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Abstract

Proteins in the eye lens have negligible turnover and therefore progressively accumulate chemical
modifications during aging. Carbonyls and oxidative stresses, which are intricately linked to one
another, predominantly drive such modifications. Oxidative stress leads to the loss of glutathione
(GSH) and ascorbate degradation; this in turn leads to the formation of highly reactive dicarbonyl
compounds that react with proteins to form advanced glycation end products (AGES). The
formation of AGEs leads to the crosslinking and aggregation of proteins contributing to lens aging
and cataract formation. To inhibit AGE formation, we developed a disulfide compound linking
GSH diester and mercaptoethylguanidine, and we named it carboxitin. Bovine lens organ cultured
with carboxitin showed higher levels of GSH and mercaptoethylguanidine in the lens nucleus.
Carboxitin inhibited erythrulose-mediated mouse lens protein crosslinking, AGE formation and
the formation of 3-deoxythreosone, a major ascorbate-derived AGE precursor in the human lens.
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Carboxitin inhibited the glycation-mediated increase in stiffness in organ-cultured mouse lenses
measured using compressive mechanical strain. Delivery of carboxitin into the lens increases GSH
levels, traps dicarbonyl compounds and inhibits AGE formation. These properties of carboxitin
could be exploited to develop a therapy against the formation of AGEs and the increase in stiffness
that causes presbyopia in aging lenses.
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Introduction

The human lens is a unique organ that facilitates the focusing of light onto the retina.
Crystallins are the dominant proteins in the lens. The high concentration of crystallins helps
the lens maintain a high refractive index. a-, p-, and -y-Crystallins in the lens, are among the
longest-lived proteins in the human body [1] and account for 90% of the proteins in the lens
[2]. a-Crystallin is made up of aA-crystallin (¢ AC) and aB-crystallin (aBC); these
proteins exhibit chaperone activity that prevents the aggregation of proteins in aging lenses
[3,4].

Because crystallins are exceptionally long-lived, their structural and functional integrity are
considered vital for the lens to remain transparent during aging. However, with age, lens
proteins become progressively crosslinked, water-insoluble and aggregated, resulting in
increased light scattering [5]. Oxidative stress plays a major role in this process. As lenses
age, the levels of GSH [6] and the activity of antioxidant enzymes decrease [7,8], resulting
in increased oxidative modifications to proteins [9] that leads to the formation of
intramolecular and intermolecular protein crosslinking by disulfide bonds [2]. Several other
modifications, such as deamidation, truncation, racemization and glycation, also occur in
crystallins during aging and are considered additional important contributing factors to lens
aging [10-17].

Glycation is a reaction between reactive carbohydrates (containing aldehyde, keto and
dicarbonyl groups) with the free amino groups of lysine and arginine residues in proteins.
This reaction, through intermediates, forms diverse stable end products that are collectively
known as advanced glycation end products or AGEs [18]. Some AGEs, such as
carboxymethyllysine (CML), hydroimidazolone, and carboxyethyllysine (CEL), are formed
as single amino acid modifications, and others, such as pentosidine, glucosepane,
vesperlysine and methylglyoxal-lysine dimer (MOLD), are formed as amino acid
crosslinked adducts. The crosslinking invariably involves two lysine residues (as in
vesperlysine, MOLD) or lysine and arginine residues (as in pentosidine and glucosepane)
[17]. The formation of such adducts alters the protein structure and function. AGEs
progressively accumulate in aging human lenses and accumulate at higher levels in
cataractous lenses [19-21]. In general, AGE levels are higher in highly crosslinked water-
insoluble proteins than in less crosslinked water-soluble proteins of the lens [17,21,22],
which implies that AGEs play a role in the protein crosslinking and aggregation that occurs
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during lens aging and cataractogenesis. In addition, many AGEs are fluorescent and yellow/
brown pigmented [23], the two characteristics that are similar to those of proteins in aged
and cataractous lenses [24,25], further implicating AGEs in lens aging and cataract
formation.

Methylglyoxal (MGO) and ascorbate (ASC) are considered major AGE precursors in the
lens. MGO levels are regulated by the glyoxalase system, which is comprised of glyoxalase |
and Il [26]. Glyoxalase I converts the hemithioacetal formed from the nonenzymatic reaction
of GSH and MGO to D-lactolylglutathione, which is then converted to D-lactate by
glyoxalase Il [27]. In aging lenses, glyoxalase | protein levels and activity are decreased
[26], which could promote the formation of AGEs from MGO [26,28]. ASC is present in
relatively large quantities in human lenses (~2 mM) [23,17], possibly to protect the lens
against oxidative damage. However, loss of GSH with aging leads the oxidation of ASC and
a subsequent reduction in its levels [29-31]. The oxidation of ASC produces highly reactive
glycating aldehydes and dicarbonyl compounds, such as erythrulose and 3-deoxythresosone
(3-DT) [32]. These products are believed to be additional major precursors of AGEs in the
lens. In support of a role for ASC in AGE formation, Dr. Monnier’s laboratory elegantly
demonstrated high levels of AGEs along with yellow pigmentation in the lenses of
transgenic mice that specifically overexpressed a human Na*-dependent ascorbate
transporter (hSVCT?2) that had high levels of ASC and its oxidation products [33]. These
observations imply that the loss of GSH and the formation of AGEs are major drivers of
chemical modifications of proteins in aging lenses.

