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Abstract
In the present study we tested the hypothesis whether hyperhomocysteinemia, an elevated
homocysteine level, induces venous phenotype in artery. To test our hypothesis, we employed
wild type (WT) and cystathionine β-synthase+/− (CBS+/−) mice treatment with or without folic
acid (FA). Aortic blood flow and velocity were significantly lower in CBS+/− mice compared to
WT. Aortic lumen diameter was significantly decreased in CBS+/− mice, whereas FA treatment
normalized it. Medial thickness and collagen were significantly increased in CBS+/− aorta,
whereas elastin / collagen ratio was significantly decreased. Superoxide and gelatinase activity
was significantly high in CBS +/− aorta vs WT. Western blot showed significant increase in
MMP-2, -9,-12, TIMP-2 and decrease in TIMP-4 in aorta. RT-PCR revealed significant increase
of vena cava marker EphB4, MMP-13 and TIMP-3 in aorta. We summarize that chronic HHcy
causes vascular remodeling that transduces changes in vascular wall in a way that artery expresses
vein phenotype.

Introduction
Vascular remodeling is an active process of structural modification of the blood vessels in
response to arterial pressure and other hemodynamic stimuli (Gibbons and Dzau, 1994),
which may lead to clinical conditions, such as hypertension and myocardial infarction.
Various endogenous and exogenous molecules influence hemodynamic changes and
contribute to vascular remodeling. Of particular interest, homocysteine (Hcy) is one of the
known endogenous molecules that potentiate vascular disease risk at a level higher than
normal physiological ranges.

Hcy is sulfur containing non-protein amino acid and is formed during the metabolism of
methionine. In the body, Hcy can be remethylated back to methionine or clears from the
body by transsulfuration pathway. In transsulfuration pathway, the CBS (cystathionine β-
synthase) enzyme breaks down the Hcy to cysteine (Giusti et al., 2004). Complete absence
of CBS (CBS−/−) causes severe hyperhomocysteinemia (HHcy), an elevated plasma Hcy
level, and these individuals develop complications in the cardiovascular system leading to
early and aggressive vascular disease.

At pathological levels, Hcy causes remodeling of arterial wall by breaking down the elastin
and accumulation of collagen in the extracellular matrix (ECM) (Giusti et al., 2004). In
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heart, this causes endothelial-myocyte uncoupling (Rodriguez et al., 2008). This
phenomenon is one of the most important factors behind cardiac endothelial dysfunction
during HHcy (Kundu et al., 2009). Accumulation of ECM between the endothelial and
vascular muscle cells at elevated Hcy level, known as hyperhomocysteinemia (HHcy), may
also lead to uncoupling of endothelial and vascular smooth muscle cells causing structural
and functional abnormalities. The possibilities of such condition, however, not defined.

Remodeling of ECM is a dynamic process and matrix metalloproteinases (MMPs) and their
tissue inhibitors (TIMPs) regulate this process. MMPs are the family of zinc dependent
redox sensitive endopeptidases that maintains the synthesis and breakdown of the ECM
protein, particularly elastin and collagen (Bobik and Tkachuk, 2003, Chun et al., 2004,
Lehoux et al., 2004, Nagase et al., 2006, Nagase and Woessner, 1999, Visse and Nagase,
2003). In pathological conditions these proteinases play key role in vascular remodeling (de
Kleijn et al., 2001, Dollery et al., 1995, Galli et al., 2005a, Galli et al., 2005b, Hayden et al.,
2005, He et al., 2007). To date, 28 different MMPs has been discovered; of which MMP 2
(72 KD Gelatinase A) and MMP-9, (92 KD Gelatinase B), has a wide range of matrix
substances. These two MMPs catalyze type IV collagen, gelatin and elastin (Visse and
Nagase, 2003). Additionally, MMP-9 also breaks down Collagen I, II, and III (Patterson et
al., 2001). It is interesting that MMP-2 activates MMP-9, and both these MMPs are well
expressed in the vascular smooth muscle cells (VSMC) (Fridman et al., 2003). MMP-12 and
13 are also important in vascular remodeling mainly because elastin is the substrate of
MMP-12, and MMP 13 breaks down collagen III (Beaudeux et al., 2004). Endogenously,
MMPs activity is regulated by TIMPs. So far, four TIMPs (TIMP-1, - 2, - 3 and -4) are
identified, and they inhibit all MMPs (Raffetto and Khalil, 2008b, Raffetto and Khalil,
2008a). As the activities of MMPs are balanced by the TIMPs, the remodeling of vascular
structure can be demonstrated by the imbalance between the function and expression of
MMPs and TIMPs (Watts et al., 2007).

