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Abstract

e AIM: To investigate the applications of hydrogen sulfide
(H,S) in eye-specific ailments in mice.

e METHODS: Heterozygous cystathionine-B-synthase
(CBS*™) and wild-type C57BL/6J (WT) mice fed with or
without high methionine diet (HMD) were administered
either phosphate buffered saline (PBS) or the slow-release
H,S donor: GYY4137. Several analyses were performed
to study GYY4137 effects by examining retinal lysates for
key protein expressions along with plasma glutamate and
glutathione estimations. Intraocular pressure (IOP) was
monitored during GYY4137 treatment; barium sulfate and
bovine serum albumin conjugated fluorescein isothiocyanate
(BSA-FITC) angiographies were performed for examining
vasculature and its permeability post-treatment. Vision-
guided behavior was also tested employing novel object
recognition test (NORT) and light-dark box test (LDBT)
recordings.

e RESULTS: CBS deficiency (CBS™) coupled with HVID led
disruption of methionine/homocysteine (Hcy) metabolism

+[—-

leading to hyperhomocysteinemia (HHcy) in CBS™ mice as
reflected by increased Hcy, and s-adenosylhomocysteine
hydrolase (SAHH) levels. Unlike CBS, cystathionine-y
lyase (CSE), methylenetetrahydrofolate reductase (MTHFR)
levels which were reduced but compensated by GYY4137
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intervention. Heightened oxidative and endoplasmic
reticulum (ER) stress responses were mitigated by
GYY4137 effects along with enhanced glutathione (GSH)

+/-

levels. Increased glutamate levels in CBS™ strain were
prominent than WT mice and these mice also exhibited
higher IOP that was lowered by GYY4137 treatment.
CBS deficiency also resulted in vision-guided behavioral
impairment as revealed by NORT and LDBT findings.
Interestingly, GYY4137 was able to improve CBS™ mice
behavior together with lowering their glutamate levels.
Blood-retinal barrier (BRB) appeared compromised in
CBS" with vessels’ leakage that was mitigated in GYY4137
treated group. This corroborated the results for occludin
(an integral plasma membrane protein of the cellular tight
junctions) stabilization.

o CONCLUSION: Findings reveal that HHcy-induced
glutamate excitotoxicity, oxidative damage, ER-stress and
vascular permeability alone or together can compromise
ocular health and that GYY4137 could serve as a potential
therapeutic agent for treating HHcy induced ocular disorders.
o KEYWORDS: blood-retinal barrier integrity; endoplasmic
reticulum stress; glutamate cytotoxicity; inflammation;
oxidative stress; mice
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INTRODUCTION

ision impairment is a global health concern. Unfortunately,
V loss of vision is rising at a rapid pace due to increase in
overall aging population worldwide. The aging process is often
accompanied by numerous instances of age associated system
disturbances especially due to hyperhomocysteinemia (HHcy).
The mechanisms of vision loss are as diverse but often
rampant inflammation along with metabolic dysregulation
in form of endoplasmic reticulum (ER) stress and oxidative
damage (redox imbalance) that can be enhanced by conditions
such as HHcy. These are the hallmarks of devastating eye
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Figure 1 Methionine/homocysteine metabolism A: Dietary folic acid (Vitamin B9) enters the folate cycle after its conversion first to
dihydrofolate (DHF) and then to tetrahydrofolate (THF). The 5,10-methyltetrahydrofolate reductase, MTHFR is a key enzyme that converts

5,10-methylene-THF to 5-methyl-THF. B: Cobalamin (a cofactor form of vitamin B12), together with folate (B9) is required for the conversion

of Hey to methionine by methionine synthase (MS), and is responsible for the regeneration of methionine from homocysteine (Hcy). B12 is

essential for the transmethylation cycle. C: Dietary methionine is converted to Hcy through S-adenosyl methionine (SAM) and S-adenosyl

homocysteine (SAH) and then back to methionine. Hey also bifurcates to the transsulfuration pathway where it is converted to cysteine in

presence of rate-limiting enzymes cystathionine-f3 synthase (CBS) and cystathionine-y lyase (CSE). Cysteine generated through transsulfuration

pathway is further converted to glutathione. Methionine and Hcy are written in bold while pathways are underlined.

