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Abstract
An elevated level of homocysteine (Hcy), known as hyperhomocysteinmia (HHcy), was
associated with neurovascular diseases. At physiological levels, hydrogen sulfide (H2S) protected
the neurovascular system. Because Hcy was also a precursor of hydrogen sulfide (H2S), we sought
to test whether the H2S protected the brain during HHcy. Cystathionine-β-synthase heterozygous
(CBS+/−) and wild type (WT) mice were supplemented with or without NaHS (30 µM/L, H2S
donor) in drinking water. Blood flow and cerebral microvascular permeability in pial vessels were
measured by intravital microscopy in WT, WT+NaHS, CBS−/+ and CBS−/+ + NaHS treated
mice. The brain tissues were analyzed for matrix metalloproteinase (MMP) and tissue inhibitor of
metalloproteinase (TIMP) by Western blot and RT-PCR. The mRNA levels of CBS and
cystathionine gamma lyase (CSE, enzyme responsible for conversion of Hcy to H2S) genes were
measured by RT-PCR. The results showed a significant increase in MMP-2, MMP-9, TIMP-3
protein and mRNA in CBS (−/+) mice, while H2S treatment mitigated this increase. Interstitial
localization of MMPs was also apparent through Immunohistochemistry. A decrease in protein
and mRNA expression of TIMP-4 was observed in CBS (−/+) mice. Microscopy data revealed
increase in permeability in CBS (−/+) mice. These effects were ameliorated by H2S and suggested
that physiological levels of H2S supplementation may have therapeutic potential against HHcy-
induced microvascular permeability, in part, by normalizing the MMP/TIMP ratio in the brain.
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1. INTRODUCTION
Homocysteine (Hcy) was a sulfur-containing, non-protein amino acid, and an intermediate
of methionine metabolism (Selhub, 1999). Elevated levels of Hcy caused
hyperhomocysteinemia (HHcy, Rabaneda et al, 2008). HHcy displayed various neurological
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abnormalities, such as mental retardation, seizures, and Alzheimer's disease (Robert et al,
2005; Sachdev et al, 2002; Santiard-Baron et al, 2005). 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, Abe and
Kimura, 1996; Wang, 2002; Zhao et al, 2001). CBS is abundantly present in the brain,
kidney and liver, whereas CSE is localized in smooth muscle and the heart (Ishii et al, 2004;
Miles and Kraus, 2004). CBS and CSE have been identified to be the main enzyme
responsible for the biosynthesis of H2S in the brain (Abe and Kimura, 1996; Hosoki et al,
1997). The exogenous supply of NaHS (donor of H2S), which generated H2S, produced
physiological responses in many biological systems (Sun et al, 2008). H2S was reported to
suspend metabolic activity in mice, thus can be used for better survival in severe injuries
like myocardial Infarction and stroke (Blackstone et al, 2005). Physiological concentrations
of H2S specifically potentiated the activity of the N-methyl-D-aspartate (NMDA) receptor
and improved the induction of hippocampal long-term potentiation, which was associated
with learning and memory (Abe and Kimura, 1996). H2S relaxed vascular smooth muscle
and inhibited platelet aggregation (Zagli et al, 2007; Zhao et al, 2001). In the gastrointestinal
system, H2S relaxed smooth muscle cells (Hosoki et al, 1997; Teague et al, 2002) increased
colonic secretion and blood flow (Schicho et al, 2006). We recently reported that H2S
attenuated Hcy-induced oxidative stress in brain endothelial cells (Tyagi et al, 2009). These
multiple lines of evidence suggested that H2S function as a type of armor in the brain.
However, the role of H2S in Hcy-induced brain damage was unclear. There was evidence
that H2S acted as an endogenous scavenger for ROS (Whiteman et al, 2005). In addition, the
present study was undertaken to determine the potential role of H2S in Hcy-mediated
cerebrovascular remodeling and role of CBS and CSE. We demonstrated that elevated levels
of homocysteine activated matrix metalloproteinases (MMPs) and inactivated tissue
inhibitors of matrix metalloproteinases (TIMPs), which degraded the matrix, leading
increase in cerebrovascular permeability. The pretreatment with H2S can prevent these
alterations.