Endothelial dysfunction due to reactive oxygen species (ROS) production is another
important aspect of vascular remodeling (Edirimanne et al., 2007, Weiss et al., 2002). Injury
or activation of the endothelial cells (EC) causes changes in the regulatory function. This
dysfunction of EC is mainly defined as the impaired relaxation and contraction of the blood
vessel, due to impaired nitric oxide (NO) production from the EC (De Meyer and Herman,
1997). ROS are produced by EC and their adjacent VSMC, and it is an important factor for
maintaining normal vascular function. However, at higher concentration, it reduces the
bioavailability of NO, and impairs the EC dependent vasodilatation (Rodford et al., 2008).
The pathophysiological consequences of ROS in the vascular remodeling during HHcy are
still incompletely defined.

The contributory role of intrinsic factors, such as Ephrin B2, the arterial endothelial marker
and EphB4, the venous endothelial marker are well known in remodeling process during
embryonic vascular development (Aitsebaomo et al., 2008, Herbert et al., 2009, Korff et al.,
2006, Pacilli and Pasquinelli, 2009, Rodriguez et al., 2007, Swift and Weinstein, 2009,
Taylor et al., 2007, Obi et al., 2009). However, the role of HHcy on these intrinsic factors in
the developed vessels is not understood. Ephrin B2 and EphB4 are the members of the eph-
ephrin subclass of receptor tyrosine kinases and complementary expression of the Ephrin B2
ligand and the EphB4 receptor in arterial and venous endothelium mediates proper
remodeling of the arterial and venous vascular network, and for a distinct boundary between
the two (Swift and Weinstein, 2009). Although the role of EphB4 and Ephrin B2 are well
documented in embryonic development of the blood vessels, their role in the adult
vasculature are still unclear (Taylor et al., 2007). Blood flow and blood pressure are two
important parameters for the determination of vascular structure and function. The
relationship between increased blood pressure and HHcy has long been established (Graham
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et al., 1997, Nygard et al., 1995, Jacques et al., 2001, Lim and Cassano, 2002, Kahleova et
al., 2002). We have shown in our previous study that there is a threshold relationship
between the blood flow and elastin/collagen ratio (Basu et al., 2010). However, the
relationship was reverted with respect to the MMP/TIMP ratio and the vascular wall
thickness. Therefore, in this study, we tested our hypothesis that HHcy causes vascular
remodeling not only by ECM deposition, but also by instigating vein phenotype in artery.
We used CBS+/− mice (a well established model of moderate HHcy) for our study. Folic
acid (FA) treatment was given to these mice to confirm any HHcy effect, as the FA is an
essential factor in remethylation pathway.

Materials and methods
Animal model

C57BL/6J (WT) and CBS+/− mice of C57BL/6J background of ages 100–130 days were
used for this study. The mice were obtained from Jackson Laboratories Inc, Maine, USA,
and housed in the animal care facility of the University of Louisville. The heterozygous
mutants of CBS+/− mice exhibit clinically-significant HHcy and are widely used to study
HHcy pathobiology in animal model. Therefore, we used these mice to study in vivo role of
elevated Hcy level. Both CBS+/− and C57BL/6J animals were divided into two groups, one
group were fed standard rodent chow and water ad libitum, and the other group was fed
standard rodent chow supplemented with folic acid (FA, 0.03 g / L) in water for 45 days. At
the end of the experiments, animals were deeply anesthetized with freshly prepared
Tribromoethanol (TBE, 240 mg/Kg body weight) and sacrificed to harvest the whole aorta.
All animal procedures were in accordance with the National Institutes of Health guidelines
for animal research and were approved by the Institutional Animal Care and Use Committee
of the University of Louisville.

Antibodies and reagents
MMP-2 antibody was obtained from Novas Biologicals, Littleton, CO. MMP-9, -12
antibody was purchased from Abcam Antibodies, Cambridge, MA, and TIMP-2 and -4 was
obtained from Chemicon International, Tamecula, CA. GAPDH antibody and HRP
conjugated secondary antibodies were bought from Santa Cruz Biotechnology, Santa Cruz,
CA.

