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Abstract
High levels of homocysteine (Hcy), known as hyperhomocysteinemia (HHcy) are associated with
neurovascular diseases. H2S, a metabolite of Hcy, has a potent anti-oxidant and anti-inflammatory
activity; however, the effect of H2S has not been explored in Hcy (IC) induced neurodegeneration
and neurovascular dysfunction in mice. Therefore, the present study was designed to explore the
neuroprotective role of H2S on Hcy induced neurodegeneration and neurovascular dysfunction. To
test this hypothesis we employed wild type (WT) males ages 8–10 weeks, WT+ artificial
cerebrospinal fluid (aCSF), WT+ Hcy (0.5μmol/μl) intracerebral injection (I.C., one time only
prior to NaHS treatment), WT+Hcy +NaHS (sodium hydrogen sulfide, precursor of H2S, 30 μmol/
kg, body weight). NaHS was injected intra-peritoneally (I.P.) once daily for the period of 7 days
after the Hcy (IC) injection. Hcy treatment significantly increased MDA, nitrite level,
acetylcholinestrase activity, TNFα, IL1β, GFAP, iNOS, eNOS and decreased glutathione level
indicating oxidative-nitrosative stress and neuroinflammation as compared to control and aCSF
treated groups. Further, increased expression of NSE, S100B and decreased expression of (PSD95,
SAP97) synaptic protein indicated neurodegeneration. Brain sections of Hcy treated mice showed
damage in the cortical area and periventricular cells. TUNEL positive cells and Fluro Jade-C
staining indicated apoptosis and neurodegeneration. The increased expression of MMP9, MMP2
and decreased expression of TIMP-1, TIMP-2, tight junction proteins (ZO1, Occuldin) in Hcy
treated group indicate neurovascular remodeling. Interestingly, NaHS treatment significantly
attenuated Hcy induced oxidative stress, memory deficit, neurodegeneration, neuroinflammation
and cerebrovascular remodeling. The results indicate that H2S is effective in providing protection
against neurodegeneration and neurovascular dysfunction.
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1. Introduction
Homocysteine (Hcy) is a thiol containing excitatory amino acid, which markedly enhances
the vulnerability of neurons cells to excitotoxic and oxidative injury (Eikelboom and
Hankey, 1999). It has been reported that Hcy changes hippocampus plasticity and synaptic
transmission resulting in learning and memory deficits (Christie et al. 2005; Ataie et al.,
2010). Elevated plasma Hcy levels known as hyperhomocysteinemia (HHcy) contribute to
neuro-degenerative diseases (Obeid et al., 2007; Kalani et al., 2013). These unfavorable
vascular effects of Hcy are believed to be caused by the auto-oxidation of Hcy which leads
to cellular oxidative stress through the formation of reactive oxygen species (ROS),
including superoxide anion and hydrogen peroxide (White et al., 2001; Perna et al., 2003;
Yan et al., 2006). Furthermore, a decrease in endothelial nitric oxide (NO) bioavailability
plays a critical role in endothelial cell damage and dysfunction (Tyagi et al., 2009).
Impairment of endothelial cell (EC) integrity leads to significant tissue damage and
inflammatory responses (Mehta and Malik, 2006) and typically occurs during diseases such
as hypertension (Lominadze et al., 1998) and stroke (D’Erasmo et al., 1993). In addition,
Hcy increased cytokine levels in the brain suggesting that inflammation might also be
associated with the neuronal dysfunction observed in hyperhomocystinuric patients (da
Cunha et al., 2010). Also, it is important to note that neuro- inflammation is often involved
in the dysfunction of the Blood-Brain Barrier (BBB), i.e. loss of the vascular integrity.

The blood-brain barrier (BBB) is a highly organized endothelial barrier which separates the
central nervous system (CNS) from peripheral circulation (Zlokovic, 2008). BBB
endothelial cells are different from endothelial cells of other vascular units in that they form
specific structures on the membranes of adjacent endothelial cells called tight junctions
(Abbott et al., 2006). Tight junction proteins (TJ) are essential to the structural integrity of
the BBB. The BBB also contains a scaffold protein complex that holds the paracellular
membranous structure together. This is formed by a group of cytosolic membrane proteins
called the zonula occludens (ZO) protein family which includes ZO1 (Stevenson et al.,
1986), ZO2 (Jesaitis and Goodenough, 1994), and ZO3 (Haskins et al., 1998). This complex
attaches the tight junction proteins to the cytoskeleton structure by cell-to-cell interactions
(Fanning et al., 2007). Of the BBB tight junction proteins identified; occludin is the most
important membrane component. Occludin contain four transmembrane domains and two
extracellular loops (Furuse et al., 1998; Tsukita and Furose, 2000) ZO1 has been associated
with oxidant-induced barrier disruption because it serves as an important linker between
perijunctional actin and the tight junction proteins occludin (Musch et al., 2006).

The decreased expression of occludin and ZO-1 in extra cellular junctions results in the
formation of gaps between the cells with a marked increase in permeability (Patibandla et
al., 2009; Tada et al., 2010). The accumulation of toxic free radicals plays an essential role
in this BBB disruption through the activation of matrix metalloproteinases (MMPs) (Gasche
et al., 1999; Romanic et al., 1998). MMPs are essential for the breakdown of the
extracellular matrix (ECM) components within the basement membrane around cerebral
blood vessels and neurons. MMPs are synthesized as pre-enzymes, secreted from cells as
proenzymes, and activated by other proteases and free radicals in the extracellular
compartment (Lee et al., 2005). Among these MMPs, MMP-2 and MMP-9 are the key
enzymes (Romanic et al., 1998). Several reports have suggested that MMP-9 plays a
significant role in brain injury after cerebral ischemia (Fujimura et al., 1999; Lee et al.,
2004). Pharmacological inhibition of MMP-9 as well as targeted deletion of the MMP-9
gene in mice resulted in substantial reductions of brain damage after ischemia (Asahi et al.,
2000; Wang et al., 2000). Along with MMPs, the role of tissue inhibitor of
metalloproteinase (TIMP) in neuronal degeneration has also been suggested (Alvarez-Sabin
et al., 2004). Therefore, preventing Hcy neurotoxicity may be a novel therapeutic strategy
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for neurovascular diseases. Interestingly, in addition to cysteine, Hcy metabolites can also
produce hydrogen sulfide (H2S) by cystathionine beta synthase (CBS), cystathionine gamma
lyase (CSE) and mercapto sulfur transferase (MST) enzymes (Zhao et al., 2001, Tyagi et al.,
2010). The biological and physiological effects and the importance of H2S in neuro-
protection have been extensively reported (Szabo, 2007). The most recent study by our
group has demonstrated that H2S relieved Hcy-induced oxidative stress in brain endothelial
cells (Tyagi et al., 2009) as well as reduced HHcy-induced microvascular permeability
(Tyagi et al., 2010) suggesting a promising role of H2S supplementation as a novel strategy
to prevent Hcy-induced neurotoxicity.