Chemical modifications in lens proteins are likely to be the major cause for the loss of
accommodation due to an increase in stiffness during presbyopia in aging lenses. Presbyopia
occurs between 40 and 50 years of age in many individuals and requires corrective lenses for
reading [34]. It is estimated that ~1.8 billion people in the world have presbyopia [35].
Currently, there are no interventional or preventive medications against presbyopia. In 2016,
Garner and Garner reported the development of a choline ester of lipoic acid to replenish
GSH and decrease disulfide linkages in lens proteins in aged lenses. They showed that its
topical application to the eye reduced stiffness in aged mouse lenses [36]. We reasoned that
replenishing GSH alone might not be sufficient to inhibit age-associated stiffness in lenses,
as that may not decrease dicarbonyl-mediated AGE formation, which is likely an additional
important mechanism in lens stiffening.

With this in mind, we developed carboxitin, a molecule that contains GSH diester and
mercaptoethylguanidine (MEG) linked by a disulfide bond (Fig. 1). The diester was
introduced to increase the permeability across the plasma membrane, and MEG was
introduced to simultaneously trap dicarbonyls. In this study, we investigated the ability of
carboxitin to inhibit ASC-mediated AGE formation and protein crosslinking and the
glycation-mediated increase in stiffness in organ-cultured mouse lenses.
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Materials and methods

Materials

L-GSH (reduced) (cat# G6429), hydrogen chloride in dry ethanol (cat# 17934), cystamine
dihydrochloride (cat# C121509), methylglyoxal (cat# 67028), erythrulose (cat# 56845),
ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA) (cat# E5134), copper
chloride (cat# 10125-13-0), L-ascorbic acid (cat# A7631), Chelex-100 (cat# C7901), O-
phenylenediamine (OPD) (cat# 694975), and 1H-pyrazole-1-carboxamidine HCI (cat#
402516) were purchased from Sigma-Aldrich (St. Louis, MO). Amberlite IRA 402 (OH"
form) (cat# A18185) was obtained from Alfa Aesar (Tewksbury, MA). CEL, CML, GOLD,
GOLA, MODIC and pentosidine were synthesized as previously described [37-42].
Antibody against a AC (cat# ADI-SPA-221-F) was obtained from Enzo Life Sciences
(Farmingdale, NY). aBC antibody (cat# ABN185) was purchased from Millipore Sigma
(Burlington, MA). Antibodies for g-crystallin (B-C) (cat# SC22745) and y-crystallin (y-C)
(cat# SC22746) were obtained from Santa Cruz Biotechnology (Dallas, TX). HRP-
conjugated anti-rabbit 1gG (cat# 7074S) was purchased from Cell Signaling Technology
(Danvers, MA). All other chemicals used were of analytical grade.

Synthesis of carboxitin

(a) Synthesis of GSH diethyl ester (GSH-OEt,, 1)—GSH diethyl ester (1) was
synthesized following a modified literature protocol [43]. Five hundred milligrams of
reduced GSH (1.6 mmol) was dissolved in 10 ml of 0.5 M hydrogen chloride in dry ethanol.
The solution was flushed with argon and stirred for 48 h at room temperature. Thereafter, the
solvent was removed by vacuum centrifugation to yield crude product. Compound 1 was
purified by preparative HPLC (Fig. 1) after dissolving approximately 60 mg of the crude
product in 2 ml of water containing 0.1% trifluoroacetic acid (v/v) (solvent A). Individual
fractions were analyzed by UPLC-MS2. Fractions containing the product (/7/z 364) were
pooled and freeze-dried. Compound 1 was obtained as a colorless solid TFA salt. 1H and 13C
NMR spectra were obtained according to the literature [43].

(b) Synthesis of guanidinoethyl disulfide/mercaptoethylguanidine disulfide (2)
—Mercaptoethylguanidine disulfide (2) was synthesized following a modified literature
protocol [44]. Briefly, 500 mg of cystamine dihydrochloride (2.2 mmol) was dissolved in 25
ml of water. To this solution, 5 g of Amberlite IRA 402 (OH form) and 0.98 g of 1H-
pyrazole-1-carboxamidine HCI (6.6 mmol) were added. The mixture was stirred overnight at
room temperature. The reaction mixture was extracted four times with 50 ml of ethyl
acetate. The aqueous layer was acidified to pH 2 by the addition of 2 M HCI and freeze-
dried. Compound 2 was obtained as a colorless solid hydrochloride salt. The 1H and 13C
NMR spectra were obtained according to the literature [44].

