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A B S T R A C T

Neuro-inflammation plays a critical role in hyperhomocysteinemia (HHcy)-associated neurodegenerative dis-
orders. Hydrogen sulfide (H2S) has been suggested as an endogenous neuromodulator and potent anti-in-
flammatory molecule. In present study, we have investigated the effect of NaHS supplementation (a H2S source)
on inflammatory response in animals subjected to HHcy. NaHS adminstration restored the decreased levels of
H2S and polysulfides with a concomitant increase in the activity of cystathionase (CSE) and cystathionine
β‐synthase (CBS) in the brain regions of HHcy animals. NaHS supplementation reduced the expression of glial
fibrillary acidic protein (GFAP) and ionized calcium binding adaptor molecule 1 (Iba1) suggesting attenuation of
astrocyte and microglia activation in HHcy animals. Tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6)
and monocyte chemoattractant protein-1 (MCP-1) were decreased in the cortex and hippocampus of HHcy
animals following NaHS supplementation. Moreover, NaHS supplementation also decreased the TNF-α, IL-6 and
MCP-1 in the serum of HHcy animals. NaHS supplementation reduced nitrite levels, 3-nitrotyrosine (3-NT)
modified proteins and inducible nitric oxide synthase (iNOS) in the cortex and hippocampus of HHcy animals.
However, NaHS administration increased endothelial nitric oxide synthase (eNOS) expression in brain regions of
Hcy treated animals. Expression of platelet endothelial cell adhesion molecule (PECAM) was decreased in the
microvessels from HHcy animals supplemented with NaHS. Furthermore, HHcy-induced memory deficits as-
sessed by Morris water maze and novel object recognition test were reversed by NaHS administration. Taken
together, the findings suggest that NaHS supplementation ameliorates Hcy-induced glia mediated inflammatory
response and cognitive deficits. Therefore, H2S may be a novel therapeutic molecule to treat HHcy associated
neurological disorders and neuro-inflammatory conditions.

1. Introduction

Hyperhomocysteinemia (HHcy) is a condition that results from
elevated levels of plasma homocysteine (Hcy), a sulfur containing
amino acid. The major factors contributing to HHcy are defects in Hcy
metabolizing enzymes or deficiency of dietary folate [1]. HHcy is an
independent risk factor in cerebrovascular and neuro-inflammatory
diseases [2,3]. Additionally, data from epidemiological studies have
shown that Hcy is associated with neuropsychological and neurode-
generative disorders like Alzheimer's disease (AD), Parkinson's disease
(PD), depression and schizophrenia [3,4]. HHcy has been associated
with neurodegeneration and impairment in learning, memory and ex-
ploratory behaviour of rats [5]. Hcy has been reported to promote
production of pro-inflammatory cytokines from endothelial cells and
monocytes. Hcy has also been shown to increase cytokine levels in
serum and brain of HHcy animals [6,7]. Moreover, in a study by Zou

et al. [8] has shown that Hcy promotes activation and proliferation of
microglial cells. Chronic mild HHcy induces inflammatory response and
causes protein and DNA damage, as well as ultrastructural changes in
cerebral cortex [9]. Hcy has been shown to increase microglia activa-
tion and neuro-inflammation via activation of STAT3 following is-
chemic stroke [10].

Hydrogen sulfide (H2S) was considered as a toxic gas for decades
until its presence was discovered in the brain and other tissues [11].
Endogenous H2S is synthesized via trans-sulfuration pathway by cy-
stathionine-β-synthase (CBS) [12]. CBS is predominantly expressed in
astrocytes and microglia [13]. In earlier studies, H2S has been reported
to act as a pro-inflammatory mediator by up-regulating the production
of cytokines and chemokine via NF-κB pathway [14]. The first report on
anti-inflammatory action of H2S by Hu et al. [15] suggested that, H2S
attenuates LPS-induced inflammatory response in cultured microglia by
inhibiting tumor necrosis factor α production. A study performed using
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Abbreviations

AD Alzheimer's disease
APTS 3-Aminopropyl-triethoxysilane
AzMC 7-Azido-4-methylcoumarin
BBB Blood brain barrier
CBS Cystathionine-β-synthase
CCR2 C–C chemokine receptor type 2
CSE Cystathionase
eNOS Endothelial nitric oxide synthase
FITC Fluorescein isothiocyanate
GFAP Glial fibrillary acidic protein
Hcy Homocysteine
H2S Hydrogen sulfide
Iba-1 Ionized calcium binding adaptor molecule-1
IL Interleukin

iNOS Inducible nitric oxide synthase
MAPK Mitogen-activated protein kinase
MCP-1 Monocyte chemoattractant protein-1
MWM Morris water maze
NaHS Sodium hydrogen sulfide
NEDA N-(1-naphtyl) ethylenediamine dihydrochloride
NF-κB Nuclear factor κB
NO Nitric oxide
NOR Novel object recognition
3-NT 3-nitrotyrosine
PD Parkinson's disease
PECAM Platelet endothelial cell adhesion molecule
RRID Research Resource Identifiers
STAT-3 Signal transducer and activator of transcription-3
TNF-α Tumor necrosis factor-alpha

Fig. 1. Effect of H2S administration on endogenous H2S production assessed by in situ staining using AzMC fluorescent probe: Treatment paradigm followed
for the study (A); Representative photographs of the cortex and hippocampus stained with H2S specific AzMC fluorescence probe (B); Histogram representing
fluorescence intensity of H2S in the cortex and hippocampus quantified with imageJ (C). Scale bar represents 100 μm. Values are expressed as mean ± SD; n= 3.
∗significantly different from control group (p < 0.05), #significantly different from Hcy treated group (p < 0.05).
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cultured microglia by using specific mitogen-activated protein kinase
(MAPK) inhibitor suggested that, MAPK pathway may regulate H2S
mediated neuro-inflammation [16]. Another study on cultured astro-
cytes has shown that H2S acts as an endogenous anti-inflammatory
molecule [17]. H2S has been reported to inhibit pro-inflammatory re-
sponse in amyloid-β exposed microglia as well as in murine models of
AD and in traumatic brain injury [18–20]. Hcy has been reported to
trigger inflammation by inhibiting cystathionase (CSE)-H2S signaling
through epigenetic regulation of CSE transcription in macrophages
[21]. CBS and CSE double gene therapy has been shown to prevent Hcy
mediated mesangial inflammation [22]. Moreover, impaired H2S levels
and interleukin-10 signaling has been observed in Hcy associated colitis
[23]. However, the role of H2S as an anti-inflammatory molecule in
HHcy-induced neuroinflammation has not been investigated. Therefore,
this study has been planned to investigate the role of H2S (NaHS) as an
anti-inflammatory molecule in terms of activation of microglia and
astrocytes along with its effect in improving Hcy-induced cognitive
deficits.