Therefore, the purpose of the current study was to assess the potential role of H2S against
the neurotoxicity and neurovascular dysfunction induced by Hcy (IC). We demonstrated that
Hcy (IC) enhances oxidative stress and neuroinflammation which activates MMPs and de-
activates TIMPs. This in turn degrades tight junction proteins causing BBB alteration,
memory impairment, and leads to neurovascular dysfunction. The pretreatment with H2S
can prevent these alterations and thus has a neuro-protective property.

2. Material & Methods
2.1. Antibodies and reagents

Homocysteine, NaHS, Acetylthiocholine iodide, D-thiobis nitrobenzoic acid, Thiobarbutric
acid, sulphalinamide were purchased from SIGMA-ALDRICH (St. Louis, MO). HRP-
conjugated secondary antibodies were purchased from Santa CRUZ BIOTECHNOLOGY
(Santa Cruz, CA). Antibodies MMP9, MMP2, NSE, S110B, PSD95, SAP97, ZO1, and
Occuldin were purchased from ABCAM (Cambridge, MA). Fluorescent secondary
antibodies and primers were procured from INVITROGEN (Carlsbad, CA). Bradford
protein assay reagents, PVDF membrane and all other chemicals for analytical grade were
purchased from BIO-RAD (Hercules, CA).

2.1.1. Animals—Male (FVB) wild type (8–10 week old) mice were obtained from Jackson
Laboratory (Bar Harbor, ME) and kept in the animal care facility in University of Louisville
where ambient environmental conditions (12:12-h light-dark cycle, 22–24°C) were
maintained. The animals were fed standard food and water ad libitum. All animal procedures
were reviewed and approved by the Institutional Animal Care and Use Committee of the
University of Louisville, School of Medicine in accord with Animal Care and Use Program
Guidelines of the National Institutes of Health.

2.1.2. Drugs-preparation and administration—Hcy powder was dissolved in artificial
cerebrospinal fluid (aCSF; 147 mM NaCl, 2.9 mM KCl, 1.6 mM MgCl2.6H2O, 1.7 mM
CaCl2, 2.2 mM dextrose dissolved in distilled water) used as a vehicle for intracerebral
administration of Hcy. In the Hcy group, a single administration of Hcy (0.5 μmol/μl) was
given intracerebral (IC) in mice brain. Sodium hydrogen sulfide (NaHS, a H2S donor) was
dissolved in 0.9% normal saline. Hcy (I.C) injected mice was treated with NaHS (30μM/kg/
day/i.p) for 7 days through intra-peritoneal. NaHS dose was selected on the basis of earlier
reports, which have demonstrated its protective effects. Animals of the control group did not
receive any intracerebral (IC) injection. Biochemical, behavioral and histo-pathological
analyses were done after 24h of the last NaHS or its vehicle injection in the separate groups.

2.1.3. Intracerebral (IC) injection of Hcy—Mice were anesthetized with
tribromoethanol (TB; 2.5 gm, 2,2,2 tribromoethanol (TBE); 5 ml 2-methyl-2-butanol
(tertiary amyl alcohol) 200 ml distilled water - neutral pH) (200 μg/gm, i.p). A 27-gauge
hypodermic needle attached to a 100 μl Hamilton syringe was inserted (2.5 mm depth)
perpendicularly through the skull into the brain. Hcy (0.5μm/μl), dissolved in freshly
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prepared aCSF, was administered slowly through intracerebral (IC) route. The site of
injection was 2 mm from either side of the midline on a line drawn through the anterior base
of the ears. We injected Hcy only one side from the midline. The syringe was left in the
place for a further 2 min for proper diffusion of Hcy.

2.1.4. Experimental design and drug administration—The mice were grouped as:

Control: Mice injected by intra-peritoneal with vehicle (0.9% normal saline) of NaHS
for 7 days.

aCSF: Mice injected by intracerebral (IC) with artificial cerebrospinal fluid (aCSF)
once and treated with vehicle for 7 days by intra-peritoneal.

Hcy: Mice injected IC with Hcy (0.5μm/μl) once and treated with vehicle for 7 days by
intra-peritoneal.

NaHS (H2S Donar): NaHS (30μM/kg/day) injected by intra-peritoneal for 7 days in
Hcy (0.5μm/μl) treated mice.

2.1.5. Novel object recognition test—Novel object recognition is a validated and
widely used test for assessing recognition memory (Lyon et al., 2011). Mice were placed
individually in a testing chamber with beige walls for a 5min habituation interval and
returned to home cage. Thirty minutes later mice were placed in the testing chamber for 10
min with two identical objects (acquisition session). Mice were returned to home cages and
one day later placed back into the testing chamber in the presence of one of the original
objects and one novel object (recognition session) for 5 min. The chambers and objects were
cleaned with ethanol between trials. Exploratory behavior was defined as sniffing, touching
and directing attention to the object. Expected normal behavior would be, with a short delay
between Acquisition and Retention trials, that the animal explores the novel object for a
longer period of time than the familiar object. A “memory score is calculated for each
animal, defined as the time spent in exploring the novel object as a percentage of total time
exploring both objects during the retention trial. For the acquisition session, the recognition
index (RI) was calculated as (time exploring one of the objects/the time exploring both
objects). For the recognition session, the RI was calculated as (time exploring the novel
object/the time exploring both the familiar and novel object). Discrimination index was also
calculated (DI = (Novel Object Exploration Time/Total Exploration Time)−(Familiar Object
Exploration Time/Total Exploration Time) ×100) in mice.

2.1.6. Brain tissue collection and Protein extraction—The mice were sacrificed
with anesthesia at the end of memory function test. Brain was removed quickly after intra-
cardiac perfusion with chilled normal saline and kept on ice-cold PBS immediately. Whole
brains were used for estimation of biochemical and molecular studies. Brain samples from
each group were weighed and homogenized in 1× RIPA buffer (Tris–HCl 50 mM, pH 7.4;
NP-40, 1%; 0.25% Na-deoxycholate, 150 mM NaCl; 1 mM EDTA; 1 mM PMSF; 1 μg/ml
each of aprotinin, leupeptin, pepstatin; 1 mM Na3VO4; 1 mM NaF) containing 1 mM PMSF
and 1 μg complete protease inhibitor (Sigma). The homogenate was kept on ice for 30 min
and centrifuged (100 g) for 10 minutes at 4°C, and then the supernatant was removed and
centrifuged a second time (20,000 g for 15 minutes at 4°C) to remove any remaining debris.
Protein levels for all samples were quantified by the Bradford method (Bio-Rad, CA) and
stored at −80°C for further use.