conditions like age-related macular degeneration (AMD),
glaucoma, retinoblastoma, and cataract that are responsible for
these eye ailments. HHcy is a well-studied metabolic disorder
of methionine/homocysteine (Hcy) metabolism that can lead
to an excessive build-up of Hey in the body (Figure 1)™. Hey,
a sulfur-containing non-proteinogenic amino acid is generated
as a by-product of methyl transfer reactions during methionine
metabolism™. Two important enzymes, cystathionine-p-
synthase (CBS) and cystathionine-y lyase (CSE) participate
in Hey metabolism and help synthesize hydrogen sulfide
(H,S) endogenously. Both are present in ocular tissues
suggesting their physiological relevance in the mammalian
eyes™®. HHcy being a high-risk factor for cardiovascular'”,
neurodegenerative’® and retinal vascular occlusive diseases'”
brings home the attention that neurovascular retina is equally
susceptible to HHcy insults"”"?. Studies have suggested that
HHcy plays pathological roles in many eye diseases such as

19201 and retinal

AMD"*" diabetic retinopathy*"*, glaucoma
vein occlusion™ !, However, details of the disease mechanisms
and how to effectively treat them remain largely unknown.

In recent past, it was discovered that H,S exerts powerful
cytoprotective effects on multiple organ systems and that its
application led to the protection of blood vessels, reduction
of inflammation and the normalization of the blood pressure.
Like nitric oxide and carbon monoxide, H,S has also emerged
as a critical signaling molecule affecting endothelial cells,
bone marrow cells™!, smooth muscle cells, inflammatory cells,
mitochondria, ER and nuclear transcription factors™>". We
recently hypothesized that inflammation and cellular stress

conditions might be treated by employing the cytoprotective

28 In this work, we tested

nature of the H,S molecule
that hypothesis by employing the long-acting H,S donor,
GYY4137 in a mouse model which is heterozygous () for
the CBS enzyme. To further create the HHcy condition in the
CBS"™ mice, we fed them with high methionine diet (HMD).
The results obtained were compared with that of wild-type
(C57BL/6J) mice. All groups of mice were treated the same
way as that of CBS™ mice.

MATERIALS AND METHODS

Ethical Approval The animal procedures were reviewed and
subsequently approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of Louisville.
Further, the animal care and guidelines of the National
Institutes of Health (NIH, USA) were also adhered to.
Antibodies and Reagents Antibodies for CBS, CSE, and
glyceraldehyde 3 phosphate dehydrogenase (GAPDH) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), MTHFR, Hcy and superoxide dismutase 1 (SODI)
from Abcam (Cambridge, MA, USA), BiP, protein kinase
R like ER kinase (PERK), CAAT enhancer binding protein
homologous protein (CHOP), AMP activated protein kinase
(AMPK), p-AMPK from Cell Signaling Technology (Danvers,
MA, USA), GAPDH was from Boster Biological Technology
(Pleasanton, CA, USA) and occludin was purchased from
Novus Biologicals (Littleton, CO, USA). GYY4137 was
purchased from Cayman Chemical (Ann Arbor, Michigan,
USA). The meta-phosphoric acid was purchased from
Millipore Sigma (St. Louis, MO, USA).
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Animal Handling and Care Male and female 10-12 weeks
old mice, WT (C57BL/6J) and CBS™ (B6.129P2-Cbstm1Unc/
J 002853) were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). In order to create the HHcy condition, the
mice were fed with an HMD having higher methionine content
(1.2%) along with low folate (0.08 mg/kg), low vitamin B6
(0.01 mg/kg) and B12 (10.4 ng/kg) (Harlan Laboratories) for
6wk. Control mice groups were fed the standard chow diet. All
mice were allowed water ad libitum.