2. Material and methods

2.1. Chemicals

All chemicals used in this study were of analytical grade and pur-
chased from Merck India (Mumbai, India), Himedia Laboratories
(Mumbai, India) and Sisco Research Laboratories Pvt. Ltd. (Mumbai,
India). Homocysteine (Hcy; #H4628), 3-Aminopropyl-triethoxysilane
(APTS; #440140), RNA later (#R0901), SYBR green (#S4438), sodium
hydrogen sulfide (NaHS, #161527), primary antibodies against glial
fibrillary acidic protein (GFAP, #G9269, RRID: AB_477035) were pur-
chased from Sigma-Aldrich Co. (St. Louis, Mo, USA). Anti-rabbit IgG
Alexa Fluor® 647 conjugate (#4414, RRID: AB_10693544) was pur-
chased from Cell Signaling Technology, Inc. (Danvers, MA, USA).
RevertAid H minus first strand cDNA synthesis kit was obtained from
Thermo Fisher Scientific Inc. (Waltham, MA, USA, #K1622). Primers
were procured from Integrated DNA Technologies (IDT) Inc. (Coralville,
IA, USA). Enzyme linked immunosorbent assay (ELISA) kits (OptEIA™
set with specific antibody) for interleukin-6 (IL-6), tumor necrosis
factor-alpha (TNF-α) and monocytes chemoattractant protein-1 (MCP-
1) were obtained from BD Biosciences, (San Diego, CA, USA, #550534).
Pre-stained protein marker, polyvinylidene difluoride (PVDF) mem-
brane (#1620177), stain free polyacrylamide gel (#1610183) and
chemiluminescence kit (#1705060) were purchased from Bio-Rad
Laboratories, Inc. (Hercules, CA, USA). Primary antibodies against io-
nized calcium binding adaptor molecule-1 (Iba-1, #sc32725, RRID: AB_
667733), endothelial nitric oxide synthase (eNOS, #sc8311, RRID: AB_
647997), inducible nitric oxide synthase (iNOS, #sc8310, RRID: AB_
2152867), platelet endothelial cell adhesion molecule (PECAM,
#sc376764), Horseradish peroxidase (HRP) linked anti-rabbit IgG
(#sc2005, RRID: AB_631736) and 7-Azido-4-methylcoumarin
(#sc396668) were procured from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). Primary antibody against 3-nitrotyrosine (3-NT,
#N1085) was purchased from A.G. Scientific, Inc. (San Diego, CA,
USA). HRP linked anti-mouse IgG were obtained from Merck India
(Mumbai, India, #621140480011730).

2.2. Animals and their treatments

Male Sprague Dawley rats (8–10 weeks) weighing between 180 and
200 g were procured from the Central Animal House of Panjab
University, Chandigarh. The animals were housed in clean hygienic
polypropylene cages at room temperature with 12-h light and dark
cycle. Animals were given free access to clean drinking water and
standard animal pellet diet (Ashirwad Industries, Kharar, Punjab, India)
throughout the study. Animals were acclimatized to laboratory condi-
tions before the start of the study. The animals were handled with

utmost care by trained individuals with regular changing of bedding
material throughout the experiment. The study procedures performed
were approved by the Institutional Animal Ethics Committee of Panjab
University (PU/IAEC/S/15/107) and were according to the guidelines
for the use and care of experimental animals. Exclusion criteria in-
cluded sign of illness and behavioural defect in the animals during start
of the study. Animals were randomly segregated into the following
experimental groups with 6–8 animals in each group:

Control: Animals received normal saline subcutaneously and in-
traperitoneally throughout the study.

Hcy treated: Animals received Hcy (dissolved in normal saline)
subcutaneously at a dose of 0.03 μmol/g of body weight, twice a day at
8 h interval for 30 days and normal saline intraperitoneally.

NaHS treated: Animals received NaHS (dissolved in normal saline)
intraperitoneally at a dose of 30 μmol/kg/day for 30 days and normal
saline subcutaneously.

Hcy + NaHS treated: Animals received NaHS and Hcy at doses
mentioned above.

The treatment paradigm followed for the study is illustrated in
Fig. 1 A.

The body weight, food and water intake of the animals were mon-
itored on daily basis. The doses of Hcy and NaHS used in this study
were based on the previous reports [24–26] and were evaluated in the
laboratory.

2.3. Tissue preparation

On the last day of treatment blood was collected from the orbital
sinus of rats under light ether anesthesia. Depth of anesthesia was
checked by toe-pinch response to pain. After that, animals were sacri-
ficed by cervical dislocation and brain regions (cortex and hippo-
campus) were dissected, rinsed in ice-cold isotonic saline and stored at
−80 °C for further analysis. Cortex and hippocampus were weighed and
a 10% (w/v) homogenate was prepared in ice-cold phosphate buffer
saline (PBS; 50mM, pH 7.4) by using a Potter-Elvehjem-type glass
homogenizer.

2.4. Estimation of H2S

The production of H2S in the tissues was assessed by using AzMC
fluorescence probe as described previously [27]. Animals were an-
esthetized and perfused transcardially with 0.1M phosphate buffer
saline (PBS, pH 7.4) followed by 2% (w/v) paraformaldehyde in 0.1M
PBS (pH 7.4). The brains were removed and post-fixed in 2% (w/v)
paraformaldehyde followed by immersion in series of sucrose gradients
(10%, 20%, 30%, w/v) prepared in PBS for cryoprotection. The sections
(20 μm thickness) were cut with the help of Lieca Cryotome (CM1900;
Germany) and collected on APTS coated slides. The sections were air
dried and washed with PBS (3 times) followed by treatment with AzMC
(50 μM) in PBS for 1 h. The slides were again washed three times in PBS
and mounted with suitable mounting media. The slides were observed
under fluorescence microscope (Nikon Eclipse 80i, Japan) and fluor-
escence intensity was measured using ImageJ software (NIH, Bethesda,
MD, USA).

The H2S levels were also assessed in brain regions using AzMC probe
as described previously [28]. Briefly, homogenate (20 μl) was incubated
with 190 μl of activity buffer (200mM Tris HCl pH 8.0, 5 μM pyridoxal
5ʼ-phosphate, 10mM glutathione, 0.5 mg/mL BSA and 10 μM AzMC
probe) for 1 h at 37 °C. The fluorescence intensity was measured with
excitation at 365 nm and emission at 450 nm using multiplate reader
(BioTek Instruments, Inc., Winooski, VT, USA). The results were ex-
pressed as μmoles of H2S produced/mg protein using NaHS as standard.

2.5. CBS and CSE activity assays

CBS and CSE activity was assessed by the method described
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previously [28]. Briefly, homogenate sample (20 μl) was incubated with
160 μl of activity buffer [200mM Tris HCl pH 8.0, 5 μM pyridoxal 5ʼ-
phosphate, 10mM glutathione, 0.5mg/mL BSA, 2.5mM cysteine,
2.5 mM Hcy] and 10 μl of DMSO. Then, AzMC (10 μM) was added to the
final volume of 200 μl and incubated for 1 h at 37 °C. The fluorescence
intensity was measured with excitation at 365 nm and emission at
450 nm using multiplate reader (BioTek Instruments, Inc., Winooski,
VT, USA). The results were expressed as fluorescence intensity/mg
protein.