2. MATERIAL AND METHODS
2.1. Animals

Breeding pair of CBS−/+ mice were obtained from Jackson Laboratories (Bar Harbor,
ME).The mice were grouped: (wild type, WT, WT+NaHS, CBS(−/+) and CBS (−/+) +
NaHS) and housed in the animal care facility at University of Louisville. All animal
procedures were carried out in accordance with the National Institute of Health Guidelines
for animal research. The Institutional Animal Care and Use Committee of the University of
Louisville, School of Medicine approved this protocol. All the mice were treated with 30
µMol/L NaHS for 8 weeks in drinking water. Every alternate day drinking waters was
supplemented with NaHS.

2.2. Rationale for NaHS (H2S donor) dose
Human brain contained 50–160 µM H2S (Goodwin et al, 1989), which occurred naturally
(~50–100 µM) in both human (Richardson et al, 2000) and rat (Zhao et al, 2001) serum.
NaHS in the aqueous phase produced exact equal concentration of H2S gas. Therefore, we
used 30 µmol/l NaHS in the drinking water to supplement animals with 30 µmol/l of H2S
(Sen et al, 2009). Therefore, the pharmacological doses of H2S that were administered
render the study to relate to the human condition.

2.3. Genotyping and measurement of homocystine
Mice were genotyped with a specific set of primer to confirm they were heterozygous of
CBS (−/+). To determine the plasma levels of Hcy in experimental and control samples,
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HPLC was performed. Hcy from the samples identified according to the retention times and
standards as described (Sen et al, 2007).

2.4. Measurement of permeability in brain microcirculation
Blood flow in brain microvasculature was measured in anesthetized mice as described
(Kumar et al, 2008a). Mice were injected with FITC conjugated to bovine serum albumin
(BSA-FITC-albumin, 70 KDa) through the tail vein. After 30 minutes, 14-mm hole was
made in the skull using a high-speed micro drill (Fine scientific Tools). The exposed area
was examined using in-vivo imaging fluorescent microscopy (Olympus, Japan) and the data
was interpreted with software provided with the microscope.

2.5. RNA isolation and expression study
Total RNA from the mouse brain was isolated using Trizol Reagent (Gibco BRL) by
following the instructions provided by the manufacturer. The cDNA was prepared using the
Promega kit. Expression levels of MMP-2, MMP-9, TIMP-3, TIMP-4, CBS and CSE were
measured using SYBR green assay kit on Mx3000p QPCR as described earlier (Kumar et al,
2008a). Optimal concentrations of primers used for the assay were between (750 nmol/L) to
(1000nmol/L). PCR amplification was performed using a cyclic pattern: 94°C for 10
minutes followed by 35 cycles of 94°C for 1minute, 58°C for 1 minute, 72°C for 1 minute
and final extension at 72°C for 5 minutes. For the determination of SYBR Green based
melting peak (Tm) of the products, an additional cycle of 95°C for 1 minute, 55°C for 30
sec, 95°C for 30 sec was performed. CSE gene cloned in pIRES2-AcGFP1 vector system
(Clontech) was used to normalize the mRNAs. A standard curve was generated by
amplification of known amount of CSE gene in pIRES2-AcGFP1 vector system depending
on Ct values (threshold cycle). The parameter Ct was defined as the fractional cycle number
at which the fluorescence passes the fixed threshold. Data were expressed as copy number
based on plasmid standard curve and normalized by dividing the copy number for each
sample. Samples and control were run in duplicate for each gene. A standard curve was
plotted using a CSE-cloned gene, and the amplification of each gene was measured against
the standard plot. Each of the genes analyzed had different melting temperatures.
Additionally, MMP-2 and MMP-9 mRNA levels were measured and normalized with
internal control GAPDH.