2.2. Biochemical estimation
2.2.1. Measurement of Malondialdehyde—Malondialdehyde (MDA), a marker of
lipid peroxidation, was estimated in the brain tissues, according to the method of Colado et
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al. (1997). After homogenization, tissue homogenate was mixed with 30% trichloroacetic
acid (TCA), 5 N HCl followed by the addition of 2% thiobarbituric acid (TBA) in 0.5 N
NaOH. The mixture was heated for 15 min at 90 °C and centrifuged (Remi cold centrifuge)
at 12,000 × g for 10 min. The pink color of the supernatant was measured at 532 nm. MDA
concentration was calculated by using standard curve prepared with Tetra ethoxy propane
and expressed as nmol/mg protein.

2.2.2. Measurement of Glutathione—Glutathione (GSH) was determined by its
reaction with 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) to yield a yellow chromophore,
which was measured spectrophotometrically (Ellman et al., 1959). The brain homogenate
was mixed with an equal amount of 5% TCA and centrifuged at 2000 × g for 10 min at 4 °C.
The supernatant was collected and further used for reduced GSH estimation. To 0.1 ml of
processed tissue sample, 2 ml of phosphate buffer (pH 8.4), 0.5 ml of DTNB and 0.4 ml of
double-distilled water were added and the mixture was shaken vigorously on vortex. The
absorbance was read at 412 nm. Reduced GSH concentration was calculated by using
standard curve prepared with reduced glutathione and expressed as μg/mg protein.

2.2.3. Nitrite estimation—Nitrite was estimated in the mice brain using the Greiss
reagent and served as an indicator of nitric oxide (NO) production (Green et al., 1982). 100
μl of Greiss reagent (1:1 solution of 1% sulphanilamide in 5% ortho-phosphoric acid and
0.1% napthaylamine diamine dihydrochloric acid in water) was added to 100 μl of
supernatant and absorbance was measured at 542 nm. Nitrite concentration was calculated
using a standard curve for sodium nitrite and expressed in μg/mg protein.

2.2.4. Sample preparation and assay of AChE activity—A 10% (w/v) homogenate
of brain samples (0.03 M sodium phosphate buffer, pH 7.4) was prepared by using a Teflon
homogenizer. The brain homogenate in volume of 200μl was mixed with 1% Triton X-100
(1%, w/v in 0.03 M sodium phosphate buffer, pH 7) and centrifuged at 30,000 rpm at 4°C in
a centrifuge for 60 min. Supernatant was collected and stored at 4°C for acetyl
cholinesterase estimation by Ellman’s method (1959). The kinetic pro le of enzyme activity
was measured at 412 nm with an interval of 15 s. One unit of acetyl cholinesterase activity
was defined as the number of micromoles of acetylthiocholine iodide hydrolyzed per min/
mg of protein. The specific activity of acetylcholinesterase is expressed in μmol/min/mg
protein.

2.2.5. Western blotting—Western blot analysis for oxidative stress, matrix associated
proteins and neural damage was performed as follows. Briefly, protein was extracted using
1x RIPA buffer. Equal amount of proteins from brain were fractionated by SDS-PAGE and
transferred onto PVDF membrane (BioRad, Hercules, CA) by wet transfer method. Non-
specific sites were blocked with 5% non-fat dry milk in TBS-T (50 mM Tris–HCl, 150 mM
NaCl, 0.1% Tween- 20, pH 7.4) for 1 h at room temperature following the membrane was
washed with washing buffer (pH 7.6, TBS, 0.1% Tween 20) for 3 times,10 min each. The
blot was then incubated for overnight at 4°C with appropriate primary antibody in blocking
solution according to the supplier’s specific instructions. The blots were washed with TBS-T
(3 times, 10 min each) and incubated with appropriate HRP- conjugated secondary antibody
for 2 h at room temperature. After washing, ECL Plus substrate (Thermo scientific, inc.) was
as applied to the blot images were capture in gel documentation system. Relative 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.

2.2.6. Reverse transcription polymerase chain reaction (RT-PCR)—The RT-PCR
was performed for the expression of ZO1, Occuldin, MMP9, MMP2, TIMP1, TIMP2, iNOS,
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eNOS, GFAP, TNFα, IL1β and GAPDH in all experimental group using ImProm-II™

Reverse Transcription system kit (Promega Corporation, Madison, WI, USA). Total RNA
was isolated from brain using TRIzol reagent according to the manufacturer instruction.
RNA quantification was determined spectrophotometrically by using nanodrop and purity of
the RNA was determined by A260/A280. 2 μg of total RNA was reverse transcribed using
using ImProm-II™ Reverse Transcription system kit. The reverse transcription program was
25°C for 10 min, 42°C for 50 min, and then 70°C for 15 min. For gene amplification the
RT-PCR program was 95°C–7.00 min, [95°C–50 sec, 55°C–1.00 min, 72°C–1.00 min]x34
cycle, 72°C–5.00 min, 4°C-∞. The primers for RT-PCR are obtained from Invitrogen
(carlsbad, CA) and described in Table 1. The RT-PCR product was electrophoresed on 1.5%
agarose gel in TAE with 0.008% ethidium bromide.

2.2.7. Preparation of Barium sulphate—Barium sulphate has been widely used by the
radiologists in to visualize the structural and motility abnormalities of blood vessel
vasculature. Barium sulphate was dissolved in 50 mM Tris-buffer (pH 5.0) and infused
slowly at a constant flow and pressure with a syringe pump using carotid artery (Myojin et
al., 2007; Givvimani et al., 2011). This produced the optimal visualization of vascular
density in brain. Animals were dissected open to expose and brain angiograms were
performed in Kodak 4000 MM image station.

2.2.8. Angiography—Brain angiogram is an imaging test that uses X-rays to view brain
blood vessels. Dissected animals were placed in the X-ray chamber and angiograms were
captured with high penetrative phosphorous screen by 31 KVP X-ray exposures for 3
minutes. It is often use this test to study narrow, blocked, enlarged, or malformed arteries or
veins in many parts of body, including brain.

2.2.9. Cryo-sectioning—After euthanizing the mice, brain tissue was harvested and
washed thoroughly in phosphate buffered saline (PBS) and preserved in a Peel-A-Way
disposable plastic tissue embedding molds (Polysciences inc., Warrington, PA., USA)
having tissue freezing media (Triangle Biomedical Sciences, Durham, N.C., USA) at −80° C
until further use. 25 μm and 10 μm thick tissue sections were made using cryotome (Leica
CM 1850) and placed on super frost plus microscope slides, air-dried and processed for
staining.