(c) Synthesis of carboxitin (GSH diethyl ester thioethylguanidine disulfide)—
One hundred and ten milligrams of 1 (0.23 mmol) and 100 mg of 2 (0.32 mmol) were
dissolved in 2 ml of 0.1 M phosphate buffer containing 1 mM EDTA. The solution was
flushed with argon and incubated for 30 min at room temperature. Thereafter, the solution
was adjusted to pH 2 with 1 M hydrochloric acid, to which 2 ml of solvent A (see below)
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was added. Compound 3 was purified by preparative HPLC (Fig. 1). Individual fractions
were analyzed by UPLC-MS? (see below). Fractions containing the product (/7/z 481) were
pooled and freeze-dried. Compound 3 was obtained as a colorless trifluoroacetate salt (40
mg, 0.06 mmol, 26%). The trifluoroacetic acid was removed by repeatedly dissolving 3 in
0.1% formic acid and subsequent freeze-drying. TH NMR (500 MHz, D,0 with 0.1%
hydrochloric acid): 1.28 (t, J=6.7 Hz, 3H), 1.33 (t, J=6.7 Hz, 3H), 2.28 (m, 2H), 2.62 (m,
2H), 2.98 (m, 2H), 3.02 (m, 1H), 3.22 (m, 1H), 3.58 (t, J=6.6 Hz, 2H), 4.04 (m, 2H), 4.18 (t,
J=6.7 Hz, 1H), 4.24 (q, J=6.8 Hz, 2H), 4.34 (q, J=6.6 Hz, 2H), 4.77 (interference with D,0,
confirmed by COSY, 1H). 13C NMR (125 MHz, D,0 with 0.1% hydrochloric acid): 13.8
(C14), 14.8 (C12), 26.4 (C3), 31.8 (C4), 37.1 (C15), 39.7 (C10), 40.8 (C16), 42.6 (C8), 53.1
(C2), 54.3 (C6), 63.7 (C13), 64.9 (C11), 158.0 (C17), 170.7 (C1), 172.4 (C9), 173.8 (C7),
175.3 (C5).

Preparative high-performance liquid chromatography purification of carboxitin
intermediates and carboxitin

All preparative runs were carried out with a binary pump (Waters 1525, Milford, MA)
operating at a flow rate of 15 ml/min. Samples were applied via a 2-ml injection loop
(Rheodyne). Separations were carried out at room temperature on an RP C18 column
(XBridge Prep C18, 250x19 mm, 5 um; Waters) connected to a guard column. After the
column, 0.3 ml/min was diverted through a valve to a UV-visible detector (Waters 2489),
and the rest of the flow (14.7 ml/min) was collected in fractions. The following additional
conditions were used for preparative purification of individual compounds. Water (solvent
A) and 80% acetonitrile (solvent B (v/v)) were used as the eluents. To both solvents, 0.1%
trifluoroacetic acid (v/v) was added. Analyses were performed using gradient elution: 10%
B (0-5 min) to 20% B (20 min) to 30% B (25 min) to 70% B (35 min) to 100% B (40 to 55
min). The column was equilibrated with 10% B for 15 min prior to the next run. The
detection wavelength was set to 230 nm. The fraction size was 14.7 ml.

Stability of carboxitin

To test the stability, carboxitin was incubated under various conditions. The following
buffers were used: 0.1 M phosphate buffer pH 5, 0.1 M phosphate buffer pH 7, 0.1 M
phosphate buffer pH 9 and 0.1% formic acid. A 10 uM solution of carboxitin in each buffer
was stored at 4°C, 25°C or 37°C for up to 48 h. Sample aliquots were directly injected into
UPLC-MS? for MRM analysis. For the identification of degradation products, sample
aliquots were analyzed using full scan mode. All chromatographic analyses were carried out
in a Waters Acquity UPLC system connected to a Sciex 4500 QTrap (Redwood City, CA).
Mass spectrometric analyses were carried out in the multiple reaction monitoring (MRM)
mode. Chromatographic separations were carried out in an ACQUITY BEH C18 peptide
column (100 x 2.1 mm, 1.7 um; Waters) connected to a guard column using a flow rate of
0.5 ml/min. Water (solvent A) and acetonitrile (solvent B) were used as the eluents. To both
solvents, 0.1% heptafluorobutyric acid (v/v) was added. Analyses were performed at a
column temperature of 40°C using gradient elution: 5% B (0-0.25 min) to 20% B (2 min) to
50% B (3 min) to 100% B (3.5-5 min). The column was equilibrated at 5% B for 1 min
prior to the next analysis. Detection of the analytes was achieved by using full scan mode for
the identification of the metabolites in the preparative HPLC fractions and multiple reaction
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monitoring for quantitation in the stability experiments. The ion source was operated under
the following conditions: temperature, 550°C; ion spray voltage, 4.5 kV; curtain gas, 45 ml/
min; nebulizer gas, 60 ml/min; and heating gas, 60 ml/min. The mass range for full scan
mode was set to 100-700 m/z, and the DP was set to 50 V. MRM parameters are presented
in Table 1.