In vivo blood pressure measurement
The animals were anesthetized by injection with TBE. A small incision was made carefully
in the throat area of the animal to isolate the carotid artery without damaging the attached
nerve. The portion of carotid artery proximal to the brain was tied with silk thread tightly, so
that no blood could circulate towards the brain. Another silk thread was used to make a knot
loosely at the part of carotid artery proximal to the heart. A small incision was made
between two knots in the artery. A catheter was inserted into the artery towards the heart.
Extreme care was taken to minimize damage to endothelial layer of the vessels of interest.
The other end of the catheter was attached to a pressure transducer. After catheterization,
heparin (100 µg/ml) (USB Corporation, Cleveland, OH) flush was done. The distal part of
the catheter was then attached to the PE-10 catheter cannulation instrument (CyQ, US) and
blood pressure was measured. The equipment was calibrated before using a standard blood
pressure meter in mmHg.

In vivo blood flow measurement
The animal was anesthetized with TBE. A window was made in the abdominal area below
the kidney, to isolate abdominal aorta. A transit time perivascular flow meter (Transonic
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System Inc, Ithaca, NY), equipped with transonic flow probe 0.5PSB630 was used to
measure blood flow in the aorta. The equipment was calibrated using a standard flow meter
in ml/min. The waveform of the blood flow was recorded using DMSI-100 software.

Ultrasound Doppler study for measurement of blood flow velocity and aortic lumen
diameter

Transthoracic echocardiography was performed on mice to achieve aortic blood flow from
an apical view using a SONOS 1500 or 2500 Hewlett-Packard, Inc, and a 12.5 MHz
transducer. The procedure was performed using TBE anesthesia to minimize cardio
depressing actions produced by other anesthetics. Anesthetized mice were shaved with hair
removal cream (Nair), and placed on a regulated heating pad to maintain the body
temperature. The blood flow velocity was recorded as cm/sec, and the aortic lumen diameter
was recorded in micron scale.

Histological tissue sectioning and staining
The aorta was isolated from each group of animal. Extreme care was taken at the time of
isolation to minimize tissue damage. The tissue was cleaned with phosphate-buffered saline
(PBS) containing 20 unit/ml heparin to get rid of any unwanted blood and viscera. The
tissue was then cut into approximately 2 mm pieces, placed vertically in tissue freezing
media (Triangle Biomedical Sciences, Inc., Durham, NC)] and was frozen in liquid nitrogen.
Frozen blocks with the molds were placed in a −70°C freezer. After one hour, a series of
7µm sections were cut and put on glass slides. Before staining, the slides were allowed to
come to RT. Frozen tissue sections were stained with one of the following staining kits
according to supplied protocol: Masson Trichrome, van Gieson’s or Hematoxylin and Eosin
(Richard Allen Scientific, Kalamazoo, MI).

Measurement of elastin and collagen intensity and blood vessel wall width
Cryosections of blood vessels were stained with Masson Trichrome, van Gieson or
Hematoxylin Eosin. All pictures were taken under light microscope attached with a digital
camera. In order to measure intensity of collagen and elastin staining of blood vessels,
densitometric data were collected by using Un-ScanIt software on scanned staining pictures.
From densitometric data, elastin: collagen ratio was calculated. Blood vessel widths were
also measured of hematoxylin eosin-stained vessels.

Western blotting technique
Samples of isolated aorta were taken from anesthetized mice. RIPA buffer (Thermo
Scientific Inc., Rockford, IL), supplemented with protease inhibitor and PMSF was used for
protein extraction. Protein was estimated by BCA assay, and 30 µg of total protein was
loaded in each well of 10% SDS-PAGE gels for detecting protein of interests. After
overnight transfer, membranes were blocked in 5% milk and incubated overnight with
primary antibody followed by secondary antibody for 2 hrs. An ECL plus Western blotting
detection system (GE Health Care, Little Chalfont, Buckinghamshire) was used to detect
bands. The membranes were stripped with membrane-stripping buffer (Boston BioProducts,
Worcester, MA) and reprobed with GAPDH antibody (Chemicon International) for loading
control. Intensity of bands was detected by Gel –Doc software, and was normalized with
their corresponding GAPDH control.