CBS activity was measured by pre‐incubating the sample (20 μl)
with 10 μl of propargylglycine (300 mM), an inhibitor of CSE. Then,
150 μl of activity buffer [200 mM Tris HCl pH 8.0, 5 μM pyridoxal 5ʼ-
phosphate, 10 mM glutathione, 0.5 mg/mL BSA, 2.5 mM cysteine,
2.5 mM Hcy] and 10 μl of DMSO were added to the sample. Then,
10 μM of AzMC was added to a final volume of 200 μl and incubated for
1 h at 37 °C. The fluorescence intensity was measured with excitation at
365 nm and emission at 450 nm using a multiplate reader. The results
were expressed as fluorescence intensity/mg protein. The activity of
CSE was calculated by using the formula [(fluorescence intensity of
CBS + CSE) - (fluorescence intensity of CBS)].

2.6. Polysulfide assay

Polysulfide levels were estimated in the homogenate by cold cya-
nolysis method as described previously [29]. Briefly, the reactions of
CBS and CSE were terminated by incubating the samples at 25 °C for
30min with 40 μL each of ammonium hydroxide (2M) and potassium
cyanide (1.25M) to a final volume of 900 μL with ddH2O. Then, 20 μL
of 38% (v/v) formaldehyde and 200 μL of Goldstein's reagent [25 g
ferric nitrate and 262mL nitric acid in 1L of ddH2O] were added to the
reaction mixture. The content was centrifuged at 10,000 g for 5min and
supernatant was collected. The absorbance was measured at 460 nm
and the results were expressed as nmoles of polysulfides/mg protein
using sodium thiocyanate as standard.

2.7. Nitrite assay

Nitrite levels were estimated in homogenate by the method of Green
et al. [30]. Homogenate was incubated with an equal volume of Griess's
reagent (0.1%, w/v N-(1-naphtyl) ethylenediamine dihydrochloride
(NEDA) and (1%, w/v sulfanilamide in 5%, v/v phosphoric acid)) for
10min at room temperature. The absorbance was measured at 548 nm
and the results were expressed as nmoles of nitrite/mg protein using
sodium nitrite as standard.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Cytokine (TNF-α and IL-6) and chemokine (MCP-1) levels were
measured in serum, cortex and hippocampus using ELISA kits as per
instructions provided by the manufacturer. Briefly, ELISA plates were
coated with specific antibodies and incubated overnight at 4 °C. After
overnight incubation, specific antibodies coated wells were incubated
with respective standards and samples for 2 h at RT. After

immobilization of antigens, detection antibody (HRP labeled) was
added. The wells were washed with washing buffer at every step. After
the last wash, enzyme reagent (streptavidin-HRP) was added and in-
cubated for 30min at RT. The wells were washed again and substrate
solution (stabilized chromogen) was added to each well followed by
incubation for 20min. The stop solution was added to terminate the
reaction and the absorbance was read at 450 nm using automated mi-
croplate reader (ELx800, BioTek instruments, Winooski, USA). The
concentrations of cytokine and chemokine were determined from the
regression line using the respective standards in a concentration range
of 7.8–10,000 pg/mL. The results were expressed as pg/mg protein for
cortex and hippocampus and pg/ml for serum.

2.9. Estimation of protein

The protein content was estimated according to the method of
Lowry et al. [31] using BSA as a standard.

2.10. Real time RT-PCR

Animals were anesthetized and decapitated; cortex and hippo-
campus were dissected and stored in RNA later. Total RNA was isolated
using TRIzol Reagent as per manufacturer's instructions. Thereafter,
RNA samples were treated with DNase to eliminate genomic DNA
contamination. cDNA was prepared from 1 μg of total RNA from each
sample using RevertAid First Strand cDNA Synthesis Kit. Real-time PCR
was performed using LightCycler® 96 System (Roche Diagnostics,
Mannheim, Germany). 10 ng cDNA and gene-specific primers (Table 1)
were added to SYBR Green PCR Master Mix and subjected to PCR
amplification. The data was collected and analyzed on the LightCycler®

96 software (Roche Diagnostics, Mannheim, Germany). Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was used as the re-
ference gene. Relative gene expression was determined using the cor-
rected delta-delta Ct method [32].

2.11. Western blotting

Western blot was performed by the method of Towbin et al. [33].
Homogenate was prepared in lysis buffer [pH 7.4, KCl (50mM),
Na3VO4 (1mM), DTT (125mM), PMSF (1mM) and protease inhibitor
cocktail (10μl/10ml)] followed by centrifugation at 20,000 g for
20min. The supernatant containing 50 μg of protein was separated on
10% SDS-PAGE along with pre-stained protein marker. The protein
from gel was transferred to the PVDF membrane in an ice-cold buffer
containing Tris-HCl (25mM), glycine (192mM) and 20% (v/v) me-
thanol for 2 h. Blocking was done by incubating the membrane with 5%
(w/v) non-fat skimmed milk in PBS for 2 h at room temperature. After
blocking, the membranes were incubated overnight with respective
primary antibodies (1:1000) in 2.5% (w/v) skimmed milk in PBS with
gentle shaking. This was followed by incubation with respective
horseradish peroxidase-conjugated secondary antibody (1:1000) for
2 h. The bands for specific protein were visualized using chemilumi-
nescence kit and analyzed by AlphaEaseFC™ software (Alpha Innotech,

Table 1
Sequence of primers used for real time RT-PCR analysis.

Gene Accession number Forward primer (5′-3′) Reverse primer (5′-3′) Amplicon size (bp)

GFAP (NM_017009) TCCTGGAACAGCAAAACAAG CAGCCTCAGGTTGGTTTCAT 224
Iba1 (NM_017196) GTCCTTGAAGCGAATGCTGG CATTCTCAAGATGGCAGATC 157
IL-6 (NM_012589) CCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC 78
TNF-α (NM_012675) CCCAGACCCTCACACTCAGAT TTGTCCCTTGAAGAGAACCTG 215
MCP-1 (NM_031530) AGCACCTTTGAATGTGAACT AGAAGTGCTTGAGGTGGTTG 82
eNOS (NM_021838) AAGACAAGGCAGCTGTGGAA GCTGGGGACAGGAAATAGTT 232
iNOS (NM_012611) TTGTGCGCAGTGTCAGTGG TCCTTTGAGCCCTGTGTGC 143
GAPDH (NM_017008) CAACTCCCTCAAGATTGTCAGCAA GGCATGGACTGTGGTCATGA 118
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San Leandro, CA, USA). Stain-free gel was used as total protein loading
control [34].