2.6. Western Blots
The brain tissue homogenates were prepared using extraction buffer (0.01 M cacodylic acid
pH 5.0, 0.15 M NaCl, 1 µM ZnCl2, 0.02 m CaCl2, 0.0015 M NaN3 and 0.01% v/v Triton
X-100) and kept for overnight digestion in a cold room. The extracted proteins were
collected by centrifugation at 10000×g for 10 minutes and concentration was estimated by
Bradford method. Equal amounts of proteins were analyzed on 10% or 12% SDS-PAGE as
described earlier (Tyagi et al, 2009). The developed X-ray images were analyzed using
UMAX PowerLockII (Taiwan, R.O.C.).

2.7. Gelatin Gel Zymography
MMP-9 activities were measured using gelatin gel zymography as described previously
(Tyagi et al, 2009). Samples were electrophoretically resolved on 7.5% SDS-PAGE
containing 1.5% gelatin as a substrate. At the end, the gel was incubated in re-naturation
buffer (2.5% Triton X-100) for 30 min to remove SDS, rinsed in distilled water, and then
incubated for 24 hours at 37°C in water bath in an activation buffer (50 mM Tris.HCl, pH
7.4, and 5 mM CaCl2). The gels were stained in Coomassie blue R-250 for 1hr and then
distained with destining buffer (10% acetic acid, 10%methnol and 80% distilled water). The
clear digested regions representing MMP-9 activity, as accessed by running pre-stained
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molecular weight markers, were quantified densitometrically using Un-Scan-It software
(Silk Scientific Inc., Orem, UT).

2.8. Immunohistochemistry
Mice were deeply anaesthetized with high doses of sodium pentobarbital. Mice were trans-
cardialy perfused with 20 ml (PBS), followed by 20ml (4% Paraformaldehyde). The skull
was opened and brain was kept in fixative for 2–3hrs, and incubated in 30% sucrose for
overnight. The tissue was frozen in OCT compound and transverse sections of the brain
were taken on a cryostat. 10µm sections were mounted on poly-lysine-pretreated microscope
slides. For immuno-staining, the slides were brought to room temperature followed by two
rinses in 0.1M PBS 5 min each, followed by antigen retrieval in 10mM Sodium Citrate
buffer (pH 6.0). The endogenous peroxidase reaction was blocked by incubation in 3%
hydrogen peroxide in PBS buffer. The non-specific sites were blocked by incubation in
blocking solution (0.2M PBS pH 7.4 containing 1% BSA, 0.3% Triton X100, and 1%
normal animal serum) in closed hydrated chamber for 1h. Slides were incubated for 1h at
room temperature in humid chamber with primary antibodies (1:250). The sections were
washed and incubated in secondary antibodies (1:100) for 30 min. After incubation sections
were washed followed by incubation in liquid DAB (3, 3’ Diaminobenzidine) substrate
chromogen system (DAKO) for 7–10 min and counter stained with hematoxylin. After
rinsing in distilled water, the sections were dehydrated and mounted in Permount. The
immunostained sections were then visualized on Olympus microscope at 40× magnification.

2.9. Statistical analysis
The means and standard errors of mean (SEM) in the four experimental groups of mice
(WT, WT treated with H2S, CBS (−/+) and CBS (−/+) treated with H2S) were determined.
For each of response, we checked normality assumptions, using Shapiro-Wilk test (Shapiro
and Wilk, 1965) and found data to be valid. ANOVA procedure was used to analyze the
data. The procedure was used to compare the different groups. The declared results were
significant at alpha level of 0.05, (p<0.05).