2.3. Histological Study
2.3.1. Hematoxylin and Eosin (HE) staining—A histopathological study was
conducted in brain tissue by chromophore kit (Rechard Allan scientific, USA) according to
manufacturer instruction. Mice were anesthetized under ether anesthesia. The transcardial
perfusion with 5 ml of phosphate-buffered saline (0.02 M, pH 7.4), followed by 5 ml of 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (pH 7.4) was done for pre-fixation of
the brain tissue. Then, the brain was dissected out carefully and was kept in 4%
paraformaldehyde overnight at room temp for post fixation. After post-fixation, the tissue
was kept in 30% sucrose for 24 h. Block was prepared in tissue freezing media and coronal
sections (10 μm) were cut with the help of a cryotome (Leica instrument, USA) and picked
up on poly-L-lysine coated slides. Sections from the rostral to the caudal portion of the brain
were stained with hematoxylin and eosin (Li et al., 1998). Stained sections were captured
(light microscopy) at 60x magnification. Dead cells were identified morphologically by
blebbing of plasma membrane, diffused pallor of eosinophilic background, alterations in size
and shape of cells, vacuolation and condensed nucleus.

2.3.2. Terminal deoxynucleotidyl transferase-mediated, dUTP nick end
labelling (TUNEL)—TUNEL staining was conducted on frozen brain section from all
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groups using a commercially available kit (Dead End Fluorometric TUNEL System;
Promega). Staining was done according to manufacturer’s instructions keeping positive and
negative controls.

2.3.3. Fluro Jade-C (FJC) staining—FJC labelling in the brain section was performed
using a standard protocol (Schmued et al., 2005), with modification, as follows: (a) sections
were deparaffinised by two 5 min washes in xylene, rehydrated through a graduated alcohol
series, and washed for 2 min in distilled water; (b) sections were transferred to 0.06%
potassium permanganate solution for 10 min, then rinsed in distilled water for 2 min; (c)
sections were incubated for 20 min in a 0.0001% solution of FJC (Sigma Aldrich, USA).
FJC was made immediately before use by diluting a stock solution of 0.01% FJC by 100-
fold in 0.1% acetic acid; (d) sections were washed 3 times for 1 min in distilled water, dried
at 37 °C and mounted with DPX; and the fluorescent signal visualized using a confocal
laser-scanning microscope with an excitation wavelength of 488 nm.

2.4. Statistical analysis
The results are expressed as mean ± S.E.M. Statistical analysis of the biochemical,
molecular data and novel object recognition test were done by one-way analysis of variance
(ANOVA) followed by Tukey test. A p value <0.05 was considered to be significant.

3.0. Results

3.1.1. Memory function: Effect of NaHS on Hcy induced memory impairment—
The novel object recognition test was performed for memory function in mice. We tested
WT mice treated with in a novel object recognition task that relies on the mouse’s natural
exploratory behavior shows the schematic representation of the protocol, in which mice are
habituated to the open-field apparatus, on day 1 they were allowed to explore two identical
objects, and after 24 hours, they were presented with the familiar and a new object. Hcy (IC)
treated mice exhibit significantly impaired novel object recognition performance in the
simple task relative to wild type mice exploring the novel object. There was no any change
in recognition index (RI) in acquisition trial [F(3, 16)=5.23; P>0.05] among the group but
significant change were observed in retention trial [F(3, 16)=5.23; P<0.05]. Consistent with
the lack of net preference between novel and familiar objects, the discrimination index in
Hcy treated mice was reduced [F(3, 16)=3.13; P<0.05] with respect to wild types. NaHS
treatment led to improved preference between novel and familiar object in Hcy treated mice
[F(3, 16)=2.71; P<0.05] (Fig. 1A, 1B and 1C).

3.1.2 Effect of NaHS on Hcy induced oxidative stress and AChE activity—To
evaluate the neuro-protective effects of NaHS on Hcy induced brain redox status. Several
important indices about oxidative stress in brain were determined. As an index of oxidative
stress, the level of lipid peroxidation product, MDA, was significantly increased in Hcy
treated group as compared to control and aCSF groups. This increase in MDA was
attenuated by NaHS treatment; however administration of aCSF had no significant effect on
MDA level as compared to control (Fig. 2A). As shown in Fig. 2B the concentration of
reduced GSH was markedly decreased in the Hcy treated group as compared to control and
aCSF groups. Treatment with NaHS normalized the decreased levels of reduced GSH in
Hcy treated group. In addition, Hcy treatment also caused a significant increase the
acetylcholinesterase (AChE) activity (μmol/min/mg protein) when compared with control
and aCSF treated mice. NaHS treatment was unable to prevent increased in AChE activity as
shown in Fig. 2C. These findings suggest that treatment with NaHS could reduce redox
homeostasis of brain (Fig. 2)
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3.1.3. Effect of NaHS on Hcy induced neuroinflammatory markers (TNFα and
of IL-1β) and astrocyte marker (GFAP)—Neuroinflammation is reflected in cerebro-
vascular dysfunction by astrogliosis and microglial activation. A significant increase in
mRNA and protein expression of GFAP was observed in Hcy treated group as compared to
aCSF and control groups (Fig. 3). Remarkably NaHS treatment significantly decrease the
mRNA and protein expression of GAFP in Hcy treated mice brain as shown in Fig. 3A, B, C
and D. We also quantified mRNA and protein expression for the pro-inflammatory
cytokines IL-1β and TNFα. There was increased expression of TNFα and IL-1β mRNA and
protein in Hcy treated mice as compared to aCSF and control group (Fig. 3E, F, G, H, I and
J). NaHS treatment restored TNFα and IL-1β mRNA and protein expression in Hcy treated
group (Fig. 3E, F and G). These results suggest the anti-inflammatory action of NaHS (Fig.
3).

3.1.4. Effect of NaHS on Nitic oxide synthase (iNOS and eNOS) and nitrite
level—To elucidate the effect of Hcy on NO bio-availability, we measured iNOS and eNOS
mRNA and protein levels. As shown in Fig. 4, a significant increase in mRNA and protein
expression of iNOS and eNOS were observed in Hcy treated group as compared to aCSF
and control groups. Interestingly, NaHS showed a significant decrease in iNOS and eNOS
protein as well as mRNA levels. We also measured NO metabolite nitrite levels in brain. As
shown in Fig. 4E, nitrite levels were significantly elevated in Hcy treated group compared to
control and aCSF treated groups. Treatment with NaHS significantly restored nitrite levels.
Morover, the nitrite level was not significantly altered in aCSF treated group as compared to
control (Fig. 4).