2.12. Immunostaining

Immunohistochemistry was performed for GFAP and Iba-1 in brain
sections to study activation of astrocytes and microglia as described by
Sandhir et al. [95]. Animals were anesthetized and perfused transcar-
dially with 0.1M phosphate buffer saline (PBS, pH 7.4) followed by 2%
(w/v) paraformaldehyde in 0.1M PBS (pH 7.4). The brains were re-
moved and post-fixed in 2% (w/v) paraformaldehyde followed by im-
mersion in sucrose gradient (10%, 20%, 30%, w/v) prepared in PBS for
cryoprotection. The sections (20 μm thickness) were cut with the help
of Lieca Cryotome (CM1900; Germany) and collected on APTS coated
slides. The sections were air dried and washed with PBS (3 times) fol-
lowed by treatment with 1% (v/v) Triton X-100 in PBS for 30min. The
non-specific binding was blocked with 1% (w/v) BSA. After blocking
the sections were incubated with respective antibodies (1:100) over-
night at 4 °C in a humid chamber. The sections were rinsed with PBS
and incubated with horseradish peroxidase (HRP) labeled secondary
antibody (1:200) for 2 h at room temperature. Slides were rinsed with
PBS and colour was developed by using 3,3-diaminobenzidine-hydro-
genperoxide (DAB-H2O2) solution and examined under microscope
(Nikon Eclipse 80i, Japan). The immunopositive cells were calculated
using ImageJ software (NIH, Bethesda, MD, USA). Control for im-
munolabeling was performed by following the same procedure but
without incubating with primary antibodies.

2.13. Immunofluorescence

eNOS and PECAM localization was studied in isolated microvessels
from the cortex region of brain by immunofluorescence. Microvessels
were isolated by the method as described previously [35]. Briefly,
cortex tissue was homogenized in microvessel isolation buffer con-
taining [NaCl (100mM), KCl (4.7 mM), CaCl2 (2.5 mM), KH2PO4

(1.2 mM), MgSO4 (1.2 mM), HEPES (15mM), NaHCO3 (2.5 mM), D-
glucose (10mM), and sodium pyruvate (1 mM) with 10 g/l dextran, pH
7.4] and equal amount of 26% (w/v) dextran was added. The mixture
was centrifuged at 5600 g for 10min and pellets obtained were sus-
pended in microvessel isolation buffer and passed through a 70 μm filter
(BD Biosciences). The filtered homogenates were then centrifuged at
3000 g for 10min at 4 °C and the pellet was suspended in PBS and al-
lowed to attach to APTS coated slides for 30min at 37 °C. The attached
microvessels were washed thrice with PBS for 10min before staining.
The slides were incubated with blocking buffer (5%, w/v BSA in PBS
containing 0.1%, v/v Triton X-100) for 2 h followed by overnight in-
cubation with respective primary antibodies (1:200) at 4 °C. The slides
were then washed thrice with PBS and incubated with respective sec-
ondary antibody (1:200) for 2 h at 4 °C. The slides were again washed
three times in PBS and mounted using suitable mounting media. The
slides were observed under fluorescence microscope (Nikon Eclipse 80i,
Japan) and fluorescence intensity was measured using ImageJ software
(NIH, Bethesda, MD, USA).

2.14. Neurobehavioral studies

The animals in respective groups were assessed for cognitive func-
tions using Morris water maze and Novel object recognition tests.

2.14.1. Morris water maze
Morris water maze (MWM) is a widely used method to study spatial

learning and memory of rodents that relies on distal cues to navigate
from start location to the submerged escape platform [36]. The appa-
ratus consisted of a water tank having diameter of 140 cm. The target
platform (10 cm2) is typically submerged 1–2 cm below the surface of
the water. All animals were acclimatized to the MWM apparatus 5min

each for 3 days. This was followed by 6 days of training to reach on a
hidden platform. On day 7, data was acquired and treatment initiated
and continued for next 30 days. At the end of the treatment, acquisition
phase data was recorded again under exactly the identical experimental
conditions. The distance travelled, time taken to reach the escape
platform and average speed was analyzed using ANY-maze™ tracking
software (Stoelting Co., Wooddale, IL, USA).

At the end of the study, the extent of memory retrieval was assessed
by probe trial as described earlier [37]. In the probe trial, hidden
platform was removed from the tank and animals were allowed to ex-
plore the maze for 180 s. Various parameters including time spent in
quadrant containing platform, time spend in opposite quadrant and
number of target crossings were recorded. These parameters provide
assessment of degree of memory retrieval after learning.

2.14.2. Novel object recognition (NOR)
NOR test was used to assess spatial memory that is primarily based

on the tendency of the rats to explore a novel object more than the
familiar one in the absence of any reinforcement or externally applied
rules [96]. The test consisted of an acclimatization phase and the ac-
quisition phase. In acclimatization phase, rats were habituated to a
rectangular shaped open field box. On next day, each animal was al-
lowed to explore the two identical objects for 3 min inside the appa-
ratus. The acclimatization session was for a period of two days for the
animals in all groups. In the acquisition phase (24 h after the training
session), animals were allowed to explore two different objects for
3 min and the activity of the rats was recorded using ANY-maze™ video
tracking software (Stoelting, Wood Dale, IL, USA). During the acquisi-
tion, one of the familiar object was exchanged with a novel object while
the other was the familiar object. The familiar and the novel objects
were different in shape, size, colour, appearance and texture. Various
parameters like memory score, number of entries to the novel object
zone and discrimination index were assesed. The memory score was
calculated by using the formula (time spent in exploring the novel
object/total time exploring both objects)*100. The discrimination index
was calculated by the formula (time spent in exploring the novel object
- time spent in exploring the familiar object/time spent in exploring
both the objects) *100.

2.15. Statistical analysis

All values are expressed as mean ± standard deviation (SD). The
normality of the data was tested by using Shapiro-Wilk normality test.
Data was analyzed using one-way analysis of variance (ANOVA) fol-
lowed by post-hoc Newman-Keuls test and Kruskal-Wallis H test fol-
lowed by post-hoc Mann Whitney test for comparison between various
groups using GraphPad Prism 6 software (La Jolla, CA, USA). Values
with p < 0.05 were considered as statistically significant.

3. Results

3.1. Effect of H2S on body weight, food and water intake of the animals

After treating the animals with Hcy and NaHS for 30 consecutive
days, no change in body weight, food and water intake was observed in
the animals of each group (Table 2).