Concentration response and Passive stretch-tension relationship study
The aorta was isolated from the animal to measure passive stretch–tension relationship and
placed in ice cold physiological salt solution (PSS, 118 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCl2, 1.2 mM KH2 PO4, 1.2 mM MgSO4, 12.5 mM NaHCO3 and 11.1 mM glucose, pH

Basu et al. Page 4

Arch Physiol Biochem. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



7.4). The solution was continuously aerated with 20% O2, 5% CO2, and 75% N2. Fat tissues
and connective tissues were removed, and the vessels were cut into 2.5–3 mm pieces. The
vessels rings were mounted with two tungsten wires of same diameter attached to the
myobath and were placed in a 25 ml organ bath filled with PSS at 37°C. The PSS in the
myobath was constantly aerated with O2:CO2, 95%:5%, respectively. Rings were stretched
gradually to obtain optimal resting tensions, which were 1 g for the aorta and were
equilibrated for an hour. After equilibration, 25 µl phenylephrine (Phe) of 10−6 to 10−2 M
was added in the organ bath to make a final concentration of 10−9 to 10−5 M, respectively.
Acetylcholine (Ach) was added to the organ bath in similar manner as described for Phe.
Then the tissues were treated with sodium nitropruside (SNP) after a brief treatment of Phe
(10−5 M). The tissue responses were recorded graphically using mp100 software for 10
minutes of each for each drug concentration. The passive-stretch tension relationship was
obtained by increasing stretch 1mm at each time. The resulting increase in tension (g) was
recorded by using same software as described above. Tissue responses by Phe
concentrations and passive stretch-tension responses were normalized by respective tissue
weight, and the Ach and SNP responses was graphed in a % scale, assuming the basal tissue
condition as 100%.

Dihydroethidium staining for determination of ROS
The oxidative fluorescent dye, dihydroethidium (DHE; Invitrogen, Carlsbad, CA), was used
in frozen, 7µm aorta sections (40µmol, 30 mins), and the fluorescence intensity was
measured by a laser scanning confocal microscopy (Fluo View 1000, Olympus). The
method was adopted from Dayal et al (Dayal et al., 2006), and previously used by our group
(Sen et al., 2009). Negative control sections were incubated for 25 min with 250 U/ml
polyethylene glycol-superoxide dismutase (PEG-SOD; Sigma-Aldrich), before incubation
with DHE. Fluorescent images were analyzed with ImagePro software (Media Cybernetics,
Bethesda, MD).

In situ Zymography for determination of MMP activity
Seven µm frozen sections were used for this purpose. Tissue sections were incubated with
40 µmol DQ gelatin (Invitrogen) for 2 hours and fluorescence were measured by laser
scanning confocal microscopy without washing. Fluorescent images were analyzed with
ImagePro software.

RNA isolation and reverse transcriptase polymerase chain reaction
Total RNA was isolated from the tissues by using Trizol reagent (Invitrogen) according to
the protocol provided with reagent. Complementary total DNA was made by incubation of
RNA with oligo dT at 70°C for 6.00 min. The RT cycle was 25°C for 2.00 min, 42°C for
50.00 min, 75°C for 5.00 min, 4°C forever as described previously (Mishra et al., 2009). All
the primers were bought from Invitrogen. The primer sequences were:

EphrinB2 Forward, 5′TCCAGGAGGGACTCTGTGTGGAAG3′

Reverse,5′CGGGGTATTCTCCTTCTTAATTGT3′

EphB4 Forward, 5′CCCAAATAGGAGACGAGTCC3′

Reverse, 5′CGGGGTATTCTCCTTCTTAATTGT3′

TIMP-3 Forward, 5′GCCCTCCCATATGTATACCC3′

Reverse, 5′TAGGCCTCACCTCAAGTCTG3′

TIMP-1 Forward, 5′TCATCGGGCCCCAAGGGATCT3′

Reverse, 5′GCAGTGAAGAGTTTCTCATC3′

MMP-13 Forward, 5′AGGCCTTCAGAAAAGCCTTC3′
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Reverse, 5′CCCACCATAGTTTGGTCCAG3′

GAPDH Forward, 5′ATGGGAAGCTGGTCATCAAC3′

reverse,5′TGTGAGGGAGATGCTCAGTG3′

Statistical analysis
Each experiment was carried out using 4–6 specimens in each group. Data were analyzed by
ANOVA followed by Scheffe’s post-hoc test. Comparison between groups was made
according to Student’s independent “t’ test. Significance between groups was accepted at p
< 0.05. Values are means ± standard deviation (SD) of measurement.

Results
Blood pressure was increased in CBS+/− mice and was mitigated by folic acid treatment

Mean arterial blood pressure (MAP) as measured from the carotid artery was 104 ± 8 mmHg
in wild type (WT) mice (Figure 1). MAP in WT mice treated with folic acid (FA) did not
change (Figure 1, 103 ± 10 mmHg). Average MAP in CBS+/− mice was 119 ± 12 mmHg,
and it was significant increase compared to WT. Interestingly, CBS+/− mice treated with
FA showed normalized blood pressure (Figure 1). There was no difference in heart rate
among the groups (data not shown).