3. RESULTS
In CBS−/+ mice, the plasma Hcy level was found to be significantly higher as compared to
WT mice. There was no change in the plasma Hcy levels in the group supplemented with
NaHS (Figure 1).These results suggested that H2S supplementation did not have any role in
the plasma Hcy levels. Since CBS and CSE produced H2S, we measured mRNA expression
of CBS and CSE enzyme. As shown in Figure 1, CBS gene expression increased in WT
+NaHS as compared to WT mice. However, CBS gene expression was low in CBS (−/+)
and CBS (−/+)+NaHS mice. CSE gene expression significantly increased in WT+NaHS and
CBS−/+ + NaHS mice compared to WT and CBS−/+ mice (Figure 1). These results
suggested that both the enzymatic conversion and trans-sulfuration pathways of Hcy
clearance were impaired in the CBS−/+ mice and supplementation of NaHS mitigated the
decrease in Hcy metabolism.

MMP-2 and 9 were critically involved in the brain matrix remodeling. Therefore, we
examined the MMP-2, -9 protein levels and activity of MMP-9. As shown in Figure 2,
protein levels of MMP-2 and MMP-9 were significant higher in CBS−/+ as compared to
WT mice. Interestingly, CBS−/+ mice supplemented with NaHS showed a significant
decrease in MMP-2 and -9 protein levels. In addition, we observed an increase in MMP-9
activity in CBS−/+ as compared to WT mice (Figure 3). Importantly, H2S supplementation
almost normalized MMP-9 activity in CBS−/+ + NaHS mice as compared to CBS−/+ mice.
These results suggested that both MMP-2 and -9 play an important role in HHcy associated
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neuropathy. The expression and activity of these proteinases was modulated by H2S, which
suggested a possible trigger of both MMPs during HHcy causing permeability.

The activities of MMPs were controlled by TIMPs; therefore, we measured the protein
level of TIMPs. As shown in Figure 4, protein expression of TIMP-3 significantly increased
in CBS−/+ compared to WT mice. However, supplementation of NaHS significantly
decreased TIMP-3 protein expression in CBS−/+ mice as compared to CBS−/+ mice
without NaHS. TIMP-4 protein levels significantly decreased in CBS−/+ compared to the
WT mice. Interestingly, CBS−/+ mice treated with NaHS showed a significant increase in
TIMP-4 protein. This suggested that expression of TIMPs was differentially altered by H2S,
which supported H2S as being a therapeutic agent to HHcy induced-permeability.

As show in Figure 5, mRNA levels of MMP-2, -9 were significantly increased in CBS (−/
+) compared to WT mice (p<0.05. In CBS (−/+) mice supplementation with NaHS
prevented the increased in MMP-2 and-9 (Figure 5). The TIMP-3 mRNA was significantly
increased in CBS (−/+) compared with WT and NaHS-treated groups p<0.05 (Figure 5).
Whereas, TIMP-4 mRNA was significantly decreased in CBS (−/+) compared with WT
mice. However, NaHS treatment mitigated the increase in TIMP4 mRNA in CBS−/+ mice
(Figure 5).These result suggested that expression of protein levels (Figures 3 and 4) were
due to transcriptional regulation of the MMP-2,-9, TIMP-3 and -4 genes (Figure 5).
Therefore, these evidences supported H2S as a regulator of matrix genes.

To localize the MMP-9 and TIMP-3 and -4, brain sections were stained from each group
with DAB chromogen. There was a significant increase in MMP-9 in CBS (−/+) mice as
compared to WT (Figure 6A). The treatment with H2S decreased MMP-9 expression.
Similarly, there was an increase in TIMP-3 expression in CBS (−/+) mice as compared to
WT and treatment with NaHS significantly decreased TIMP-3 levels in CBS (−/+) mice
(Figure 6B). There was a decrease in the expression of TIMP-4 in CBS (−/+) as compared to
WT mice. CBS−/+ mice treated with NaHS showed a significant increase in TIMP-4
expression compared to the CBS−/+ mice (Figure 6B). These results suggested increase in
TIMP-3 and decrease in TIMP-4 in HHcy. The treatment with NaHS ameliorated the
changes in TIMPs.

