAL) and taurine were not different
in albino Abca4~/~ versus WT mice (Fig. 5D and E).

3.8. Decreased cellular taurine by f-alanine-treatment results in reduced
bisretinoid levels in agouti and albino Abca4~'~ mice

Depletion of ocular taurine by p-alanine resulted in reduced bisre-
tinoid levels in albino and agouti Abca4™/~ mice (Fig. 6A-G). In albino
Abca4~/~ mice housed in cyclic light and treated with g-alanine from 1
to 3 months of age, levels of A2E, A2-GPE, A2-DHP-PE, and atRALdi
measured in whole eyes were reduced by 39.3%, 37.6%, 48.1% and
77.8% (P < 0.01, 2-way ANOVA and Sidak’s multiple comparison test),
respectively relative to untreated albino Abca4 /'~ mice (Fig. 6B). The
sum of all bisretinoids in the -alanine-treated mice was 44.4% lower (P
< 0.01, unpaired two-tailed t-test) (Fig. 6C). Treatment of agouti
Abca4~/~ mice with oral GES or f-alanine for 2 months before eutha-
nasia at 3 months also reduced total bisretinoids by 55.2% (P < 0.05,
unpaired two-tailed t-test) (Figs. 6E) and 32.7%, respectively (not sta-
tistically significant, P > 0.05) (Fig. 6G). The individual bisretinoid A2E
(A2E and isomers) was significantly reduced by 60.7% (P < 0.05, 2-way

treatment and was reduced by 44.6% after p-alanine treatment (P <
0.05, 2-way ANOVA and Sidak’s multiple comparison test) (Fig. 6F).

3.9. Taurine supplementation in mice does not alter bisretinoid levels

To test for an effect of taurine supplementation, we measured bis-
retinoids in 3 month-old albino Abca4™/~ mice after taurine was deliv-
ered in drinking water for 2 months. No statistically significant change
was observed between control and supplemented mice (Fig. 7A).

Since bisretinoids are the source of fundus autofluorescence (fundus
AF) elicited with 488 nm excitation, we also measured bisretinoids in
albino Abca4 /- mice by non-invasive quantitative fundus auto-
fluorescence (qAF) [55]. Oral delivery of taurine from age 1-3 months
had no effect on qAF levels (Fig. 7B).

3.10. Outer nuclear layer thickness in taurine-deficient mice

Photoreceptor cell viability in albino Abca4 ™/~ mice was assessed by
measuring ONL thickness (Fig. 8). Importantly, the thinning of ONL that
is indicative of reduced photoreceptor cell viability in albino Abca4 /'~
mice was more pronounced in mice treated with $-alanine from age 6-8
months mice (Fig. 8A). The ONL area, determined using the sum of ONL
thicknesses in superior and inferior retina (2 mm), was decreased by
13% (P < 0.0001, unpaired two-tailed t-test) in mice receiving oral
p-alanine compared with the control mice (Fig. 8C).

3.11. Quantitation of methylglyoxal-adduct proteins by ELISA

Photooxidation-induced and iron-mediated degradation of bisreti-
noid leads to the production of carbonyl-carrying molecular fragments
such as methylglyoxal (MG) [21,56]. We have previously detected an
adduct of MG with arginine residues (MG-derived hydroimidazolone;
MG-H1), in posterior eyecups of agouti Rdh8 /~/Abca4~’/~ mice by in-
direct competitive ELISA [22] and corroborated this finding by
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Fig. 6. Reduction of taurine levels by p-alanine and guanidinoethyl sulfonate (GES) is associated with reduced bisretinoid levels in cyclic light-reared Abca4 /~ mice.
Mice were albino and agouti as indicated. (A) Chromatographic detection of bisretinoids. (B-G) HPLC quantitation (B-G): total A2E, A2-DHP-PE, atRAL di-PE; UPLC
quantitation (B, C): A2-GPE, atRALdi. Treatment with f-alanine (2% in drinking water) and GES (1% in drinking water) for 2 months (age 1-3 months) as indicated.
Extraction method B: A-C; extraction method A: D-G. Individual values are based on 1-2 eyes/sample and 2-8 eyes/samples (D, F). Mean + SD. P values were
determined by two-way ANOVA and Sidak’s multiple comparison test (B, D, F) and t-test (C, E, G); *P < 0.05, **P < 0.01; ****P < 0.0001.