Genotyping of CBS™™ Mice and GYY4137 Administration
The mice were weaned and genotyped according to the
Jackson Laboratory’s recommendations and as previously
reported by our group™’. Tail samples were collected, and
genotypic analyses were performed using polymerase chain
reaction (PCR), as shown in Figure 2A. Heterozygotes CBS™
mice produced two bands (450 and 308 bp) while CBS™*
mice presented only one band (308 bp). Unless otherwise
mentioned, three to five mice were used in each group for all
the experiments. GYY4137 (crystalline solid in nature) was
dissolved in phosphate buffered saline (PBS) and was injected
intraperitoneally (IP) to mice for 6wk (0.25 mg/Kg-d), while
the control mice (without GYY4137) were given normal
saline (PBS)"”. At the end of the experiment, animals were
euthanized by using 2% tribromoethanol (TBE). Mice were
grouped as follows: WT+PBS (control group), WT+GYY4137
(treatment group), CBS”+PBS (control group) and CBS™”
+GYY4137 (treatment group).

Western Blotting Analyses Preparation of mouse retinal tissue
samples was carried out as per the standard protocol. In brief,
retinal samples were sonicated in ice with 1x RIPA buffer (Tris-
HCI1 50 mmol/L, pH 7.4; NP-40, 1%; 0.25% Na-deoxycholate,
150 mmol/L NaCl; 1 mmol/L EDTA; 1 mmol/L PMSF;
1 pg/mL each of aprotinin, leupeptin, pepstatin; 1 mmol/L
Na;VO,; 1 mmol/L NaF) containing 1 mmol/L PMSF and
1 pg of complete protease inhibitor (Sigma-Aldrich Corp., St.
Louis, MO, USA). After centrifugation, the supernatants were
collected; the protein amount for all samples was quantified
by the Bradford method (Bio-Rad, Hercules, CA, USA) and
stored at -80°C for further use. Western blot analyses pertaining
to the Hey metabolizing enzymes’ pathway(s) (i.e. CBS, CSE,
MTHFR, and Hcy), markers of oxidative stress (i.e. SOD1),
hallmarks of ER stress (i.e. PERK, CHOP, BiP) and the tight
junction protein (TJP; Occludin) were performed by following
our previously reported protocol™. Equal amounts of total
protein (50 pg) were resolved on SDS-PAGE and transferred
to polyvinylidene membranes. The membranes were probed
overnight at 4°C with primary antibodies followed by 2h
incubation in secondary antibodies. The signal capturing was
done with the Bio-Rad ChemiDoc XRS+ system and Image
Lab software (Bio-Rad, Hercules, CA, USA). The relative
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optical density of protein bands was analyzed using gel
software Image Lab 3.0. The membranes were stripped and re-
probed with GAPDH as a loading control.

Estimation of Glutathione and Glutamate Levels At the end of
each experiment, the blood was drawn via vena cava venipuncture
using a 23-gauge needle attached to the polypropylene syringe
containing sodium citrate. The blood samples were transferred
to Eppendorf tubes and centrifuged at 1000 g for 15min to
obtain plasma supernatants. The cellular GSH levels in the
experimental mice plasma samples were determined using
the glutathione assay kit according to the manufacturer’s
instructions, Trevigen (Gaithersburg, MD, USA). Briefly,
the fresh experimental plasma samples were treated with
metaphosphoric acid (MPA; final concentration 5%; Sigma-
Aldrich Corp., St. Louis, MO, USA) for 15min and centrifuged
at 14 000 g for 10min at 4°C and used the supernatant for total
GSH assay. The readings were measured at 405 nm with the
help of SpectraMax M2 Microplate Reader. Similarly, the level
of glutamate in the plasma samples was also measured using
a mouse-specific glutamate assay kit by Millipore Sigma (St.
Louis, MO, USA) according to their test protocol.
Measurement of Intraocular Pressure The intraocular
pressure (IOP) was monitored using a Tonovet tonometer,
model TVO02, iCare (Raleigh, NC, USA) according to the
manufacturer’s instructions. Briefly, mice were anesthetized
IP with TBE; 5 mg/kg body weight. Each of the animals was
placed in the prone position and keeping the probe horizontal
and maintaining a probe-cornea distance about 3-5 mm with an
angle of 25° limit relative to the visual axis at the corneal apex
for recording”™”. Only measurements that were judged by data
analytical system to be within its acceptable parameters were
recorded as valid. After effectively measuring for a few times,
the tonometer generated average values were used as valid
IOP measurements for each eye of the animals. Every time,
a new disposable probe was used for recording the pressure
measurement.