3.2. Effect of H2S on endogenous H2S production and polysulfide levels

A significant decrease in the endogenous H2S levels were observed
in the cortex (30.1%) and hippocampus (26.3%) of HHcy animals as
compared to control animals (Fig. 1 B). NaHS supplementation in-
creased the endogenous H2S levels in the cortex (24.8%) and hippo-
campus (37.2%) of Hcy treated animals, which were restored near to
the control levels. A similar decrease in H2S levels was observed in the
cortex (22.7%) and hippocampus (31.1%) of HHcy animals in the
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homogenates from cortex and hippocampus (Fig. 2 A). The decrease in
H2S levels were restored to normal in HHcy animals supplemented with
NaHS. In addition, the polysulfide levels were also decreased in the
cortex (25.4%) whereas, no significant change was observed in the
hippocampus of Hcy treated animals (Fig. 2 B). Interestingly, NaHS
administration increased polysulfide levels in the cortex (36.4%) of
HHcy animals.

3.3. Effect of H2S on CBS and CSE activity

The activity of CBS and CSE was assessed to evaluate the effect of
exogenous H2S on H2S metabolism. CBS activity was significantly de-
creased in the cortex (21.6%) whereas, no significant difference was
observed in the hippocampus of Hcy treated animals (Fig. 2C). NaHS
supplementation, on the other hand, increased the CBS activity sig-
nificantly in the cortex (25.7%) of HHcy animals. The activity of CSE
was significantly reduced in the cortex (31%) and hippocampus
(23.8%) of Hcy treated animals (Fig. 2 D). Interestingly, CSE activity
was increased in the cortex (26.6%) and hippocampus (58.6%) fol-
lowing NaHS supplementation.

3.4. Effect of H2S on Hcy-induced glial activation

Ionized calcium-binding adapter molecule 1 (Iba1) is a marker for
activation of microglia. Iba1 mRNA expression was significantly in-
creased in the cortex (52.25%) and hippocampus (142.63%) of HHcy
animals (Fig. 3 A). Western blot analysis of Iba-1 protein correlated
with Iba1 mRNA expression (Fig. 3 F). Immunohistochemical staining
revealed a significant increase in iba1 positive cells with hyper ramified
morphology in the cortex and hippocampus of Hcy treated animals
(Fig. 3H, J). However, NaHS treatment decreased the mRNA and pro-
tein expression of Iba1 in the hippocampus of Hcy treated animals.

Moreover, following NaHS supplementation, morphology of microglia
changed from hyper ramified to ramified shape along with decrease in
Iba1 positive cells. Ramified cells have small cell body and more
number of projections. In case of immune response the number of
projections and projection length progressively decrease with increased
somal area converting ramified microglia to hyper ramified or amoe-
boid stage.

Glial fibrillary acidic protein (GFAP) is a marker of astrocyte acti-
vation and used to study neuroinflammatory response. GFAP mRNA
expression was significantly increased in hippocampus (1.09 fold)
whereas, no change was observed in cortex of Hcy treated animals
(Fig. 3 B). The protein levels of GFAP were significantly increased in the
hippocampus (2.7 fold) whereas; no significant change was observed in
the cortex of HHcy animals as compared to controls (Fig. 3 E). Im-
munohistochemical analysis revealed significant increase in GFAP po-
sitive cells in the hippocampus of the Hcy treated animals as compared
to control animals (Fig. 3 G, I). However, NaHS treatment decreased the
mRNA and protein expression of GFAP in the hippocampus of Hcy
treated animals. Moreover, NaHS supplementation reduced the number
of GFAP positive cells and morphological changes observed in the
cortex and hippocampus of Hcy treated animals. Astocytes in Hcy
treated animals had shorter projection and darkly stained large cell
body as compared to control animals suggesting activated astrocytes.
NaHS supplementation reversed the activated astrocytes towards
resting stage having longer and thin projections with reduced somal
area.

3.5. Effect of H2S on Hcy-induced expression of IL-6, TNF-α and MCP-1

The mRNA expression of pro-inflammatory cytokines and chemo-
kine is depicted in Fig. 4. The expression of IL-6 mRNA was significantly
increased in the cortex (4.09 fold) and hippocampus (5.87 fold) of Hcy
treated animals as compared to the controls. Relative mRNA expression
of TNF-α was increased in the cortex and hippocampus by 2.42 fold and
3.13 fold respectively. The expression of MCP-1 mRNA was increased
by 1.26 fold in the cortex and 1.19 fold in the hippocampus of Hcy
treated animals as compared to controls. However, NaHS supple-
mentation to HHcy animals showed a significant decrease in the mRNA
expression of IL-6, TNF-α and MCP-1 as compared to Hcy treated ani-
mals.

ELISA was performed to estimate the protein levels of cytokine and
chemokine in the cortex, hippocampus and serum of the HHcy animals
(Fig. 4). A significant increase in IL-6 protein levels were observed in
the cortex (40.99%) and hippocampus (101.91%) of Hcy treated ani-
mals. The levels of TNF-α protein were increased by 46.61% in the
cortex and 34.33% in the hippocampus of HHcy animals. The levels of

Table 2
Effect of H2S administration on body weight, food and water intake of HHcy
animals.

Body weight (g)

Group Initial Final Water intake
(ml/animal/
day)

Food intake
(g/animal/
day)

Control 188.7 ± 6.29 215 ± 12.9 27.33 ± 4.02 33.66 ± 4.71
NaHS 187.4 ± 4.87 212 ± 8.3 27.66 ± 3.54 35.91 ± 4.90
HHcy 187.5 ± 8.7 211.3 ± 14.3 27.85 ± 2.69 40.11 ± 7.21
HHcy + NaHS 193.7 ± 11.0 216.2 ± 13.1 28.08 ± 3.47 34.50 ± 6.13

Values are expressed as mean ± SD; n=6.

Fig. 2. Effect of H2S administration on en-
dogenous H2S levels, polysulfide levels, CBS and
CSE enzyme activity in HHcy animals: H2S levels
assessed by AzMC probe (A); Polysulfide levels (B);
CBS (C) and CSE activity (D) in the cortex and hip-
pocampus of HHcy animals. Values are expressed as
mean ± SD; n= 6. ∗significantly different from
control group (p < 0.05), #significantly different
from Hcy treated group (p < 0.05).
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MCP-1 protein were also increased in the cortex (31.56%) and hippo-
campus (48.39%) of Hcy treated animals as compared to controls.

Moreover, a significant increase in the levels of IL-6 (45.07%), TNF-
α (21.01%) and MCP-1 (2.39 fold) were also observed in serum of Hcy
treated animals as compared to control animals. Moreover, supple-
mentation with NaHS showed a significant reduction in the levels of
cytokines and chemokine in the cortex, hippocampus and serum of
HHcy animals suggesting anti-inflammatory effect of H2S.