Testing for the entry of carboxitin into mouse and bovine lenses

All animal experiments were reviewed and approved by the University of Colorado
Institutional Animal Care and Use Committee (IACUC) and performed under adherence to
the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Lenses
from the eyes of C57BL/6J mice (5-6 months old) were isolated and incubated with
carboxitin (2 mM) for 24 h at 37°C in serum-free and phenol red-free minimum essential
medium (MEM). Homogenization buffer (PBS, 1.5 mM N-ethylmaleimide (NEM), pH 7)
was added to each lens such that the buffer to tissue weight was 30 pl of homogenization
buffer/mg of wet tissue.

Bovine eyes were obtained from a local abattoir and transported to the laboratory within 6—
10 h of sacrifice. Lenses were isolated and incubated with carboxitin (1.5 mM) for 24 h at
37°C in serum-free MEM. After 24 h, the medium was replaced with the fresh medium
containing 1.5 mM carboxitin, and the lenses were incubated for another 24 h. A stainless
steel pin was inserted through the center of the lens and immediately frozen in liquid
nitrogen. By holding onto the pin, the lenses were shaved in a circular fashion from the outer
cortex to the nucleus and collected as four fractions, arbitrarily named as the fractions from
the outer cortex, middle cortex, inner cortex and nucleus. The shavings were weighed. To
each fraction, homogenization buffer was added so that the buffer to tissue ratios was similar
for all fractions (6 pl of homogenization buffer/mg of wet tissue). The fractions were
individually homogenized in homogenization buffer with a hand-held glass homogenizer,
followed by sonication (30 sec each in 6 alternate cycles). The homogenates were kept at
room temperature for 2 h for completion of NEM derivatization of the free thiols. The water-
soluble fraction (WS) was obtained by centrifugation of the homogenate at 21,000 g for 20
min at 4°C. The WS was incubated with 10% trichloroacetic acid (TCA) for 0.5 h on ice and
centrifuged at 21,000 g for 20 min at 4°C. The resulting supernatant was analyzed for
carboxitin and its NEM-derivatized degradation products by UPLC-MS? as described above.
The MRM parameters are shown in Table 1.

Effect of carboxitin on erythrulose-mediated protein crosslinking in mouse lenses

Lenses from C57BL/6J mice (5-6 months old) were isolated, incubated with or without 2
mM carboxitin for 24 h at 37°C in serum-free MEM and then incubated with or without 2
mM erythrulose for 72 h at 37°C in serum-free MEM in a CO5 incubator. Lens stiffness was
measured using a custom-made set up similar to that described by Fowler’s laboratory
[45,46]. Lenses were then homogenized in PBS and centrifuged at 21,000 g for 20 min at
4°C to obtain the WS. The WS was dialyzed against PBS for 16 h and analyzed by SDS-
PAGE under reducing conditions using 4-20% gradient gels. To determine the crosslinking
of the crystallins, the gels were electrophoretically transferred to a nitrocellulose membrane
and incubated with one of the following antibodies: a AC antibody (dilution 1:5,000), aBC
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antibody (dilution 1:5,000), BC antibody (dilution 1:2,000) or -yC antibody (dilution
1:2,000) for 16 h at 4°C. The membrane was then incubated with an HRP-conjugated anti-
rabbit 1gG (dilution 1:5,000) and developed using a SuperSignal West Pico or Femto kit
(Pierce Chemicals, Rockford, IL).

Effect of carboxitin on erythrulose-mediated AGE synthesis in mouse lens proteins

The WS was acid- or enzyme-hydrolyzed as previously described [42]. All AGE standards
were synthesized and characterized in Dr. Glomb’s laboratory. The AGEs (GOLD, GOLA
and GODIC) in the hydrolyzed lens WS proteins were determined as described previously
[42]. The MRM parameters are shown in Table 2. Pentosidine (in the acid-hydrolyzed lens
protein samples) was measured by UPLC as previously described [46].

Reaction of carboxitin with erythrulose-derived 3-deoxythreosone (3-DT)

Erythrulose at a 1 mM concentration was incubated with 1 mM carboxitin for 3 days at 37°C
in 40 mM HEPES buffer pH 7. To the mixture, 5 mM OPD was added followed by
incubation for 5 h at room temperature. The amount of 3-DT-quinoxaline formed was
quantified by UPLC-MS2. Additionally, 30 mM erythrulose was incubated alone for 2 days
under the conditions described above, followed by dilution to 1 mM, to which 1 mM
carboxitin was added and incubated for 24 h. OPD was then added to the assay mixture and
incubated for 16 h, and the amount of 3-DT-quinoxaline formed was measured by UPLC-
MS? as previously described [47].