To determine whether H2S mitigated the blood brain barrier (BBB) permeability in CBS−/+
mice, we measured interstitial diffusion of BSA-FITC in brains of WT, WT+NaHS, CBS−/
+, CBS−/+ +NaHS mice by intravital microscropy. We observed that BBB permeability was
significantly higher in CBS−/+ compared to WT mice. Interestingly, NaHS treatment
mitigated BBB permeability in CBS−/+ mice (Figure 7). These results suggested that HHcy
was associated with increased permeability in the brain interstitial parenchyma and this
damage was partially prevented by H2S supplementation with NaHS (Figure 7).

5. DISCUSSION
Although the expression of CSE was increased by NaHS (Figure 1), the basal expression of
CSE in the brain was under the detectable level (Ishii et al., 2004). Therefore, it was difficult
to understand the involvement of CSE in Hcy metabolism in the brain. Interestingly, both
the CBS and CSE enzymes were responsible for endogenous production of H2S. We found
that in the presence of NaHS, CSE mRNA was increased, but there was no change in CBS
(Figure 1). The mRNA expression of CSE enzyme was elevated with exogenous
supplementation of NaHS, a donor of H2S, in CBS−/+ mice. This was associated with
mitigation of the increase in MMP-2 and -9 in CBS−/+ mouse brain by H2S
supplementation. In addition, TIMP-3 increased and TIMP-4 decreased in CBS−/+ mouse
brain, and this differential expression of TIMP-3 versus TIMP-4 was normalized by H2S.
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Interestingly, it was known that TIMP-3 induced vascular apoptosis (Baker et al, 1998) and
TIMP-4 protected (Tummalapalli et al, 2001). These data were corroborated with the brain
damage, as evidenced by increased vascular permeability.

Vascular resistance was significantly decreased in carotid artery of CBS (−/+) mice (Kumar
et al, 2008). Hcy has been shown to decrease NO-mediated vascular relaxation and
therefore, increased blood pressure and decreased blood flow. The decrease in blood flow
activated the MMPs and caused cerebral vascular permeability. H2S behaved as a
cerebrovascular dilator (Zhao et al, 2001). Vascular contractility was regulated by
endogenous and exogenous supply of H2S (Elrod et al, 2007). At physiologically-relevant
concentrations, H2S dilated arterioles via activation of ATP-sensitive K+ channels (Tang et
al, 2005; Yang et al, 2005). This function was known to promote apoptosis of vascular
smooth muscle cells and inhibit proliferation associated with vascular remodeling (Kubo et
al, 2007). Intravital microscopy data suggested an increase in BSA-FITC leakage in brain
interstitium (Figure 7) of CBS (−/+) mice. These results coincided with the earlier reports
that Hcy increased albumin leakage through the endothelial cell monolayer in pial vessels
(Lominadze et al, 2006; Tyagi et al, 2007a; Tyagi et al, 2007b). Hcy-induced BSA-FITC
leakage drastically decreased with NaHS (H2S donor) treatment.

Previously, we showed that Hcy increased MMP-9 activity in brain endothelial cells (Tyagi
et al, 2009). However, the role of H2S in activation of MMP-9 was not defined. In the
present study, for the first time, we demonstrated a significant increase in the MMP-2 and
MMP-9 protein expression and MMP-9 activity in CBS−/+ mice (Figures 2 and 3). MMP-9
activity was suppressed in CBS−/+ mice treated with NaHS (Figure 3). Others have
suggested that endogenous H2S may decrease the level of MMP-13 and TIMP-1 in rats (Li
et al, 2009). The increased MMP-2,-9 protein, mRNA levels and MMP-9 activity caused
degradation of matrix proteins and increased BBB permeability. The H2S reversed the effect
of Hcy on cerebral vascular injury, in part, inhibiting MMPs and increasing TIMP-4.