3.6. Effect of H2S on Hcy-induced alterations in nitric oxide synthases

In order to assess the effect of H2S on vascular functions, the ex-
pression of endothelial nitric oxide synthase (eNOS) was studied in
HHcy animals. eNOS mRNA expression was significantly decreased in
the cortex (75.57%) whereas, no change was observed in the hippo-
campus of Hcy treated animals as compared to control. NaHS admin-
istration, significantly increased eNOS mRNA expression in the cortex
(4.6 fold) of HHcy animals (Fig. 5 A). Similarly, protein levels of eNOS
were significantly decreased in the cortex (27.52%) whereas, no change
was observed in the hippocampus of HHcy animals as compared to
control animals (Fig. 5 D). Moreover, immunofluorescence analysis of
eNOS in the isolated microvessels showed a significant decrease
(36.70%) in fluorescence intensity in Hcy treated animals as compared
to control animals (Fig. 5). Interestingly, NaHS supplementation sig-
nificantly increased the eNOS protein in cortex (191.55%) and hippo-
campus (38.29%) of Hcy treated animals. Similarly, NaHS administra-
tion increased the fluorescence intensity of eNOS in isolated

microvessels by 67.17%.
Inducible nitric oxide synthase (iNOS) is one of the direct markers of

an inflammatory response. The expression of iNOS was studied to assess
the effect of H2S on Hcy-induced inflammation. A significant increase in
iNOS mRNA expression was observed in the cortex (63.09%) and hip-
pocampus (184.02%) of Hcy treated animals as compared to control
animals (Fig. 5 B). iNOS protein was significantly elevated in the cortex
(24.93%) and hippocampus (121.91%) of HHcy animals (Fig. 5 D).
NaHS supplementation significantly decreased the iNOS mRNA ex-
pression in cortex and hippocampus by 61.81% and 37.01% respec-
tively. The protein levels of iNOS were decreased in the cortex and
hippocampus of HHcy animals following NaHS supplementation.

3.7. Effect of H2S on Hcy-induced nitrite and 3-nitrotyrosine (3-NT) levels

The data for nitrite levels and 3-NT modified proteins is depicted in
Fig. 5C and Fig. 5E respectively. Nitrite levels were significantly in-
creased in the hippocampus (86.37%) whereas; no change was ob-
served in the cortex of the Hcy treated animals. NaHS supplementation
significantly decreased nitrite levels in the hippocampus by 76.29% as
compared to the HHcy animals.

3-NT modification of proteins was significantly increased in the
cortex (40.01%) and hippocampus (42.12%) of Hcy treated animals as
compared to control animals suggesting nitrative stress in the brain of
HHcy animals. However, NaHS supplementation significantly reduced
3-NT protein modification in the cortex and hippocampus of Hcy
treated animals.

Fig. 3. Effect of H2S administration on Iba-1 and GFAP expression and immunohistochemistry in HHcy animals: Relative mRNA expression of Iba-1 (A);
Relative mRNA expression of GFAP (B); Immunoblots of GFAP and Iba-1 (C, D); Densitometry of GFAP and Iba-1 (E, F); Representative photographs of GFAP stained
cells (G); Representative photographs of Iba-1 stained cells (H); Histogram showing number of GFAP and Iba-1 positive cells (I, J) in the cortex and hippocampus of
HHcy animals. Scale bar represents 50 μm. Values are expressed as mean ± SD; n=6 for RT-PCR; n=3 for Western blot and immunohistochemistry. ∗significantly
different from control group (p < 0.05), #significantly different from Hcy treated group (p < 0.05).

M. Kumar and R. Sandhir Nitric Oxide 90 (2019) 15–28

21



Fig. 4. Effect of H2S administration on cytokines and chemokine expression in HHcy animals: Relative mRNA expression and protein levels of MCP-1 (A); IL-6
(B) and TNF-∝ (C) in the cortex and hippocampus of HHcy animals. Levels of MCP-1 (D); IL-6 (E) and TNF-∝ (F) in the serum of HHcy animals. Values are expressed
as mean ± SD; n= 6. ∗significantly different from control group (p < 0.05), #significantly different from Hcy treated group (p < 0.05).

Fig. 5. Effect of H2S administration on relative mRNA and protein expression of nitric oxide synthases in HHcy animals: eNOS mRNA (A); iNOS mRNA (B);
Nitrite levels (C); Immunoblots of eNOS and iNOS (D); Immunoblots of 3-NT modified proteins (E); Densitometry of eNOS (F); iNOS (G) and 3-NT modified proteins
(H) in the cortex and hippocampus of HHcy animals. Values are expressed as mean ± SD; n= 6 for RT-PCR; n= 3 for Western blot. ∗significantly different from
control group (p < 0.05), #significantly different from Hcy treated group (p < 0.05).
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3.8. Effect of H2S on platelet endothelial cell adhesion molecule (PECAM)
levels

To assess the effect of H2S on systemic inflammation, protein ex-
pression of platelet endothelial cell adhesion molecule (PECAM) was
studied in HHcy animals. PECAM is present on endothelial cells, which
mediates the migration of systemic neutrophils at the site of in-
flammation. The immunofluorescence shows that expression of PECAM
was significantly increased by 4.3 fold in the isolated microvessel from
the cortex of Hcy treated animals (Fig. 6). However, NaHS supple-
mentation significantly decreased (33.75%) the expression of PECAM.

3.9. Effect of H2S on HHcy-induced cognitive deficits

3.9.1. Morris water maze
A significant increase in the latency (179.16%) and total distance

travelled (180.76%) to reach the hidden platform was observed in the
Hcy treated animals as compared to control animals (Fig. 7). NaHS
administration significantly decreased the latency (115.37%) and dis-
tance travelled (146.11%) in HHcy animals. However, no effect was
observed on the average velocity of the animals. The results of the
probe trial (Fig. 7 E, F) showed a significant decrease in the time spent
in quadrant having platform (19.44%). Similarly, a significant increase
in time spent in the opposite quadrant (53.76%) was observed in Hcy
treated animals. In addition to this, a significant decrease was observed
in number of entries to the target platform (47.61%) in Hcy treated
animals as compared to control animals. Interestingly, NaHS supple-
mentation significantly reversed memory deficits in the Hcy treated
animals.

3.9.2. Novel object recognition
Novel object recognition (NOR) test was performed to assess

memory functions in HHcy animals. The representative heat maps of
the animals are shown in Fig. 8 A. The performance in NOR task was
impaired in HHcy animals as compared to control animals (Fig. 8).
However, no change in memory score was observed in the studied
groups. A significant decrease in number of entries to the novel object
zone (68%) was observed in Hcy treated animals as compared to control
animals. Similarly, there was a significant decrease in the discrimina-
tion index (56.07%) in HHcy animals as compared to control animals.
Interestingly, NaHS supplementation increased the number of entries to
the novel object zone (2.28 folds) and discrimination index (64.35%) in
Hcy treated animals suggesting beneficial effect on memory.

4. Discussion

Elevated Hcy levels is an independent risk factor for developing
Alzheimer's disease (AD), Parkinson's disease (PD), coronary artery
disease, peripheral vascular disease, stroke and age-related dementia
[38–40]. Hcy has also been reported to promote proliferation and ac-
tivation of microglia in a dose and time dependent manner [41]. High
methionine-supplementation increases the levels of pro-inflammatory
cytokines and induce T cell activation by switching Akt S-nitrosylation
to phosphorylation via elevated Hcy levels [42].