Barium Sulfate Angiography and Microvascular Leakage
Imaging Barium sulfate angiography was undertaken in mice
as described in our previous work””. Briefly, barium sulfate
(0.1 g/mL) was dissolved in 50 mmol/L Tris-buffer (pH 5.0)
and infused slowly at a constant flow and pressure with a
syringe pump through the carotid artery post-TBE anesthesia.
The mouse eye globe from each of the experimental group
was dissected out and placed in the X-ray chamber Kodak
4000 MM image station and angiograms were captured
with the high penetrative phosphorous screen using 31 KVP
X-ray exposure for 3min. Vessel density was quantified using
VesSeg tool (Institute for Signal Processing, University of
Luebeck, Luebeck, Germany) as previously reported”". The

vascular permeability was measured in anesthetized mice



Int J Ophthalmol, Vol. 12, No. S5, May 18, 2019 www.ijo.cn
Tel: 8629-82245172  8629-82210956  Email: ijopress@163.com

A B1 234

1 2 3 4 5 6 7 - - emams CBS
— - e csmeamn CSE
= — — — — B A e MTHFR
ey
. SAHH
ememessem» G/PDH

[}

Lane 1: 1Kb plus Marker
Lane 2: Positive control for CBS** Genotyping

Relative to GAPDH
5

Lane 3: Negative control for CBS* Genotyping Lane 1: WT

Lane 4: Positive CBS*- . 0.5
Lane 2: WT+GYY 4137

Lane 5: Positive CBS* Lane 3: CBS*-

Lane 6: Negative CBS*
Lane 7: Negative CBS*™

Lane 4: CBS* +GYY 4137

CBS CSE MTHFR

B WT B WT
E3 WT+GYY 4137 B3 WT+GYY 4137
E CBS* B cBs*

[ CBS*+GYY 4137 L 0.25
0.20
0.15
0.10
0.05
0.00

[D CBS*"+GYY 4137

a 2

Relative to GAPD

Hcey SAHH

Figure 2 Genotyping of CBS mice and expression profiling of target enzymes/metabolites involved in methionine/homocysteine

metabolism CBS deficiency can lead to HHcy. GYY4137 was able to alleviate the effects of HHcy in the CBS™ mice. A: Genotyping analysis

from mice tail clips. Samples from positive CBS™ show double bands while negative CBS™ show single band. B: Western blot analysis for
CBS, CSE, MTHFR, Hcy and SAHH expression in mouse retinae. Decreased CBS, CSE, and MTHFR and increased Hey and SAHH levels

of proteins/metabolites were observed compared to WT mice. C, D: Quantitative estimation of protein expressions after normalization with

GAPDH. “P<0.05.

with a modification of our previously described procedure””.

Briefly, BSA-FITC was injected via tail vein and allowed
to circulate in the system for up to 20-30min. After that
mice were euthanized, and eye globes were harvested for
the retinal mount preparations. The retinal vascular imaging
was performed with the help of the BX61WI fluorescent
microscope (Olympus, Tokyo, Japan). Subsequently, the
data were interpreted with the software provided with the
instrument and Image-J software.