3.1.5. Effect of NaHS on Hcy induced neuronal injury and synaptic markers—
S100B, NSE, PSD95 and SAP97 protein level was investigated by Western Blot analysis.
There was increased protein expression of SB100B and NSE in Hcy treated group as
compared to aCSF and control group (Fig. 5). However PSD95 and SAP97 protein
expression was decreased in Hcy treated group as compared to aCSF and control group (Fig.
6). Further, NaHS treatment significantly recovered Hcy induced changes in synaptic
markers (Fig. 5 & 6).

3.2. Histopathological observations: Effect of NaHS on Hcy induced neurodegeneration
3.2.1. HE staining—Histological examination of the brain sections by hematoxylin and
eosin staining suggests gross histological variation in Hcy treated mice as compared with
other group. Hcy treated group showed significant degeneration of cellular constituents
indicated by decrease in cell size (shrinkage) and cell number. Hcy administration caused
damage to neuron in brain periventricular cortex as well as in hippocampal regions indicates
neuro-degeneration in Hcy treated mice brain as compared to control and aCSF treated mice
brain (Fig. 7A–D). However, NaHS treatment significantly restored this alteration (Fig. 7E–
H).

3.2.2. Tunel staining: NaHS treatment prevents apoptosis—Apoptosis or cell
death during HHcy was assessed by Tunel assay. There was significantly increased in
apoptosis in Hcy treated group. Treatment with NaHS inhibited the increase in apoptosis in
Hcy treated group (Fig. 8). These findings suggest the beneficial role of NaHS in preventing
apoptosis.

3.2.3. Fluoro Jade C staining: NaHS inhibits Hcy induced neuronal
degeneration—To further examine the neuroprotective effect of NaHS after Hcy induced
neurotoxicity, we stained sections of mouse brain with Fluoro Jade C (FJC), a fluorochrome
that binds specifically to degenerating fibers and cell bodies of neurons. Results of a typical
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experiment are shown in Fig. 9. A large number of FJC-positive cells were observed in brain
section of Hcy treated group as compared to control and aCSF groups. There was a
significant decrease in the number of FJC-positive cells in the NaHS treated group.

3.2.4. NaHS regulates extra cellular matrix remodeling by altering MMP/TIMP
expressions: The proteins involved in vascular function—To assess the role of
NaHS on MMPs/TIMPs expression, we determined MMP-2,-9, TIMP-1 and TIMP-2
expression by using Western Blot and RT-PCR. There was an increased mRNA and protein
expression of MMP-9 and MMP-2 in Hcy treated group compared to control (Fig. 10A–G).
Treatment with NaHS decreased the expression of MMP-9 and MMP-2 (Fig. 10). In
contrast, TIMP-1/TIMP-2 mRNA and protein expression showed decrease in Hcy treated
group as compared to control which was ameliorated by NaHS treatment (Fig. 11. A–F).
These findings suggested NaHS protects cerebro-vascular remodeling by altering the MMP/
TIMP axis during neuro-degeneration induced by Hcy. Previously, we and others have
shown the association of MMP-9 with degradation of a TJP. Hence, we investigated the role
of NaHS in TJP degradation through RT-PCR and Western Blot analysis. There was
significantly decreased in mRNA/protein expression of ZO-1, and occuldin proteins in Hcy
treated group compared to control groups (Fig. 12A–G). This alteration in TJPs expression
was mitigated by NaHS treatment (Fig. 12).

3.3. Effect of NaHS on microvasculature in the brain
The barium X-ray data showed loss of major vessel in Hcy treated group as compared to
control and aCSF groups. Exogenous NaHS treatment improved the BBB-microvasculature
integrity (Fig. 13.)

4. Discussion
Previously, we showed the novel role of H2S in HHcy induced cerebral vascular injury
(Tyagi et al., 2010). The results of the present study aimed to clarify the neuro-protective
effect of H2S against the neurotoxic effect of Hcy in the brain, which may be one of the
mechanisms leading to cerebral vascular injury (Tyagi et al., 2010). Herein, we
demonstrated that an IC injection of Hcy triggered oxidative stress and neuro-inflammation
leading to a dis-balance of the MMP/TIMP ratio, in part by increasing nitrite levels and
degrading the tight junction proteins. This alteration disrupts BBB integrity which causes
vascular dysfunction and neurotoxicity and subsequently leads to memory impairment in
mice. While H2S supplementation diminished these effects of Hcy, the data indicates that
H2S specifically inhibits Hcy’s effect by reducing the redox stress as well as inflammation.

The brain has a complex pathophysiological process involving many factors, such as
oxidative-stress-related free radical species and pro-inflammatory cytokines (Lucas et al.,
2006). Oxidative stress is one of the more important events in cerebrovascular disease such
as stroke, Parkinson and AD pathology (Uttara et al., 2009). Earlier studies showed lipid
peroxidation that is related to neurodegenerative disorder and degeneration of the neuronal
membrane (Williams et al., 2006, Petursdottir et al., 2007; Kamat et al., 2010). In agreement
with above findings, we also observed elevated levels of MDA in the Hcy administered
group as compared to control and CSF treated groups which suggests neuro-degeneration
during HHcy. We also found decreased glutathione levels (GSH), which is an antioxidant
and principal intracellular non-protein thiol which is known to play a major role in the
maintenance of the intracellular redox state. Therefore, in the present study we observed that
Hcy caused a significant increase in MDA levels along with a decrease in GSH levels
indicating oxidative stress induced by Hcy. Importantly, treatment with NaHS greatly
inhibited the formation of MDA levels and significantly increased the levels of GSH (Fig.
2a, 2b). The significantly lower levels of free radical scavengers and the higher level of GSH
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promoted by H2S should induce a protective effect by increasing the metabolism of
superoxide and the level of cysteine transport (Kimura et al., 2004; Rossoni et al., 2007). It
is earlier reported that there is a close association of neuroinflammation with the
pathogenesis of several neurovascular-associated disorders such as: Parkinson’s disease
(PD), Alzheimer’s diseases (AD) and cerebral stroke (Mrak and Griffin, 2001). The
activated microglia release pro-inflammatory cytokines, such as tumor necrosis factor-alpha
(TNF-α) and interleukin-beta (IL1-β), that trigger neuronal damage and serve as mediators
of neuroinflammation (Liu et al., 2003; Rai et al., 2012). We found that the administration of
Hcy increased GFAP expression (marker of astrocyte) as compared to control and aCSF
groups indicating astrocyte activation during HHcy. Along with astrocyte activation we also
observed increased expression of pro-inflammatory cytokines TNFα and IL-1β which is
indicative of neuro-inflammation during HHcy. Interestingly, treatment with NaHS
significantly decreased expression of GFAP, TNFα and IL-1β. This indicates that the
endogenous production of H2S does have positive anti-inflammatory effects (Fig. 3).