Earlier report from our lab has shown that elevated Hcy levels have
a detrimental impact on cognitive functions through decreased en-
dogenous H2S levels and CBS activity in the brain regions, which were
reversed by supplementation of NaHS [43]. However, the underlying
mechanisms of H2S mediated neuroprotection against Hcy-induced
neurotoxicity and cognitive deficits are still not fully understood. Si-
milar results have been observed in the present study wherein NaHS
supplementation increased the H2S levels with a concomitant increase
in the CBS and CSE activity in the brain regions of HHcy animals.
Moreover, NaHS supplementation also increased the polysulfide levels
in the cortex of Hcy treated animals. Polysulfide and persulfide are
synthesized by CBS and CSE in physiological conditions and are in-
volved in redox signaling [31]. The decreased polysulfide levels might
be due to reduced activity of CBS and CSE in the brain regions of HHcy
animals, which were increased following NaHS administration. The
polysulfides produced by H2S might be responsible for its neuropro-
tective potential in HHcy animals. However, more comprehensive study
is required to understand the role of persulfide and polysulfide in H2S
mediated neuroprotective effects.

A significant increase in the Iba-1 mRNA and protein levels were
observed in the cortex and hippocampus of Hcy treated animals. Iba-1 is
a calcium binding cytosolic protein and a reliable marker of activated
microglia [44]. The results from immunohistochemistry of Iba-1 were
in accordance with trends for Iba-1 mRNA and protein expression. In-
creased expression of Iba-1 has been reported in several neurodegen-
erative diseases via production of cytotoxic molecules, free radicals,
pro-inflammatory cytokines and prostaglandins [45,46]. Our results
support the study that Hcy promotes proliferation and activation of
microglia [41]. A recent study has shown that Hcy treatment increased
viability of BV2 microglial cells in a dose dependent manner [47].
Impaired CBS-H2S pathway has been shown to contribute microglia-
mediated neuro-inflammation following stroke and MPTP-induced
neurodegeneration [48,49]. According to the study by Du et al. (2014),

Fig. 6. Effect of H2S administration on platelet
endothelial cell adhesion molecule (PECAM) and
eNOS immunofluorescence in microvessel iso-
lated from the cortex of HHcy animals:
Representative photographs of microvessels im-
munostained with anti-PECAM and anti-eNOS anti-
body (A); Histogram representing fluorescence in-
tensity of eNOS (B) and PECAM (C) quantified with
imageJ. Scale bar represents 100 μm. Values are ex-
pressed as mean ± SD; n= 3. ∗significantly different
from control group (p < 0.05), #significantly dif-
ferent from Hcy treated group (p < 0.05).
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downregulation of CBS/H2S axis contributes to microglia polarization
toward M1 pro-inflammatory phenotype [50]. Recently, H2S has been
reported to attenuate ischemic-induced neuroinflammation by mod-
ulating microglia polarization [51]. In current study, NaHS supple-
mentation decreased Iba-1 mRNA and protein expression and main-
tained microglia in quiescent state. Moreover, NaHS supplementation
also improved the Hcy-induced morphological changes in microglia.
Hcy altered the morphology of microglia with less number of projec-
tions and bigger somal area suggesting activation of microglia. How-
ever, NaHS treatment increased the length and number of projections
with reduced somal area suggesting microglia in resting phase. The
current study suggests that anti-inflammatory effect of NaHS may in-
volve suppression of glia activation through elevation in H2S levels. Hcy
has been reported to exaggerate microglia activation via STAT3 me-
chanism [10] however, H2S mediated inhibition of glial activation may
involve the ability of H2S to suppress STAT3 pathway [52]. Further-
more, our results corroborate the findings that H2S promotes learning
and memory and suppresses microglial response in repetitive febrile
seizures [53].

Activation of glial cells is a characteristic feature of nerve tissue
injury or stress, characterized by change in morphology and number of

glial cells following up-regulation of intermediate filament proteins
within the affected tissue [54]. GFAP is an astrocyte specific protein
and considered as a reliable marker for reactive astrogliosis [55]. GFAP
mRNA and protein levels were significantly increased in the hippo-
campus, whereas no change was observed in the cortex of Hcy treated
animals. The results of our study are in accordance to the earlier reports
wherein increased GFAP mRNA and protein expression has been ob-
served in HHcy [47,56]. The transcription and translational changes of
GFAP can affect the morphology of astrocytes in brain [57]. In present
study, morphological changes were observed in astrocytes with de-
creased projection number and length with increased cell body fol-
lowing HHcy. A recent study has shown that Hcy can induce glial re-
activity in cultured astrocytes [58] and enhance reactive gliosis in
animal model of HHcy [59]. Inflammation targeted therapies can be
beneficial in Hcy associated disorders and can prevent neuronal da-
mage and maintain neuronal functions. Our results are in agreement
with previous report that H2S administration decreases mRNA and
protein levels of GFAP in rodent model of AD [60]. Moreover, NaHS
supplementation also reversed the Hcy-induced morphological changes
in astrocytes towards resting phase. H2S supplementation has been re-
ported to attenuate Hcy-induced neuronal loss and prevent astrocyte

Fig. 7. Effect of H2S administration on spatial learning and memory assessed by Morris water maze (MWM) in HHcy animals: Representative heat maps of
path followed by the animals in various groups using video tracking software ANY-maze™ (A); Total distance travelled to reach the hidden platform (B); Latency to
reach the hidden platform i(C); Average speed of the animals (D); Time spent in quadrant having platform and in opposite quadrant (E); Number of target crossing
during the probe trial (F). Values are expressed as mean ± SD; n=6. ∗significantly different from control group (p < 0.05), #significantly different from Hcy
treated group (p < 0.05).
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activation in traumatic brain injury [19,61].
The pro-inflammatory cytokines released by glial cells as part of the

early acute phase reactionhave unique and specific actions on neurons
and circuits within the brain [62,63]. TNF-α is a marker of microglia
with M1 phenotype [50] that synergistically acts with IL-1β to induce
expression of IL-6 and is the key initiator of immune-mediated in-
flammation in brain [64]. In addition to the immune response, these
cytokines are suggested to affect memory, modulate animal behaviour,
neurotransmission and glucocorticoid functions [63]. Studies on
monocytes and endothelial cells have suggested the participation of
inflammation in the pathogenesis of HHcy [65,66]. The results of pre-
sent study have shown that Hcy administration increased IL-6, TNF-α
and MCP-1 mRNA and protein levels in the cortex and hippocampus.
Elevated Hcy levels have been reported to increase the production of IL-
1β in macrophages through nuclear factor Kappa β (NF-ĸB) mediated
response [67]. Studies have shown that Hcy treatment stimulates MCP-
1 expression in several cell types and pre-treatment of cells with NF-κβ
inhibitors can suppress the stimulatory effect of Hcy on MCP-1 ex-
pression [68,69]. Hence, increased expression of cytokines and che-
mokine in HHcy might be mediated via NF-κB activation. Our data is in
agreement with the report that Hcy induced mRNA and protein ex-
pression of inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-8, and IL-12)
[70]. NaHS supplementation decreased the levels of TNF-α, IL-6 and
MCP-1 in HHcy animals. Reports suggest beneficial effect of H2S and
sulfides in neuro-inflammation through inhibition of NF-κB [71].