Assessment of the Vision Guided Behavior In order to
assess the vision-guided behavior in mice, we relied upon
the protocol for performing the novel object recognition test
(NORT)"!. Briefly, mice were subjected to a training session
comprising of two identical objects in an open-field arena for
10min. After completion of the training, mice underwent a
testing session wherein they were presented with one familiar
stimulus (i.e. Object 1) and with another but a novel stimulus
for the duration of Smin. The amount of time spent exploring
the stimulus during the training and test sessions were recorded
using a computerized algorithm. The relative exploration time
during the test trial was expressed as a discrimination index
[D.I.=(time novel—time familiar)/(time novel+time familiar)].
Similarly, the light-dark box test (LDBT) analyses were
performed according to the modified procedure””. Briefly, the
latency of the initial time taken from the white (illuminated) to
the dark (non-illuminated) areas was recorded after the initial
20s of initial exploration. All groups of animals were subjected
individually to NORT and LDBT assessments.

Statistical Analyses Data analyses and graphical presentations
were performed with the help of GraphPad InStat 3 and
GraphPad Prism, version 6.07 (GraphPad Software, Inc., La
Jolla, CA). Data are represented as mean values+standard
error (SE) from 5 independent experiments in all cases. The
experimental groups were compared by one-way analyses
of variance (ANOVA) if the values were sampled from
Gaussian distributions. For a set of data, if ANOVA indicated

a significant difference (P<0.05), Tukey-Kramer multiple
comparison tests were used to compare group means. Post-test
was only performed if P<0.05. If the value of Tukey-Kramer
‘@’ is less than 4.046, then the P-value is less than 0.05 and
considered statistically significant.

RESULTS

Genotyping of Progeny Mice and Evaluation of H,S
Donor, GYY4137 Effects in CBS Deficient Mice Cross-
breeding of male and female CBS™ mice yielded about 10%
CBS™", 60% CBS™ and 25% CBS™" progeny. Figure 2A
shows genotyping results wherein two animals (lanes 4, 5)
turned out to be CBS"™" heterozygous deficient from one of the
litters. Equal numbers of animals for CBS”™ and normal WT
(C57BL/6J) were selected for the experiments. To examine
the effects of H,S on metabolic regulation of methionine/
Hcy in CBS”™ and WT mice strains, we studied the enzymes
that are involved in methionine/Hcy metabolism including
CBS, CSE and MTHFR. Findings indicate that CBS, CSE,
and MTHFR expressions were decreased in CBS”" mice with
respect to WT group but GYY4137 treatment was able to
rescue their respective levels in the CBS”+GYY4137 treated
group as compared to untreated CBS™ mice (Figure 2B). To
examine the effects of GYY4137 in treated and untreated mice
groups, we used anti-Hcy and anti-SAHH antibodies. Data
indicated elevated Hcy and SAHH amounts in the CBS™ mice
in comparison to the WT group, however, GYY4137 treatment
could reduce the Hcy and SAHH amounts in the CBS ™ treated
group (Figure 2B). The quantitative representation of the
data is depicted in Figure 2C and 2D. Collectively, the results
suggest that GYY4137 intervention improved the levels of
CBS, CSE, MTHFR, and SAHH, highlighting the protective
role afforded by GY'Y4137 during HHey condition.

GYY4137 Mitigates ER and Oxidative Stress Responses
in CBS Deficient Mice To evaluate the effects of H,S on
oxidative and ER stress responses, we examined the key

stress markers’ expression profiling via Western blotting in the
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Figure 3 Hyperhomocysteinemia causes ER and oxidative stress responses A: Expression of ER stress markers (BiP, CHOP, PERK)

and oxidative stress marker (SOD1) were upregulated while glutathione levels were downregulated in CBS" mice compared to WT group.

GYY4137 was able to rescue their levels during the treatment. B, C: Bar graphs showing a quantitative estimation of key proteins after

normalization with GAPDH. *P<0.05.