The iNOS expressing microglia are consistently found in case of neurodegenerative diseases
and has been reported as a key mediator of glial induced neuronal death (Singh et al., 2011).
Endothelial nitric oxide synthase (eNOS) plays an important role in vascular permeability,
leukocyte extravasation and angiogenesis. Brain eNOS induce the dilation of blood vessels
to promote migration of leukocytes, typically neutrophils, to the area of injury (Duffield,
2003). NO is produced by activated astrocytes, is overexpressed during neuroinflammatory
process and is one of the major contributors to the formation of reactive nitrogen
species(Min et al., 2009; Calabrese et al., 2000). Some studies have shown that high
concentrations of Hcy increased NO production (Kanani et al., 1999) whereas other studies
confirmed that Hcy decreased NO production (Weiss et al., 2013). Our present results
determined that Hcy increased mRNA and protein levels of iNOS/eNOS and total nitrite,
indicating nitrosative stress in Hcy treated group as compared to control and aCSF groups
(Fig. 4). Further the nitrosative stress and neuroinflammatory effects induced by Hcy were
reduced by NaHS treatments (Fig. 4). These results suggest increased endothelial
dysfunction and disturbances of vascular function in Hcy treated group as compared to
control and aCSF groups. These results coincided with the earlier reports that H2S behave as
a cerebrovascular dilator (Zhao et al, 2001). S100B and NSE levels have been considered
markers of neurodegeneration and are thought to be related to the severity of the disease
(Mecocci et al., 1995; Parnetti et al., 1995). Present results illustrated high levels of S100 B
and NSE protein expressions in Hcy treated groups as compared to control and aCSF
groups. Hcy-induced expression of S100B and NSE drastically decreased with NaHS (H2S
donor) treatment (Fig. 5). These results suggest severe neurodegeneration in Hcy treated
brains.

Apoptosis has been considered as one of the main features of neuronal loss that propagates
neurodegeneration (Kamat et al., 2011). Here we show an increase in apoptosis by Tunel
assay in Hcy treated group as compared to control and aCSF groups (Fig. 8). Treatment with
NaHS significantly decreased cell death, thus inhibiting neuronal degeneration. In addition,
FJC staining demonstrated that the number of degenerative neurons in the Hcy treated
animals was significantly higher than that of the NaHS group (Fig. 9). These data sets
indicate that exogenous NaHS could protect the integrity and function of neurons and
ultimately reduce the degree of neuronal degeneration. The effect of NaHS was also seen by
histopathological changes in brain areas of Hcy treated groups. The histopathological
changes were examined by using HE stain in sequential brain sections to confirm the extent
of damage. Brain sections of Hcy-treated mice, stained by HE staining, showed increased
vacuoles in the cortical area, damaged periventricular cells, and a general disorganization of
the hippocampus as compared to control and aCSF treated groups. Hcy caused severe
damage to the periventricular cortex. In the periventricular cortex of Hcy-treated mice,
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sponginess can be seen clearly but NaHS treatment noticeably prevents the damage to some
extent. In the hippocampal regions the extent of damage was found similar to the
periventricular cortical region in Hcy treated groups and at this level, NaHS treatment
returned cell morphology more closely to that of the control and aCSF treatment groups
(Fig. 7).

Synaptic proteins such as synaptosome associated protein-97 (SAP97) and post-synaptic
density-95 (PSD-95) are neuronal proteins that are linked with receptors and cytoskeletal
elements at synapses and are also involved with the proper development of glutamatergic
synapses (El-husseini et al., 2000). Changes in these synaptic markers have been
implemented to check neuronal damage (Harigaya et al., 1996). Rao et al. (2011) reported
that increased neuroinflammatory cascade leads to loss of synaptic marker protein. With
their findings, we also confirmed decreased PSD-95 and SAP-97 protein expressions in Hcy
treated group as compared to control and aCSF groups indicating synaptic dysfunction,
neuronal damage and disturbance in synaptic plasticity. However these negative effects were
mitgated with NaHS treatment (Fig. 6). The cholinergic system has been known to play an
important role in memory formation and retrieval. Impaired cholinergic functions are
associated with memory impairment (Tota et al., 2012, Kamat et al., 2012). In our study, we
found increased AChE activity in Hcy treated groups as compared to control and aCSF
groups (Fig. 2c). However, treatment with NaHS was unable to prevent AChE activity in the
Hcy treated group.

Previously, we showed that Hcy increased MMP-2/MMP-9 expression in HHcy mouse
brains as well as in their brain endothelial cells (Tyagi et al., 2009, Tyagi et al., 2010).
However, the role of H2S in activation of MMPs during neuro-degeneration was not defined.
In the present study, for the first time, we demonstrated a significant increase in the MMP-2
and MMP-9 protein as well as mRNA expression in the Hcy treated group mice (Fig. 10).
Interestingly, MMP-2, -9 expressions were suppressed with NaHS in Hcy treated group. Li
et al. (2009) have suggested that endogenous H2S may decrease the level of MMP-13 and
TIMP-1 in rats. Thus, the balance between MMPs and TIMPs is critical for proper ECM
remodeling and is essential for several developmental and morphogenetic processes (Dollery
et al., 1999). The mRNA expression level of TIMP-1,-2 significantly decreased in Hcy
treated group as compared to control and aCSF groups (Fig. 11). The treatment of NaHS
inhibited the HHcy-induced sub-endothelial matrix remodeling, suggesting the protective
role of H2S in cerebral vascular remodeling/injury. The present study, along with earlier
reports, suggested a substantial increase in MMP-2 and MMP-9 with increased or decreased
expression of their inhibitors (TIMP-1, TIMP-2) (Refsum et al., 1998). The increased
MMP-2, -9 protein/mRNA levels caused degradation of TJP and led to an increase in BBB
permeability. TJPs play important role in tissue integrity but also in vascular permeability,
leukocyte extravasation and angiogenesis (Tyagi et al., 2006). To investigate the BBB
integrity we studied the TJ markers ZO-1 and occludin. There was a marked decrease in the
expression of ZO-1 and occludin in Hcy treated group as compared to control and aCSF
groups. Further, exogenous NaHS treatment restored TJP (ZO-1, and occludin) levels (Fig.
12). These results suggest H2S reversed the effect of Hcy on cerebral vascular injury, in part,
by inhibiting MMPs/TIMP and thus preventing TJP degradation preserving vascular
integrity.

Capillary changes, neurovascular dysfunction, and cognitive impairments are features of
aging and are related to cerebral stroke and AD (Girouard and Iadecola, 2006). To confirm
the status of microvasculature in the brain, we performed angiography by the barium
angiogram method. We found that Hcy administration in mice brains leads to a marked loss
of major vessels with small collaterals which designate disturbances in BBB integrity as
compared to the control and aCSF groups. Importantly, NaHS treatment mitigates Hcy
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induced loss of major vessel (Fig. 13). These disturbances in the BBB have been known to
contribute to the onset and progression of neurodegenerative diseases including AD,
cerebral stroke and vascular dementia (VaD) (Takechi et al., 2012). Our observation defined
the novel role of H2S against Hcy-induced neurodegenration and supported the hypothesis
presented in Fig. 14.