However, in present study the anti-inflammatory effect of H2S on Hcy-
induced neuro-inflammation might be due to inhibition of NF-κB by
H2S following improvement in memory deficits. Our data corroborate
with the previous findings where H2S is reported to improve cognitive
deficits and suppress release of pro-inflammatory cytokines in re-
petitive febrile seizures and glia-mediated neuro-inflammation
[72–74].

In order to verify the effect of Hcy and NaHS on systemic in-
flammation, we measured the levels of TNF-α, IL-6 and MCP-1 in serum
of rats. The results reveal significant increase in the levels of cytokines
(TNF-α, IL-6) and chemokine (MCP-1) in serum of the animals sub-
jected to HHcy. The local release of TNF-α can stimulate neutrophils
and endothelial cells to induce the expression of adhesion molecules for
migration across the blood brain barrier [75]. The infiltration of
monocytes across the vascular endothelium plays a key role at the site
of inflammation. MCP-1 is believed to be the major chemotactic mo-
lecule for monocytes. In the present study we found a significant in-
crease in systemic levels of MCP-1, which is in line with the report that
Hcy induces the expression on MCP-1 in endothelial cells and promotes
chemotaxis [69]. Moreover, Hcy also increases the expression of MCP-1
receptor (CCR2) in monocytes [76]. However, increased production of
MCP-1 might be responsible for increased neutrophil infiltration and
chemotaxis of monocytes in brain, which contributes to neuro-in-
flammation.

Elevated nitrite levels were observed in the hippocampus of Hcy

Fig. 8. Effect of H2S administration on
spatial memory assessed by novel object
recognition (NOR) task in HHcy animals:
Schematic representation of three phases of
the test (A), green rectangle represent fa-
miliar object and red triangle represent
novel object in the testing phase;
Representative track plots of animals using
video tracking software ANY-maze™ (B),
N=novel object zone; F= familiar object
zone; Memory score (C); Number of entries
in the novel object zone (D) and
Discrimination index (E). Values are ex-
pressed as mean ± SD; n= 6. ∗significantly
different from control group (p < 0.05),
#significantly different from Hcy treated
group (p < 0.05).
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treated animals. A few studies support that Hcy promote the nitrite
production [26] whereas, other supported the idea of negative corre-
lation between Hcy and nitrite levels [77]. Our data in line with the
report that Hcy induces nitrite production and increases 3-NT mod-
ification in proteins in the brain regions of HHcy animals indicating
nitrative stress [2]. Additionally, decrease in expression of eNOS and
increased iNOS expression have also been observed in the brain regions
of Hcy treated animals. However, eNOS mediated endothelial dys-
function might be responsible for Hcy-induced neurotoxicity. The pos-
sible explanation for increased nitrite levels in the brain might be due to
induction of iNOS by cytokines [54]. NaHS supplementation sig-
nificantly decreased 3-NT modified proteins in brain regions and nitrite
levels in hippocampus of HHcy animals suggesting H2S as an anti-
oxidant. Studies suggest that H2S acts as anti-oxidant by preventing
oxidative damage to brain and neurons [61,78] NaHS was also able to
restore the eNOS and iNOS levels (mRNA and protein) in the cortex and
hippocampus of Hcy treated animals. These results are in line with the
previous report that H2S restored the altered eNOS [79] and iNOS [26]
levels in the brain. Moreover, a recent study has shown that, over-
expression of CBS reduced the 3-NT modifications of proteins in striatal
region of MPTP-induced model of PD [49].

Expression of platelet endothelial cell adhesion molecule (PECAM)
was significantly increased in the microvessels of the HHcy rats. The
increase in PECAM-1 protein in microvessels results in increase in
transmigration of lymphocytes and neutrophils [80]. Our results cor-
roborate with the finding that Hcy exposure increases the expression of
endothelial adhesion molecules following increased leukocyte: en-
dothelial interactions [81]. However, therapies targeting the pro-in-
flammatory cytokines, chemokines and cell adhesion molecules could
be beneficial in Hcy associated neurodegenerative disorders. Interest-
ingly, in our results H2S supplementation reduced the levels of TNF-α,
IL-6, MCP-1 in the serum and PECAM in the microvessels of HHcy
animals, which is in line with earlier report [82]. H2S inhalation has
been reported to reduce serum cytokine and chemokine levels in hy-
perdynamic murine septic shock [83]. Peripheral inflammation has also
been reported to induce microglia activation [84,85]. Therefore, H2S
may also prevent peripheral inflammation associated microglia acti-
vation in HHcy-induced inflammatory response. The data suggests H2S
to be potent anti-inflammatory molecule against Hcy-induced in-
flammation by reducing cytokine and chemokine levels along with re-
duced expression of PECAM in endothelial cells.

The release of inflammatory cytokines accompanied with activation
of glia leads to enhanced neuro-inflammation and cognitive impair-
ments [86]. Cortex and hippocampus are thought to play a central role
in memory formation and retrieval [87]. Any kind of stress to cortex
and hippocampus leads to impairment in spatial learning and memory
[88]. There are various reports suggesting neuro-inflammation to play
role in development of memory impairments [89,90]. Evidence sug-
gests the role of neuro-inflammation in progression of chronic degen-
erative disorders and psychiatric diseases [64,91]. However, increase in
pro-inflammatory cytokines may contribute to cognitive impairment in
HHcy. The results from current study showed a progressive decline in
spatial memory in animals following Hcy administration as assessed by
Morris water maze and novel object recognition task. These findings are
in agreement with the previous reports suggesting the role of Hcy in
memory dysfunctions [92]. Interestingly, NaHS administration to HHcy
animals showed a significant improvement in spatial memory and
cognitive behaviour which is in accordance with the report by Li et al.
[93]. A recent study has also shown that H2S supplementation improves
cognitive functions in streptozotocin-induced diabetes in rats [94].

5. Conclusion

In conclusion, our study demonstrates H2S as a potent anti-in-
flammatory molecule in HHcy-induced inflammation. NaHS supple-
mentation suppressed Hcy-induced glial activation and production of

pro-inflammatory cytokines via increased endogenous H2S production
that subsequently improved cognitive deficits. H2S pathway in glial
cells may represent an important therapeutic target for preventing
HHcy associated neurological disorders. However, the precise me-
chanism and role of H2S/CBS axis in glial activation requires further
clarification.
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