Measurement of protein-free thiols in mouse lenses

To water-soluble mouse lens protein (3 mg/ml), TCA was added at a final concentration of
10% (WI/V) to precipitate proteins. The free thiol content in the supernatant was estimated
using 5,5’ -dithiobis-(2-nitrobenzoic acid) (DTNB) in a microplate reader as previously
described [48]. Briefly, 70 pl of sample, 2.5 pl of 4 mg/ml DTNB, and 177.5 pl of 1 M Tris-
EDTA buffer, pH 8.2 were incubated for 5 min at room temperature followed by
measurement of the absorbance at 412 nm.

Measurement of glyoxalase-| activity in mouse lenses

The assay mixture consisting of 4.69 mM MGO and 250 mM GSH in buffer C (14.6 mM
MgSQOy4, 182 mM imidazole HCI, pH 7.2) was incubated for 30 min at room temperature.
Mouse lens protein (5 ug) was added to the mixture, and the change in absorbance was
monitored for 30 min at 240 nm in a microplate reader. One unit of glyoxalase | activity was
defined as 1 nmol of S-D-lactoyl glutathione formed/mg of protein/min.

Determination of the presence of glyoxal in erythrulose

Erythrulose (3 mM) solution was mixed with 30 mM OPD in 0.1% hydrochloric acid in 2 M
sodium formate buffer (pH 3) containing 5 mM EDTA and incubated at 37°C for 16 h. To
measure glyoxal-quinoxaline in mouse lenses, 30 pl of 3 mg/ml protein solution was
incubated with 0.35 mM OPD as described above. The incubation mixture was treated with
TCA to a final concentration of 10% at 4°C for 2 h and centrifuged at 21,000 g for 20 min at
4°C. The supernatant was analyzed for glyoxal-quinoxaline using HPLC and a fluorescence

Glycocony J. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nandi et al.

Page 8

detector. The column was a Waters XBridge C18 5 pM (4.6 x 100 mm). A linear gradient
program was used, with solvent A as 100% water with 0.1% formic acid and solvent B as
80% acetonitrile with 0.1% formic acid. The program was as follows: 0-5 min: 5% B; 5-10
min: 20% B; 10-25 min: 30% B; 25-30 min: 50% B; 30-35: 100% B, 35-40 min: 100% B;
40-45 min: 5% B; 45-50 min: 5% B; the flow rate was 1 ml/min. The column eluent was
monitored with a fluorescence detector (excitation/emission wavelengths= 340/420 nm). The
glyoxal-quinoxaline content in mouse lenses was quantified based on the standard curve for
quinoxaline.

Statistical analysis

Results

The data presented are the means + SD from experimental replicates as indicated in the
figure legends. Student’s #test was used to analyze significant differences between groups
using GraphPad Prism 7 software. A p value < 0.05 was considered statistically significant.

Synthesis and stability of carboxitin

The synthesis strategy for carboxitin is shown in Fig. 1. Carboxitin was synthesized as a
pure pale white product. We studied the stability of carboxitin under various conditions. Fig.
2 shows that carboxitin degraded in a time-dependent manner under most conditions, except
for in 0.1% formic acid, where it was stable at all temperatures, at least for 48 h (Fig. 2A).
At pH 5, carboxitin was stable at 4°C and 25°C but slightly degraded at 37°C (Fig. 2B). It
degraded faster at elevated temperature and high pH. At pH 7 and 9, carboxitin degraded at
all temperatures (Fig. 2C-D). Three degradation products of carboxitin were identified by
mass spectrometry; the dominant degradation pathway was the loss of either one or two
ethanol moieties from the terminal carboxyl groups (Fig. 2E). Therefore, there were two
degradation products with the loss of one molecule ethanol (glutamic acid side or glycine
side) and one with the loss of two molecules of ethanol (glutamic acid side and glycine side)
(Fig. 2E). Both degradation products were monitored in the stability tests (Fig. 2F-G).
During incubation under the conditions described above, reduction of the disulfide bond was
not observed.

Carboxitin is permeable to bovine and mouse lenses

UPLC-MS? analysis of the four fractions of bovine lenses showed that upon incubation with
carboxitin for 48 h, the GSH and GSH monoester-NEM levels increased in the nuclei of the
lenses; the carboxitin-treated lenses had GSH levels in the nuclear fraction that were 2.5-fold
higher than those of the untreated lenses (Fig. 3A). In all other fractions, the GSH (as an
NEM derivative) levels were similar. The GSH monoester-NEM (1 and 2) levels were 4.6-
and 16.7-fold higher in the nucleus of carboxitin-treated lenses than in untreated lenses (Fig.
3A). GSH monoester-NEM (1) was found to be 2.7- and 1.5-fold and GSH monoester-NEM
(2) was 23- and 8.5-fold higher in the outer and middle cortical regions of carboxitin-treated
lenses, respectively, compared with untreated lenses. However, both of these esters were
found to be similar in the inner cortex for carboxitin-treated or untreated lenses. The GSH
diester was found to be similar in all fractions except for the outer cortex, where it was
found to be 400-fold higher in carboxitin-treated lenses than in untreated lenses (Fig. 3A).
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While the untreated lenses had no MEG (as an NEM derivative) in any of the four fractions,
in carboxitin-treated lenses, we found MEG in the outer cortex, middle cortex, inner cortex
and nuclear fractions. The levels of carboxitin in carboxitin-treated bovine lenses were
below the limits of detection. Altogether, the results showed that upon entering the lenses,
carboxitin is reduced and de-esterified into GSH, GSH monoesters, GSH diesters and MEG.