UPLC-MS detection of 2,4-dinitrophenylhydrazones (DNPH-derivatized)
photocleavage products of the bisretinoid A2E [22]. Here too, we
measured the production of MG-derived hydroimidazolone (MG-H1), an
adduct of MG with arginine residues in isolated neural retina and RPE by
indirect competitive ELISA. In albino Abca4~’/~ mice treated with
p-alanine for 2 months MG-H1 was significantly increased by 23.2% in
isolated neural retina relative to untreated controls (P < 0.01, 2-way
ANOVA and Sidak’s multiple comparison test) (Fig. 9A). As shown in
Supplementary Fig. S2, taurine-MG adducts were not detected in a re-
action mixture of MG with taurine. This control indicated that the ELISA
assay is specific for MG-H1 adducts.

3.12. Invitro cellular photooxidation assay

To corroborate our findings in mice we also tested the effects of
taurine in a known cell model using cell viability (MTT assay) as the
outcome measure. Specifically, f-alanine (1 mM, 4 treatments over 2

weeks) was delivered to A2E-containing ARPE-19 after which the cells
were exposed to 430-nm light to induce A2E photodegradation. Cell
viability was reduced by 19% (P < 0.05, one-way ANOVA and Newman-
Keuls multiple comparison test) (Fig. 9B) due to taurine deficiency. In a
control experiment, delivery of f-alanine alone to ARPE-19 cells at a
concentration of 0.1-1 mM for 2 weeks (4 treatments) did not cause the
death of the cells as shown by MTT assay (Fig. 9D).

We surmised that the absence of an effect of taurine supplementation
in the mouse was attributable to taurine sufficiency in the mouse
retinae. Indeed taurine-treatment (1 mM) was associated with a 24%
increase in viability of ARPE-19 cells burdened by A2E accumulation
and blue light exposure (P < 0.001, 1-way ANOVA and Tukey’s multiple
comparison test) (Fig. 9C). Moreover, neither the addition of taurine in
acellular assays nor depletion of the latter by treating ARPE-19 cells with
the taurine transport inhibitors, GES, attenuated photooxidative loss of
AZ2E, indicating that the effects of taurine are not mediated by inhibiting
photooxidation (Supplementary Fig. S3). But more likely occur
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downstream at the stage of photodegradation (Supplementary Fig. S4).
4. Discussion

Although A1T was described several years ago, this taurine-
retinaldehyde Schiff base has been largely ignored. We approached
this study with the knowledge that numerous findings indicate that in
retina taurine function primarily relates to photoreceptor cells. In this
work we have demonstrated that depletion of taurine by selective in-
hibition of the taurine transporter TauT leads to reduced taurine in
plasma and neural retina, reduced A1T in retina, reduced scotopic and
photopic a-wave amplitudes and decreased bisretinoid lipofuscin levels
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in Abca4~/~ mice. p-alanine-induced taurine deficiency was also asso-
ciated with elevated MG adducts measured as MG-H1. In albino
RhoP?H/+ knock-in mice we found that at age 1 month 11-cis-retinal and
all-trans-retinal were reduced by 85% and 69%, respectively. The con-
centration of ocular taurine in albino Rho"™?*"/* mice was decreased by
31.7% when compared to Rho™™" control mice and A1T was not
detectable. Previous studies in a dog model of RP also showed that
taurine was reduced secondary to photoreceptor loss [57]. Likewise, a
pronounced decline in taurine accompanies photoreceptor cell degen-
eration in the postnatal rd1 and C3H mouse [1,58] and photoreceptor
cell degeneration induced by N-methyl-N-nitrosourea (MNU) [51]. On
the other hand, destruction of inner retina has a minimal effect on the
content of taurine in retina [1]. On the basis of our current findings and
the previous findings of others, we surmise that with a loss of photore-
ceptor cells there is little need for taurine and A1T.