experimental animal groups. Analysis of ER stress condition
markers such as BiP, CHO, and PERK (the hallmarks of ER
stress) showed an increased in their expressions in the CBS™
mice in comparison to WT group (Figure 3A and 3B). Data
also indicated that the levels of oxidative stress marker SOD1
were significantly upregulated in the CBS™ group as compared
to the WT mice (Figure 3A and 3B). The stressful effects were
successfully mitigated by GYY4137 (Figure 3A and 3B).
These results clearly demonstrate that H,S intervention can
help alleviate cellular stress during inflammatory conditions.
To further confirm the existence of the redox imbalance in
CBS"" mutant mice, we determined the GSH contents in their
plasma. The results of the GSH assay confirmed that there
was a significant decrease in the levels of total GSH in CBS™
mice in comparison to WT group (Figure 3C). Interestingly,
GYY4137 intervention could bring the total GSH levels
closer to the normal levels in the CBS " +GYY4137 treated
group indicating that H,S plays an important role towards
maintaining an antioxidant environment in the body.
Lowering of Glutamate Levels by GYY4137 in CBS
Deficient Mice To evaluate the potential effects of HHcy on
glutamate levels, its impact on the retinae of CBS™ mice and
also its modulation by H,S donor GYY4137, we performed
a biochemical assay on plasma samples from experimental
mice groups to measure the glutamate concentration. Analysis
revealed significantly higher levels of glutamate in the CBS™
untreated group when compared to WT mice group (Figure 4).
Interestingly, the GYY4137 intervention could bring the
overall glutamate levels closer to the normal ones.
Normalization of the Altered IOP in CBS Deficient Mice by
GYY4137 Eye is one of the most metabolically active organs
in our body and requires strict maintenance of physiological
homeostasis to function properly. Higher concentrations of
Hcy can lead to disruption of metabolism causing ocular
damage and malfunctioning of various cell types in the eye.
We measured the effect(s) of Hcy IOP and our results show
that HHcy condition significantly triggered the IOP on the
upper side in the CBS™ mice group in comparison to the
WT group (Figure 5). Treatment with GY'Y4137 could bring
758
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higher TOP in CBS * mice compared to WT and it is normalized (or
rescued) by GY'Y4137 treatment. “P<0.05.

the ocular pressure back to the baseline levels in CBS"™"
+GYY4137 treatment group suggesting that H,S donor could
help maintain homeostatic regulation of the IOP during the
hyperhomocysteinemic conditions.

Improvement in Blood-Retinal Barrier Functions by
GYY4137 in CBS Deficient Mice To determine whether
GYY4137 treatment can also mitigate the Blood-retinal barrier
(BRB) permeability in the HHcy CBS™ mice, we performed
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Figure 7 Effect of GYY4137 treatment on vision-guided behaviors during HHcy in CBS™ mice A: Representative images of mice behavior

were recorded employing the NORT; B: Graph showing discrimination index; C: Graph showing LDBT analysis. Graph data represent the

visually guided behavior of experimental mice as transfer latency time. Values are mean+SEM of four to six separate experiments. "P<0.05,

when compared with WT. *P<0.05.

barium sulfate and BSA-FITC angiographies individually to
examine the retinal vasculature and blood vessels permeability
and compared the results with that of the control WT mice.
Intra-carotid barium sulfate angiography revealed the presence
of more vessels in the eyes of CBS™ mice than the WT mice
(Figure 6A, 6B and 6C) while BSA-FITC infusion exemplified
an increased retinal vascular permeability in the CBS” mice
in comparison to the WT group (Figure 6D). In the GYY4137
treatment group, there was less vessels’ density (Figure 6A,
6B and 6C) and permeability (Figure 6D). The TJP, occludin
was also probed via the Western blotting analysis. The results
showed that HHcy caused a significant decrease in occludin

contents and this decrease in the TJP could be prevented by
GYY4137 treatment of the CBS ™ mice group (Figure 6E and 6F).
Improvement in Visual Guided Behavioral Functions
in CBS Deficient Mice by GYY4137 The NORT and the
LDBT were performed to test vision guided behaviors in
the experimental mice groups. NORT performance relies
upon a novel object recognition task by the mouse’s natural
exploratory instinct or behavior. Figure 7A displays the
schematic representation of the experimental protocol
conducted in which mice were habituated to an open-field
apparatus for 3 consecutive days. The mice were then allowed
to explore two identical objects. On day 3", one hour after the
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last habituation, the individual mice were presented with a
familiar and a new object respectively. The mice in the CBS™
group exhibited significantly impaired novel object recognition
performance during the task relative to control WT mice in
exploring the novel object. The discrimination indices (DI) as
calculated by the computerized algorithm in the CBS™ mice
were significantly reduced in comparison to the WT group
(Figure 7A and 7B). CBS"+GYY4137 group mice exhibited
improvement in their recognition preference between a novel
and the familiar object when compared to the CBS™" mice.
Similarly, the LDBT data showed an increased transfer latency
time in the CBS™ group in comparison to the WT mice and
that was a significant improvement in the CBS"+GYY4137
treated group (Figure 7C).