UPLC-MS? analysis of mouse lenses incubated with carboxitin for 24 h showed carboxitin,
MEG-NEM, GSH monoester-NEM and GSH diester-NEM (Fig. 3B). These results suggest
that carboxitin can penetrate mouse lenses. Upon entering mouse lenses, carboxitin is
reduced and forms GSH mono- and diesters and MEG. Longer incubation of mouse lenses
with carboxitin (1 day) and subsequent incubation with or without erythrulose (3 days)
showed 2.85- and 1.7-fold higher levels of free thiols, respectively, than lenses that were not
incubated with carboxitin (Fig. 3C).

Carboxitin suppresses AGE formation in mouse lenses

Incubation of mouse lenses with erythrulose for 72 h caused significant increases in the
levels of protein crosslinking AGEs, GODIC (0.43 £ 0.1 pmol/umol leucine equivalents,
p<0.05) and pentosidine (0.11 £ 0.02 pmol/umol, p<0.0001) compared to untreated lenses
(Fig. 4A). The GOLD (0.11 £ 0.03 pmol/umol) and GOLA levels (0.4 + 0.05 pmol/umol)
also showed an increasing trend but were not statistically significant when compared to the
control. Lenses that were preincubated with carboxitin for 24 h and then incubated with
erythrulose for 72 h had 0.06 + 0.03 and 0.08 + 0.02 pmol/pmol leucine equivalents of
GOLD and pentosidine, respectively. These values were 43% (p<0.05) and 29% (p<0.05)
lower than lenses treated with erythrulose alone. However, no significant differences in the
levels of GOLA (0.6 £+ 0.24 pmol/umol) and GODIC (0.6 £ 0.26 pmol/umol) were found in
lenses treated with carboxitin + erythrulose compared to lenses treated with erythrulose
alone (GOLA: 0.4 £ 0.05 and GODIC: 0.43 = 0.1 pmol/umol). The CML levels in lenses
treated with erythrulose were significantly (p<0.0001) higher (138.683 + 10.1 pmol/umol)
than the control (59.5 + 7.4 pmol/umol). Preincubation of lenses with carboxitin followed by
incubation with erythrulose resulted in significantly (p<0.05) lower levels of CML (109.7 £
21 pmol/umol). Altogether, our findings suggest that carboxitin suppresses the accumulation
of AGEs in mouse lenses.

The increase in crosslinked AGE formation in erythrulose-incubated lenses was not due to a
loss of glyoxalase | activity, as the enzymatic activity was not significantly different between
control and erythrulose-incubated lenses (Fig. 4B). The enzymatic activity was unaltered
with the addition of carboxitin in the presence or absence of erythrulose. Furthermore, to
determine whether the increase in GOLD and GODIC in lenses incubated with erythrulose
was due to an increase in glyoxal in the lens, we measured glyoxal as a quinoxaline
derivative. We found that glyoxal-quinoxaline was significantly (p<0.05) increased in
erythrulose-treated lenses and significantly reduced (p<0.05) upon treatment with carboxitin.
This could be due to the formation of glyoxal from erythrulose in mouse lenses. Another
possibility was that glyoxal could be present in erythrulose (from Sigma-Aldrich) as a
contaminant. We investigated this possibility by treating erythrulose with OPD and
measuring glyoxal-quinoxaline by HPLC. On a molar basis, we found ~5% erythrulose to be
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glyoxal (Supplementary Fig. 1). Upon preincubating erythrulose with aminoguanidine
hydrochloride at a ratio of 1:1 (M/M), the peak for glyoxal-quinoxaline was quenched
(Supplementary Fig. 1), which confirmed the presence of glyoxal in the commercial
preparation of erythrulose.

Carboxitin inhibits protein crosslinking in mouse lenses

Treatment of organ-cultured mouse lenses with 2 mM erythrulose for 3 days resulted in 25%
higher levels of crosslinked proteins than untreated lenses (Fig. 5). Treatment with
carboxitin for 24 h followed by treatment with erythrulose for 72 h reduced this crosslinking
by 45%. To determine the crosslinking of individual crystallins, western blotting for a AC,
aBC, BC and yC was performed. Erythrulose caused crosslinking in all these crystallins, but
carboxitin reduced the crosslinking by 11.6, 47, 34 and 34%, respectively. These
observations suggest that carboxitin, upon entering lenses, prevents the glycation-mediated
crosslinking of proteins.