MMPs activities were regulated by activation of the precursor zymogens and inhibition by
the endogenous inhibitors, TIMPs. Thus, the balance between MMPs and TIMPs were
critical for the ECM remodeling (Wald et al, 2002) that was essential for developmental and
morphogenetic processes (Dollery et al, 1999; Nagase et al, 2006). MMPs degraded proteins
that compose the arterial matrix (collagen, laminin, elastin and fibronectin). The expression
level of TIMP-4 significantly decreased in CBS−/+ mice. While, TIMP-3 increased in these
mice (Figure 4). TIMP-3 induced vascular apoptosis (Baker et al, 1998) and TIMP-4
protected (Tummalapalli et al, 2001). In the present study, we observed an increase in
mRNA levels of TIMP-3, MMP-2, MMP-9 and decrease in the mRNA level of TIMP-4 in
CBS−/+ mice (Figure 5). The treatment of NaHS inhibited the HHcy-induced sub-
endothelial matrix remodeling, suggesting a protective role of H2S in cerebral vascular
remodeling. HHcy inactivated TIMP-4 and increased activities of MMP-2 and MMP-9 in
hearts of hyperhomocysteinmic rats (Sood et al, 2002). TIMP-3 is known to promote
apoptosis in normal cells through increased death receptor signaling (Ahonen et al, 2003).
Present study along with earlier reports, suggested substantial increase in MMP-2 and
MMP-9 with increased or decreased expression of their inhibitors (TIMP-1, TIMP-3)
(Refsum et al, 1998). Brain sections stained for MMP-9 and TIMP-3 showed more
interstitial deposition, whereas TIMP-4 staining showed less deposition (Figure 6A and B).
This may be a strong indication that Hcy affected MMPs and TIMPs balance, secondary to
decrease in H2S.

Our observation defined a novel role of H2S in HHcy induced cerebral vascular injury and
supported the hypothesis presented in Figure 8. In summary, we have shown that elevation
of plasma Hcy level induced disbalance of MMP/TIMP ratio, causing cerebral vascular
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permeability. H2S supplementation, however, showed the reversal of permeability. Thus, our
study suggested that H2S could be a beneficial therapeutic candidate for the treatment of
HHcy-associated pathologies, such as stroke and neurological disorders.