We also observed that in untreated Abca4™/~ mice, there were no
differences in ocular taurine, A1T nor retinoid levels as compared to
wild-type mice at age 3 months. We note that at the latter age, loss of
photoreceptor cells, as reflected in ONL thinning, is not observed [59].
However, ONL thinning that is detectable at 8 months of age in
Abca4™/~ mice was aggravated by f-alanine-depletion of taurine. This
adverse effect on photoreceptor cells is consistent with previous find-
ings. For instance in cats [60] raised on a diet that depletes taurine in
serum and retina [49,50,61] and in mice carrying a homozygous dele-
tion in the SLC6a6Tau gene encoding for TauT, the pronounced deple-
tion of taurine leads to photoreceptor cell degeneration and absent ERG
responses after 4 weeks of age [62]. Depletion of taurine (by 1% gua-
nidinoethyl sulfonate) in albino rats is also associated with retinal
degeneration that is exacerbated, particularly in central superior retina,
by elevated environmental light [63]. In humans, a diet chronically
deficient in taurine results in abnormal ERG recordings that can be
reversed by intravenous delivery of taurine [64,65].
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Fig. 8. Photoreceptor cell viability measured as outer nuclear layer (ONL) thickness in albino Abca4~’~ mice (age 8 months) treated with f-alanine for 2
months. Outer nuclear thicknesses (mean + SD) are plotted as distance from the optic nerve head (ONH) (A). Representative light micrographs of inferior quadrant

acquired from albino Abca4 /"~

mice (age 8 months) treated with f-alanine for 2 months ($-alanine) and untreated Abca4

~/~ mice (control) (B). ONL area was

calculated from thicknesses measured at 0.2 mm intervals 1.6 mm superior and inferior to the ONH (C). n = 6-11 eyes. Unpaired t-test. ****P < 0.0001.
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Fig. 9. Quantitation of MG-derived hydroimidazolone (MG-H1) adducts
(A) and effect of taurine and f-alanine on cell viability in an in vitro assay
(B-D). (A) MG-BSA equivalents of MG-H1 adducts were measured by
competitive indirect ELISA in isolated neural retina and RPE in albino Abca4 ™~
mice treated with f-alanine (2% in drinking water) for 2 months (4-6 months)
versus untreated control. Mean + SD of 3 samples assayed in duplicate; 8 eyes/
sample. P values were determined by two-way ANOVA and Sidak’s multiple
comparison test; **P < 0.01. ARPE-19 cells that had accumulated A2E and had
been treated with g-alanine (0.1 and 1 mM) (B) and taurine (1 mM) (C) were
exposed to 430 nm light for 30 min. (D) Delivery of f-alanine (0.1-1 mM) alone
to ARPE-19 cells did not cause death of the cells. Viability was determined by
MTT. Mean + SD, n = 4. P values determined by 1-way ANOVA and either
Newman-Keuls or Tukey’s multiple comparison test. *P < 0.05, ****P
< 0.0001.

Bisretinoid formation in photoreceptor cells occurs due to unchecked
retinaldehyde reactivity. Since taurine sequesters retinaldehyde via
formation of the Schiff base A1T [16,17] one might have expected to
find that taurine supplementation with the associated formation of A1T
would reduce unwanted bisretinoid formation. Instead, we found that
taurine-treatment had no effect on bisretinoid formation in young
Abca4~/~ mice. Conversely, depletion of ocular taurine by g-alanine
resulted in reduced bisretinoid levels in albino and agouti Abca4 /™~
mice without a corresponding change in 11-cis-retinaldehyde levels.
This differs from some other conditions under which reduced bisretinoid
formation has been shown to follow from a reduction in serum retinol
and 11-cis-retinal under light-adapted conditions [66,67]. Moreover, it
has previously been discerned that reduced bisretinoid is associated
with protection of photoreceptor cell viability [68]. Here however,
p-alanine-associated reduction in taurine levels also attenuated bisreti-
noid levels while accentuating ONL thinning in Abca4~/~ mice. The
finding that a decrease in ocular taurine resulted in lower bisretinoid
levels may indicate that A1T preserves the aldehyde moiety of 11-cis--
retinaldehyde. It is the aldehyde group that reacts with PE (2:1 ratio) to
form bisretinoid. This scenario may explain the association of dimin-
ished A1T with reduced bisretinoid formation.