Carboxitin traps 3-DT

To understand how carboxitin prevents protein crosslinking and suppresses AGE formation,
we tested its ability to trap 3-DT, which is the most abundant dicarbonyl compound formed
from ASC degradation. The ASC oxidation product erythrulose is a major precursor of 3-DT
[32]. Therefore, we used erythrulose as a source of 3-DT in the incubation experiment.
Incubation of erythrulose alone for 3 days produced 3-DT (measured as a quinoxaline
derivative, 3-DT-Q) (Fig. 6A). However, when erythrulose was incubated with carboxitin,
the 3-DT levels were 47.5% lower (p<0.0001). After 2 days of preincubation with
erythrulose followed by incubation for an additional day in the presence of carboxitin, 3-DT
levels were again significantly (p<0.01) reduced; this time, the reduction was 25% (Fig. 6B).
These results imply that carboxitin inhibits erythrulose-mediated AGE formation by trapping
3-DT.

Carboxitin inhibits glycation-mediated increase in mouse lens stiffness

The compressive stiffness of mouse lenses incubated with or without carboxitin was
measured. In lenses incubated with carboxitin, there were significant increase in the axial
and equatorial strain by 21% (p<0.05) and 43% (p<0.01), respectively, compared to
untreated control lenses (Fig. 7). Upon incubation with erythrulose, the axial and equatorial
strains of the lenses were significantly decreased by 23% (p<0.05) and 28% (p<0.05),
respectively, compared to control lenses. However, in lenses that were pretreated with
carboxitin and then treated with erythrulose, there was a 32% (p<0.05) and 48% (p<0.05)
increase in the axial and equatorial strains, respectively, when compared to lenses treated
with erythrulose alone. Together, these results imply that carboxitin is able to inhibit both
pre-existing and AGE-mediated stiffness in mouse lenses.

Discussion

The objectives of this study were 1) to determine the ability of carboxitin to permeate the
lenses and inhibit AGE formation and 2) to investigate the ability of carboxitin to reduce
lens stiffness.
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Carboxitin was developed to target three modulators of AGE synthesis at the same time: 1)
ASC oxidation, 2) glyoxalase | activity and 3) dicarbonyl stress. We used GSH diethyl ester
to enhance the permeability of carboxitin across the plasma membrane of cells. Guanidine is
generally impermeable to the plasma membrane. With the attachment of MEG to the GSH
diester, we expected its entrance into cells. We anticipated that reduction of the disulfide
bond in carboxitin would release GSH diester and MEG once inside the lenses. The GSH
diester would then be de-esterified by an esterase to release GSH. Our experiments clearly
showed that carboxitin enters mouse lenses and is reduced to form GSH mono- and diesters
and mercaptoethylguanidine. In bovine lenses, we observed higher levels of GSH,
glutathione monoesters and MEG in the nucleus, clearly showing the permeation of
carboxitin into the nucleus of the lens.

3-DT is the most abundant dicarbonyl compound in human lenses and is formed from
erythrulose, an intermediate of ASC oxidation and degradation [47,32]. We found that
carboxitin was able to significantly reduce the 3-DT levels in mouse lenses that were
incubated with erythrulose. In addition, carboxitin was also able to inhibit erythrulose-
mediated protein crosslinking and AGE formation in mouse lenses. Taken together, these
observations strongly suggest that carboxitin could be used to prevent dicarbonyl-mediated
AGE formation in the lens. In addition to 3-DT, GO is a significant AGE precursor in tissues
[17,32]. The GSH-dependent glyoxalase system metabolizes GO to glycolate [49,27]. The
inhibition of CML and GOLD suggests that the delivery of carboxitin trapped glyoxal and
possibly increased its metabolism by improving glyoxalase | activity in the lens. However, a
surprising finding was the infectiveness of carboxitin to suppress the levels of GOLA and
GODIC in lenses treated with erythrulose. These two AGEs are likely derived from glyoxal,
which is similar to CML and GOLD. It is possible that the synthetic rate for GOLA and
GODIC exceeded the rate of inhibition by carboxitin, resulting in the inability of carboxitin
to suppress their formation. However, further experiments are required to understand this
dichotomous effect of carboxitin.

Despite preshbyopia being a major visual impairment in most middle-aged adults, there are
currently no FDA-approved medications to prevent, intervene or reverse this condition.
While surgical removal of the presbyopic lens and replacement with an intraocular lens is an
option, this procedure is cost-prohibitive in most parts of the world.

This has prompted investigations into preventing/reversing presbyopia with topical
medications. A recent study showed that topical application of a combination of nonsteroidal
anti-inflammatory drugs improves near vision in human subjects, possibly through the
correction of presbyopia [50]. The US patent registry lists several other small molecules to
treat presbyopia, but the one that has advanced to human clinical trials is the choline ester of
lipoic acid that Garner and Garner [36] developed through Novartis. Carboxitin is potentially
a significant additional small molecule inhibitor against presbyopia. We found that
carboxitin, upon entering the lens, was degraded to GSH mono- and diesters and MEG. An
interesting observation in our study is the ability of carboxitin to reduce stiffness in mouse
lenses that were not treated with erythrulose. It is possible that the GSH derived from
carboxitin promoted the reduction of the disulfide crosslinks in lens proteins and decreased
the stiffness. In addition, preincubation of the lenses with carboxitin and subsequent
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treatment with erythrulose significantly reduced lens stiffness. The fact that carboxitin
blocked crosslinked AGE formation during this process implicates AGEs in the promaotion
of lens stiffness. GSH derived from carboxitin could prevent ASC oxidation through the
reduction of dehydroascorbate and prevent the formation of AGE precursors. Carboxitin
could also reduce the levels of AGE precursors, such as MGO, by trapping them with MEG
and by increasing their metabolism through glyoxalase by enhancing GSH levels. These
combined effects (in addition to the reduction of disulfide bonds) could be the reasons for
the reduction of stiffness in erythrulose-incubated lenses.