In summary, we have shown that intracranial injection of Hcy induced vascular dysfunction,
memory impairments, and pathological conditions that are similar to those found in human
cerebral stroke and AD. We found Hcy plays a significant role in oxidative stress,
neuroinflammation, TJPs, neurodegeneration, apoptosis and MMPs which mutually
summate to cause neurovascular dysfunction and ultimately cognitive decline. H2S
supplementation however, showed the reversal effect. Thus, our findings suggest that H2S
could be a beneficial therapeutic candidate for the treatment of HHcy-associated pathologies
such as cerebral stroke and neurodegenerative disorders.
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Highlights

• Hcy (IC) induces Neurodegeneration along with memory impairment in mice.

• Oxidative stress and neuroinflammation stimulates cerebrovascular remodeling.

• MMPs and tight junction proteins are altered in Hcy (IC) treated mice brains.

• H2S proved effective in Hcy induced neurotoxicity and cerebrovascular
dysfunction.

Kamat et al. Page 17

Neuroscience. Author manuscript; available in PMC 2014 November 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1. Hcy (IC) induced memory impairment in mice
Mice were subjected to novel object recognition test. Results were expressed as, recognition
index (Fig. 1A), discrimination index (Fig. 1B) and mean memory score (Fig. 1C). Data
were analyzed by one-way ANOVA followed by Tukey’s test for multiple comparisons.
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Fig. 2. Effect of NaHS on Hcy-induced alterations in malondialdehyde, intracellular reduced
glutathione (GSH) and AChE levels
(A) MDA: [F(3, 16)=1.23; P< 0.001] (B) GSH: [F(3, 16)=2.2; P< 0.005] and (C) AChE:
[F(3, 16)=1.2; P< 0.01] denotes Hcy significantly increased oxidative stress. A significant
protection was observed with NaHS treatment. Data represents mean ±SE from n = 5 per
group; ***P< 0.0001 vs control group, #P< 0.05, ###P< 0.0001 vs to Hcy treated group.
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Fig. 3. Effect of NaHS on Hcy induced change in GFAP, TNFα and IL1β
(A) Western blot analyses of GFAP protein expression; [F(3, 16)=.93: P< 0.005] (B) RT-
PCR analysis GFAP mRNA expression: [F(3, 16)=1.22; P< 0.01] in WT, WT+aCSF, WT
+Hcy and Hcy-treated WT+NaHS mouse brain. The GAPDH was using as a loading control
(C& D) Densitometry analysis of GFAP protein/mRNA expressions as represented in the
bar diagram. (E) Western blot analyses of TNFα protein expression: [F(3, 16)=1.93; P<
0.01] and IL1β: [F(3, 16)=.73; P< 0.01]. (F) RT-PCR analysis TNFα: [F(3, 16)=.22; P<
0.005] and IL1β mRNA expression: [F(3, 16)=.72; P< 0.001]. The GAPDH was using as a
loading control (G& H) Densitometry analysis of TNFα and IL1β protein/mRNA
expressions as represented in the bar diagram. Data represents mean ±SE from n = 5 per
group. *P< 0.05, **P< 0.005 vs Control group and #P< 0.05, ##P< 0.001 vs Hcy treated
group.
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Fig. 4. Effect of NaHS on nitric oxide bioavailability
(A) Western blots analyses of eNOS: [F(3, 16)=1.23; P< 0.01] and iNOS protein: [F(3,
16)=1.5; P< 0.01] (B) RT-PCR analysis of eNOS: [F(3, 16)=2.21; P< 0.005] and iNOS
mRNA expression: [F(3, 16)=1.13; P< 0.01] in WT, WT+aCSF, WT+Hcy and Hcy-treated
WT+NaHS mouse brain. The GAPDH was using as a loading control (C&D) Densitometry
analysis of eNOS and iNOS protein/mRNA expressions as represented in the bar diagram.
(E) Nitrite: [F(3, 16)=2.23; P< 0.05]. Data represents mean ±SE from n = 5 per group. *P<
0.05, **P< 0.005 vs Control group and #P< 0.05, ##P< 0.001 vs Hcy treated group
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Fig. 5. Effect of NaHS on neuronal damage markers
(A) Western blots analyses of S100 calcium-binding protein B (S100B): [F(3, 16)=.81; P<
0.01] and neuron-specific enolase (NSE): [F(3, 16)=.33: P< 0.01] in mouse brain. The
GAPDH was using as a loading control (B& C) Densitometry analysis of S100B and NSE
protein expressions as represented in the bar diagram. Data represents mean ±SE from n = 5
per group. *P< 0.05, **P< 0.005 vs Control group and #P< 0.05, ##P< 0.001 vs Hcy treated
group.
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Fig. 6. Effect of NaHS on synaptic proteins
(A) Western blots analyses of PSD95: [F(3, 16)=.61; P< 0.01] (B) SAP97protein
expression: [F(3, 16)=.83; P< 0.05] in different treated groups. The GAPDH was using as a
loading control (B& C) Densitometry analysis of PSD95 and SAP97 protein expressions as
represented in the bar diagram. Data represents mean ±SE from n = 5 per group. *P<
0.05, **P< 0.005 vs Control group and #P< 0.05, ##P< 0.001 vs Hcy treated group.
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Fig. 7. Hematoxylin and eosin (H&E) staining in frozen brain sections in WT, WT+aCSF, WT
+Hcy and Hcy-treated WT+NaHS groups
(A) Representative picture of control hippocampus region (B) aCSF did not reveal
difference in cell numbers in the neurons of hippocampus region (C) Death of the neurons of
hippocampus region revealed degeneration in the hippocampus of Hcy-treated mice (D)
Less degeneration is observed in hippocampus region of NaHS treated group. While in
periventricular cortex (E) control (F) aCSF did not reveal difference in cortical cells while
(G) Hcy administration showed remarkable degeneration (sponginess of the cell) of
periventricular cortical neurons (H) NaHS treatment showed less periventricular cortex
neuronal degeneration than Hcy treated mice as indicated by arrows (sponginess, condensed
nucleus) at 60x magnification. Note: Arrow is showing periventricular cortex neuronal
degeneration area.
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Fig. 8. Tunnel assay for apoptosis in WT, WT+aCSF, WT+Hcy and Hcy-treated WT+NaHS
groups
Apoptotic cells are seen as green fluorescent dots (scale bar- 10 μm). No difference
observed in apoptotic cells of control (A) and CSF (B) group. Apoptotic cell death was
increased in Hcy treated brain (C). NaHS treament decreased the apoptotic cell (D). Positive
control also represented in this image (E). Bar graph representing a significance of
difference between different treatment groups (F). Data represents mean ±SE from n = 5 per
group; *P< 0.05, **P< 0.005 vs Control group and #P< 0.05, ##P< 0.001 vs Hcy treated
group. Note: Arrow is showing apoptotic cells.
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Fig. 9. Representative Photomicrographs of fluro Jade-C (FJC) staining
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(A) Control (B) aCSF did not reveal difference in FJC positive cells (C) A significant
increase in FJC positive cell indicates degeneration of neuronal cells in Hcy-treated mice. A
significant less numbers of FJC positive cells are observed in NaHS (D) treated mice
indicates neuro-protective effect of H2S. Fig. E represents the bar diagram of FJC positive
cell (expressed in arbitrary unit). ***P< 0.0001 vs Control group and ##P< 0.005, vs Hcy
treated group. Note: Arrow is showing degenerating neurons.
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Fig. 10. Effect of NaHS on MMPs
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(A) RT-PCR analysis of MMP-9 mRNA expression: [F(3, 16)=1.29; P< 0.01] (B) RT-PCR
analysis of MMP-2 mRNA expression [F(3, 16)=1.33; P< 0.001] in WT, WT+aCSF, WT
+Hcy and Hcy-treated WT+NaHS mouse brain. The GAPDH was using as loading control
(C&D) Densitometry analysis of MMP-9 and MMP-2 mRNA expressions as represented in
the bar diagram. Data represents mean ±SE from n = 5 per group. **P< 0.005 vs Control
group and #P< 0.01, vs Hcy treated group.
(E) Western blot analysis of MMP-2: [F(3, 16)=1.1; P< 0.001] and MMP-9: [F(3, 16)=.76;
P< 0.001] protein expression in different treated groups. The GAPDH was using as loading
control (F&G) Densitometry analysis of MMP-2/MMP-9 protein expressions as represented
in the bar diagram. Data represents mean ±SE from n = 5 per group. **P< 0.005 vs Control
group and #P< 0.01, vs Hcy treated group.
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Fig. 11. Effect of NaHS on TIMPs
(A) RT-PCR analysis of TIMP-1: [F(3, 16)=1.45; P< 0.005] and TIMP-2 mRNA
expression: [F(3, 16)=.63; P< 0.01] in WT, WT+aCSF, WT+Hcy and Hcy-treated WT
+NaHS mouse brain. The GAPDH was using as loading control (B&C) Densitometry
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analysis of TIMP-1/TIMP-2 mRNA expressions as represented in the bar diagram. Data
represents mean ±SE from n = 5 per group. **P< 0.005 vs Control group and ##P< 0.001 vs
Hcy treated group.
(D) Western blot analysis of TIMP-1: [F(3, 16)=.34; P< 0.001] and TIMP-2: [F(3, 16)=.55;
P< 0.05] protein expression in mouse brain. The GAPDH was using as loading control (E &
F) Densitometry analysis of TIMP-1/TIMP-2 protein expressions as represented in the bar
diagram. Data represents mean ±SE from n = 5 per group. **P< 0.005 vs Control group
and #P< 0.01, ##P< 0.001 vs Hcy treated group.
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Fig. 12. Effect of NaHS on Hcy-induced alterations in tight junction proteins
(A) RT-PCR analysis of ZO-1: [F(3, 16)=.97; P< 0.001] and Occuldin: [F(3, 16)=1.23; P<
0.01] mRNA expression in different treatment groups. The GAPDH was using as loading
control (B&C) Densitometry analysis of ZO-1 and Occuldin mRNA expressions as
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represented in the bar graph (D, E) Western blot analysis of ZO-1: [F(3, 16)=.59; P< 0.001]
and Occuldin: [F(3, 16)=.23; P< 0.001] protein expression in WT, WT+aCSF, WT+Hcy and
Hcy-treated WT+NaHS mouse brain. Densitometry analysis of ZO-1 and Occuldin protein
expressions as represented in the bar diagram (F &G). Data represents mean ±SE from n = 4
per group. **P< 0.005 vs Control group, #P< 0.01, # # P< 0.005 vs Hcy treated group.
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Fig. 13.
Brain angiography Study in mice brain showed the loss of major vessel in Hcy treated mice
brain which was recovered by NaHS treatment. Note: Arrow showing major blood vessel.
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Table 1