DISCUSSION

Declining of one’s vision or losing the eyesight leaves patients
with tortuously robbing feeling. Several chronic inflammatory
eye diseases with complex pathophysiologies have no
available cure and can lead to blindness if suitable treatment
options are not explored. The aim of the current study was to
understand the beneficial effect(s) of the GYY4137, a slow
H,S donor compound in a well-characterized mouse model of
HHcy-induced metabolic derangements. As reported by our
group[ll-12,28,30,38]
CBS activity can result into panoply of disorders since CBS

and others™*! lack or diminished levels of

is hailed as a critical enzyme in the transsulfuration pathway.
It is responsible for the synthesis of cystathionine from serine
and Hcy and as we know that cystathionine is a precursor to
amino acid cysteine. More importantly, CBS is responsible
for the synthesis of H,S from cysteine. Thus, alterations in the
CBS enzyme’s activities cause Hcy levels to rise giving rise
to HHcy. Elevated Hcy is associated with an increased risk
of neurovascular and ocular diseases"”*">". The results from
this study reveal that when CBS" mice are fed with HMD
they had significantly higher Hey in comparison to the WT
group leading to HHcy condition inducing alterations in the
expression of enzymes that are involved in Hey metabolism
such as CBS, CSE, and MTHFR (Figure 2B, 2C, and 2D).
The administration of GYY4137 mitigated these changes
most likely by stabilizing CBS and CSE factors that might
be involved in the generation of endogenous H,S and the
production of GSH (Figure 3C). H,S can easily penetrate
cells” plasma membrane and thus induce a wide spectrum of
signaling cascades in the target cells. As mentioned earlier,
endogenous H,S acts as a potent regulator of various biological
processes which are especially related to vasomotor functions,
anti-oxidant and anti-inflammatory responses.

HHcy induced metabolic dysregulation coupled with glutamate
cytotoxicity can potentially affect intracellular calcium
homeostasis. This can trigger another level of cellular injuries
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as a result of the ER and oxidative stress responses especially
in neural cells®". ER-derived stress signals are decoded
by the cellular machinery to implement adaptive response
strategies that can bring back the homeostasis”***. Chronic
or excessive ER stress and redox imbalance with a failure
to mount appropriate responses to the stressful environment
can have dramatic consequences for the affected cells”™**”
and retinal diseases™ . Consistent with these observations,
we observed increased expressions of markers like BiP,
CHOP, PERK and SODI1 in the CBS™ mice group, although
H,S intervention was able to normalize these markers in the
CBS”+GYY treated mice group further demonstrating that
GYY4137 can boost cellular defense system that can help
alleviate the harmful HHcy mediated effects. Glutamate is
an important neurotransmitter serving the nervous system by
playing roles in neuronal plasticity, memory-related behavior
and cell death®”. Excess glutamate can overstimulate these

261 Our results showed

receptors resulting into excitotoxicity'
an increase in the levels of glutamate in CBS™ mice possibly
reelecting glutamate excitotoxicity like condition. This might
be the result ensuing from the Ca”" ion entrance at a higher rate
than usual into the affected cells by virtue of overstimulated
postsynaptic glutamate receptors'®. The excess amount of
intracellular Ca®" levels can increase the burden of ER for
handling Ca®’, thereby inducing ER damage and reactive
oxygen species (ROS) generation'® "),