In summary, carboxitin can inhibit protein crosslinking and AGE accumulation in lens
proteins. More importantly, at least /n vitro, carboxitin could be delivered into lenses,
reaching the inner nucleus and reducing lens stiffness. Our study suggests that carboxitin
exhibits these properties through multiple mechanisms, such as trapping dicarbonyl
compounds and possibly increasing glyoxalase activity. We believe that carboxitin could be
developed as a small molecule therapeutic agent to prevent presbyopia and possibly
cataracts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Synthesis strategy of carboxitin.
The yield of carboxitin was 11 mg, starting from 500 mg of GSH.
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Fig. 2. Stability of carboxitin.
The stability of carboxitin (10 uM) was measured over a period of 48 h at 4°C, 25°C or 37°C

in (A) 0.1% formic acid; (B) 100 mM phosphate buffer, pH 5; (C) 100 mM phosphate
buffer, pH 7; and (D) 100 mM phosphate buffer, pH 9. (E) For identification of degradation
products, sample aliquots from the incubation mixture at 37°C containing carboxitin (10
M) in (F) 100 mM phosphate buffer, pH 7 or (G) 100 mM phosphate buffer, pH 9 were
analyzed using UPLC-MSZ2,
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Fig. 3. Carboxitin permeates bovine and mouse lenses.
(A) UPLC-MS? analysis of bovine lens fractions for GSH-NEM and MEG-NEM. The lenses

were incubated with 1.5 mM carboxitin for 48 h at 37°C prior to analysis. (B) WS mouse
lens analysis by UPLC-MS? for carboxitin, MEG-NEM, GSH-OEt,-NEM, GSH-OEt-NEM
(1), and GSH-OEt-NEM (2). The lenses were incubated with 2 mM carboxitin for 24 h at
37°C prior to analysis. (C) Thiol estimation using the DTNB assay in mouse lenses treated
with or without 2 mM carboxitin for 24 h and then treated with or without erythrulose for
another 3 days at 37°C in a CO, incubator. Bar graphs represent the means + SD of triplicate
measurements. NS, not significant; *p<0.05; **p<0.01; ****p<0.0001.
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Fig. 4. Carboxitin inhibits AGE formation in mouse lenses.
(A) WS of mouse lenses that were subjected to erythrulose treatment in the presence or

absence of carboxitin were analyzed by UPLC-MS? for the crosslinking of AGEs. (B)
Glyoxalase-I activity in the WS from lenses treated with erythrulose. (C) Glyoxal in
erythrulose-incubated lenses measured as a quinoxaline derivative (glyoxal-Q). Bar graphs
represent the means £ SD of triplicate measurements. NS, not significant; *p<0.05;
***%0<0.0001.
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Fig. 5. Carboxitin inhibits erythrulose-mediated crosslinking of mouse lens proteins.
The WS from mouse lenses that were glycated using erythrulose in the presence or absence

of carboxitin were run on 4-20% SDS-PAGE. Western blots against aAC, aBC, BC and yC
revealed the formation of intermolecular crosslinking. Densitometry of the regions marked
by brackets in the SDS-PAGE and western blots are also shown. Bar graphs represent the
means + SD of triplicate measurements. NS, not significant; *p<0.05; **p<0.01.
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Fig. 6. Carboxitin traps a dicarbonyl formed from erythrulose degradation.
(A) Carboxitin (1 mM) was coincubated with erythrulose (1 mM) for 3 days at 37°C in 40

mM HEPES, pH 7. (B) Erythrulose (30 mM) was first incubated alone for 2 days under
similar conditions, after which the erythrulose was diluted to 1 mM and coincubated with 1
mM carboxitin for another 1 day under similar conditions. Both incubation mixtures were
then OPD derivatized for another 6 h at room temperature and analyzed for the quinoxaline
derivative 3-DT by UPLC-MS2. Bar graphs represent the means + SD of triplicate
measurements. **p<0.01; ****p<0.0001.
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Fig. 7. Carboxitin decreases the stiffness of mouse lenses.
Compressive strain along the (A) axial and (B) equatorial regions is plotted for mouse lenses

treated with or without carboxitin against a fixed applied load. Bar graphs represent the
means = SD of triplicate measurements. *p<0.05; **p<0.01.
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