Limitations
It was known that at higher concentration, millimolar range, H2S can be toxic (Truong et al,
2006; Qu et al, 2008). However, the physiological range (30 µMol/L) of H2S was protective
(Zhao et al, 2001). Although the toxic effects of Hcy were associated with increase in
oxidative stress. Interestingly, if we could convert Hcy to H2S by CBS and CSE double gene
transfer, we may change the paradigm of Hcy-mediated toxicity to Hcy-mediated H2S
production and protection. H2S has different benefit other than Vitamin C or E or
anthocyanins. Vitamin C or E or anthocyanins were antioxidant, while H2S was blood
pressure regulator (Wagner et al, 2009; Yang et al, 2008) and antioxidant. When low
concentrations of H2S combined with antioxidant agents, such as SOD or vitamin C, may
synergistically increase their antioxidant effects (Yan et al, 2006; Tyagi et al, 2009).
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Figure 1.
Effect of hydrogen sulfide on plasma Hcy levels (Top panel). Total Hcy was extracted from
plasma and analyzed by HPLC, presented as µMol/L mean+SEM from n=5 in each group.
Effect of hydrogen sulfide on mRNA expression of CBS (Middle panel) and CSE (Bottom
panel): Real-time PCR analysis of CBS and CSE in brain tissue of WT, WT+NaHS, CBS(−/
+) and CBS(−/+) mice treated with NaHS was performed. The bar graphs represent
densitometric data normalized with beta actin and mean ± SEM from n=5 in each group
were presented. *p<0.05 compared to WT. #p<0.05 compared to CBS (−/+).
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Figure 2.
Effect of hydrogen sulfide on MMPs expression. Western blot analysis of MMP-2 and
MMP-9 protein levels in brain tissue of WT, WT treated with NaHS, CBS(−/+) and CBS(−/
+) mice treated with NaHS and β-actin was used as control (gel panels). The bar graph
represented mean ± SEM normalized with β-actin. n=5 in each group. *p<0.05 compared to
WT. ≠p<0.05 compared to CBS (−/+) mice.
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Figure 3.
Effect of hydrogen sulfide on MMP-9 activity. Zymographic MMP-9 activity and SDS-
PAGE control protein levels in brain tissue of WT, WT treated with NaHS, CBS (−/+) and
CBS (−/+) mice treated with NaHS (gel panel). Bar graph presented MMP-9 activity as
mean ± SEM, normalized with loading control (same volume of each sample was run on
SDS-PAGE and stained by Coomassie blue). n=5 in each group. *p<0.05 compared to WT.
≠p<0.05 compared to CBS (−/+) mice.
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Figure 4.
Effect of hydrogen sulfide on TIMPs expression. Western blot analysis of TIMP-3 and
TIMP-4 protein levels in brain tissue of WT, WT treated with NaHS, CBS (−/+) and CBS
(−/+) mice treated with NaHS and β-actin was used as control (Gel panels). Scanned
intensity of TIMP-3 and TIMP-4, normalized with control beta actin represented as mean ±
SEM. n=5 in each group. *p<0.05 compared to WT. ≠p<0.05 compared to CBS (−/+) mice.
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Figure 5.
Effect of hydrogen sulfide on mRNA expression of MMP-2 and -9 and TIMP-3 and -4.
Real-time PCR analysis of MMP-2, MMP-9, TIMP-3, and TIMP-4 in brain tissue of WT,
WT mice treated with NaHS, CBS(−/+) and CBS(−/+) mice treated with NaHS and
GAPDH was used as control. The bar graphs represent mean ± SEM, normalized with
GAPDH. n=5 in each group. *p<0.05 compared to WT. ≠p<0.05 compared to CBS (−/+)
mice.
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Figure 6.
Effect of hydrogen sulfide on interstitial deposition of MMPs/TIMPs shown by confocal
microscopy. A: Representative immunohistochemistry of MMP-9 activity in brain sections,
stained with DAB chromogen. The arrow indicate increase in brown color (MMP-9) in CBS
(−/+) mice. Significant decrease in MMP-9 activity in CBS (−/+) treated with NaHS mice.
Magnifications 40×. B: Immunohistochemistry of TIMP-3 and TIMP-4 expression in brain
sections, stained with DAB chromogen. TIMP-3 activity was increase in CBS+/− section as
compared to WT whereas TIMP-4 activity was decrease, indicated by arrow brown color
density. Treatment of NaHS reversed the levels of MMP and TIMPs. Magnification 40 ×
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Figure 7.
Photograph taken on an in-vivo fluorescent microscope (60 ×). The effect of H2S on
microcirculation in brain: Representative data shows blood flow, permeability in WT (A);
WT treated with NaHS (B); CBS (−/+) (C); CBS (−/+) treated with NaHS (D). The flow
was measured for 10 minutes. The arrow represents an increase in the leakage of FITC in
brain interstitial parenchyma in CBS (−/+) mice. The bar graphs represent the leakage in
mean±SEM from n=4 in each group. Significant *p<0.05 compared to WT. ≠p<0.05
compared to CBS (−/+) mice.

Tyagi et al. Page 17

Neurochem Int. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Schematic presentation of proposed mechanism for the protective effect of H2S against Hcy-
induced cerebral vascular injury. Due to decrease in CBS and CSE activity, Hcy is
increased. This leads to oxidative stress and MMP/TIMP axis imbalance, causing
cerebrovascular permeability and dementia.
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