Representative Table is showing the primer of different gene

Genes Orientation Primers sequences

MMP9 Forward Primers
Reverse Primers

5′-AAGGCAAACCCTGTGTGTTC-3′
5′-GTGGTTCAGTT GTGGTGGTG-3′

MMP2 Forward Primers
Reverse Primers

5′-GCACTCTGGAGCGAGGATAC -3′
5′-GCCCTCCTAAGCCAGTCTCT-3′

iNOS Forward Primers
Reverse Primers

5′-AACGGAGAACGTTGGATTTG-3′
5′-CAGCACAAGGGGTTTTCTTC-3′

eNOS Forward Primers
Reverse Primers

5′-CTGTGGTCTGGTGCTGGTC-3′
5′-TGGGCAACTTGAAGAGTGTG-3′

ZO-1 Forward Primers
Reverse Primers

5′-AAGGCAATTCCGTATCGTTG-3′
5′-CCACAGCTGAAGGACTCACA-3′

Occuldin Forward Primers
Reverse Primers

5′-GAGGGTACACAGACCCCAGA-3′
5′-CAGGATTGCGCTGACTATGA-3′

TIMP1 Forward Primers
Reverse Primers

5′-ACCATGGCCCCCTTTGAGCCCCTG-3′
5′-TCAGGCTATCTGGGACCGCAGGGA-3′

TIMP2 Forward Primers
Reverse Primers

5′-CTCGGCAGTGTGTGGGGTC-3′
5′-CGAGAAACTCCTGCTTGGGG-3′

GFAP Forward Primers
Reverse Primers

5′-CGAGTCCCTAGAGCGGCAAATG-3′
5′-CGGATCTGGAGGTTGGAGAAAGTC-3′

TNFα Forward Primers
Reverse Primers

5′-CCAGGAGAAAGTCAGCCTCCT-3′
5′-TCATACCAGGGCTTGAGCTCA-3′

IL1-β Forward Primers
Reverse Primers

5′-CACCTCTCAAGCAGAGCACAG-3′
5′-GGGTTCCATGGTGAAGTCAAC-3′

GAPDH Forward Primers
Reverse Primers

5′-TGAAGGTCGGTGTGAACGGATTTGGC-3′
5′-CATGTAGGCCATGAGGTCCACCAC-3′
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