Oxidative degradation of bisretinoids such as A2E and all-trans-
retinal dimer, releases a mixture of aldehyde- and dicarbonyl bearing
fragments (methylglyoxal, MG; glyoxal, GO) that react with and form
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adducts (MG-H1; hydroimidazolone) on arginine residues of proteins
thereby eliciting molecular damage [69]. Accordingly, we have
demonstrated light-mediated carbonyl release from bisretinoid in vitro
and in the Abca4™’~ mouse [22,24,70]. We have found that in-
terventions that mitigate the impact of bisretinoid photodegradative
products can protect against photoreceptor cell degeneration in mice
[21,56]. These conditions were dark-rearing of mice to suppress pho-
todegradative processes [21], treatment with vitamin E that as antiox-
idant served to reduce photooxidation-associated photodegradation of
bisretinoid [21] and iron chelation by deferiprone (DFP) to suppress
iron-promoted oxidation based degradation of bisretinoid in mice [56].
In the studies reported here, f-alanine-induced taurine deficiency was
associated with an increase in MG adducts measured as MG-H1. This
finding suggests that taurine scavenges these dicarbonyls (Fig. S5) and
that like glutathione [71] taurine may be bifunctional in photoreceptor
cells. Scavenging activity such as this is also consistent with high taurine
concentrations in retina [2].

As opposed to alleviating the adverse consequences of bisretinoid
degradation we found in the current work that p-alanine-associated
taurine-deficiency resulted in an increase in MG-H1 adducts in neural
retina. These findings suggest that normally taurine serves to neutralize
MG fragments perhaps by direct quenching reactions between taurine
and dicarbonyl species released by bisretinoid photodegradation [72].
Loss of this protection could account for the reduction in photoreceptor
cell viability evidenced by ONL thinning.

Aside from retina, taurine is reported to have myriad effects sug-
gesting a more generalized role in metabolic processes. For instance,
taurine has been shown to participate in osmoregulation and cell volume
regulation [73] and in the formation of bile acids such as taur-
oursodeoxycholic acid [74]. The latter is reported to increase the sur-
vival of photoreceptor cells in rd10 mice [75]. Taurine has been shown
to play a role in the stabilization of mitochondrial gene translation.
Specifically, taurine is a constituent of post-transcriptionally modified
uridine nucleotides (5-taurinomethyluridine moieties) in select human
mitochondrial transfer RNAs (mt-tRNA), the g-carbon of 1-serine being
the source of the methylene group [76]. Inadequate taurine-based
modification results in impaired expression of respiratory chain en-
zymes and thus defective oxidative phosphorylation [77,78]. Also of
interest is evidence indicating that taurine modulates the phospholipid
content of membrane by reducing the activity of the methyltransferase
that converts phosphatidylethanolamine to phosphatidylcholine [42,
791.

5. Conclusion

While taurine may be multi-functional, the reversible Schiff base A1T
likely has visual cycle retinoids as its focus. A1T is an amphiphilic small
molecule carrying a negatively charged sulfonated group together with a
hydrophobic retinoid moiety. Because of its hydrophilic moiety, A1T has
the potential to reside in a milieu distinct from NRPE. Engagement of
AlT in a cone-driven visual cycle could account for the low levels of 11-
cis-A1T in mouse since in this rodent only 5% of photoreceptor cells are
cones. If A1T constitutes a pool of mobilizable 11-cis-retinal as we have
suggested [17], a p-alanine-induced deficit in taurine could reduce the
availability of retinaldehyde, an effect that would manifest as dimin-
ished ERG responses. Reduced visual chromophores may account for
ONL thinning and would attenuate bisretinoid formation in photore-
ceptor cells. That said, it is also possible that the effect of diminished
taurine levels on photoreceptor cell viability involves an additional
mechanism. Specifically taurine may serve to scavenge dicarbonyls
released by bisretinoid photodegradation.

Data availability

All relevant data are provided in the paper and supporting infor-
mation file.
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