Overproduction of ROS leads to disturbance in redox
homeostasis. Normally there is a sophisticated antioxidant
defense mechanism in cells that help in coping with ROS
levels under normal physiological conditions® but under
certain conditions, such as excessive ROS and inflammation,
excessive Ca”" can cause cellular dysfunction and remodeling

(71 "H,S is a scavenger of ROS and dilates retinal

too
vessels. These salubrious effects may protect the retinal
ganglionic cells (RGCs) from pressure over-load and
oxidative stress-induced RGC loss thus serving as a novel

2 1n related

neuroprotectant in glaucomatous conditions
studies, the neuroprotectant and IOP lowering effects of
H,S in animal models of experimental glaucoma have been
described wherein it reduced IOP and prevented IOP induced

¥ Detailed studies of the pharmacological

retinopathies
actions of H,S using several compounds (both fast- and slow-
releasing donors) on anterior uveal tissues revealed an effect
on sympathetic neurotransmission and the ability of the H,S to
relax precontracted iris and ocular vascular smooth muscles,
responses that were blocked by inhibitors of CSE, CBS, and
K,rp channels. Also, in the retina, there is evidence that H,S
can inhibit excitatory amino acid neurotransmission and can
protect retinal cells from a wide variety of cellular insults.

Furthermore, exogenous application of H,S compounds was



Int J Ophthalmol, Vol. 12, No. S5, May 18, 2019
Tel: 8629-82245172  8629-82210956

www.ijo.cn
Email: ijopress@163.com

[ Hrey | s |

-~ Permeability |

| Structural, physiological
| and functional changes in
| the affectedretina
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stress conditions in the eyes of CBS™ mice indicating the presence
of ROS through the upregulation of BiP, PERK and downregulation
of TIPs such as occludin respectively. These metabolic changes are
generally accompanied by the excess production of glutamate. Such
physiological alterations can contribute to the downregulation TJPs
making blood vessels permeable which can lead to the loss of ocular
homeostasis followed by vision impairment. GYY4137 treatment

could potentially mitigate these harmful effects.

reported to increase aqueous humor outflow in an ex vivo
model of the porcine ocular anterior segment and lowered
IOP in both normotensive and glaucomatous animals.
Looking at the progress made in the pharmacological actions
and applications of H,S, it appears that it is involved in the
regulation of hydrodynamics pertaining to IOP maintenance*.
Taken together, the finding that H,S compounds can lower
IOP and can serve a neuroprotective role in the eyes suggests
that H,S based drugs/prodrugs could be used as important
tools or therapeutic agents in diseases of the eyes such as
glaucoma'””". In our study, it is not surprising to find the IOP
lowering properties of GYY4137 in CBS” mice which have
higher IOP than that of WT mice.

TJPs help maintain the structural integrity of the BRB.
Previous studies have indicated that alterations in TJPs are
associated with increased permeability!”), cardiovascular

1 retinal diabetic complications™”, gliomas'"

diseases
and the ocular disorders™ ™!, In our study, we show that
HHcy condition resulted in down-regulation of TJP occludin
suggesting that TJP expression plays key role in BRB
integrity and any alteration can lead to BRB dysfunction.
The fluorescence microscopy analysis revealed increased
retinal vascular permeability in the CBS™ group as compared
to the WT group together with increased vessel density in
CBS deficient mice. Additionally, GYY4137 treatment could
stabilize occludin; vessel density and leakage of the retinal
vasculature meaning that increased bioavailability of H,S and

augmented biosynthesis of GSH in combination activate the

cellular protective measures in the eyes as outlined in Figure 8.
Although, the finer details of the cytoprotective mechanisms
remain to be discovered at the genomic/epigenomic levels such
as regulation of gene expressions. These are supposed to be
governed by circular RNA molecules as recently reported in the

3% Despite

CBS"" mouse strain®®" and in human retinal cells'
these limitations, the findings from this study emphasize that
H,S could still be developed as a potential therapeutic target
for serious ocular indications wherein chronic inflammation,
redox imbalance and stressful environment underlie disease
pathogenesis in serious eye conditions.
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