Decreased blood flow, blood flow velocity and arterial lumen diameter in CBS+/− mice
were mitigated by folic acid treatment

The blood flow (ml/min) in WT and WT + FA aorta was similar, which was 1.38 ± 0.07 ml/
min in WT vs 1.44 ± 0.07 ml/min in WT + FA (Figures 2A & B). The CBS+/− mice showed
significant decrease in blood flow (0.80 ± 0.2 ml/min), whereas CBS +/− mice treated with
FA ameliorated blood flow towards normal (0.99 ± 0.14 ml/min) (Figures 2A & B).

The aortic blood flow velocity in WT mice and WT mice treated with FA did not change
significantly (Figures 3A & B). In CBS+/− mice the aortic blood flow velocity was
significantly decreased compared to WT (Figure 3B). Folic acid treatment in the CBS+/−
group normalized the blood flow velocity (Figure 3B). The aortic lumen diameter was
significantly decreased in CBS+/− mice compared to WT, which was significantly increased
after FA treatment (Figure 3C). Contrary to this there was no significant difference of aortic
lumen diameter between WT and WT mice treated with FA (Figure 3C).

Increased aortic medial thickness in CBS+/− mice was mitigated by the folic acid
treatment

The aortic medial thickness was 1.5 µm×10−2 ± 0.2 in WT mice. This thickness was
significantly increased (3 µm×10−2 ± 0.5) in CBS+/− mice. Folic acid treatment almost
normalized medial thickness in CBS+/− mice (Figure 4).

Folic acid mitigated increased collagen/elastin ratio in CBS+/− aorta
The elastin content in WT aorta was 153±5 AU (Arbitrary Unit) (Figures 5A & B). In CBS
+/− mice without or with FA treatment elastin content was 150±4 AU and 151±5 AU,
respectively. There were virtually no changes in elastin content between the groups (Figures
5A & B). The collagen content in the WT aorta, CBS+/− aorta and in the FA treated CBS+/
− aorta was 109.9±5 AU, 141.05±11 AU and 134.9±8 AU, respectively (Figures 6A & B).
Thus, CBS+/− aorta showed a significant increase in the collagen content. The FA treatment
however did not mitigate the collagen content in CBS+/− aorta (Figures 6A & B).
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Interestingly, although there was not much difference of elastin content in the aorta among
the groups, the collagen/elastin ratio was significantly higher in the CBS+/− mice (0.95±0.1
AU) compared to WT (0.81±2.2 AU) (Figure 7A). FA treatment normalized this ratio in
CBS+/− aorta (0.81±0.2 AU) (Figure 7A). No difference was observed between WT and
WT with FA (data not shown).

Increased super oxide in the CBS+/− aorta was mitigated by FA treatment
The level of ROS, particularly super oxide in CBS+/− aorta showed significant increase
compared to WT and was normalized by FA treatment (Figures 8A & B). In WT aorta,
fluorescence intensity of DHE was 0.98±0.2 AU, in CBS+/− mice it was 2.33±0.4 AU, and
in CBS+/− + FA mice it was 0.96±0.1 AU.

Differential expression of MMP/TIMP regulated vascular remodeling in CBS+/− aorta
The expressions of MMP-2, -9 and -12 in the CBS +/− aorta were significantly increased
compared to WT, and these increases were mitigated by FA treatment (Figure 9). Similarly,
TIMP-2 expression significantly increased in CBS+/− aorta compared to the WT, and this
increase expression was mitigated by FA treatment (Figure 9). Unlike TIMP-2, TIMP-4 was
significantly decreased in the CBS+/− aorta compared to WT, and this FA was not able to
normalize this change (Figure 9).

In CBS +/− mice, increased vascular MMP activity was mitigated by FA treatment
The MMP activity level as measured in in situ Zymography, showed significant increase in
the CBS +/− aorta compared to WT (Figure 10). This was attenuated by FA treatment
(Figure 10).

Expression of MMP/TIMP mRNA and vascular markers in CBS+/−
TIMP-3 and MMP-13 RNA expression showed significant increase in the CBS+/− aorta
compared to WT (Figure 11), whereas TIMP-1 expression did not change significantly
(Figure 11). Treatment with FA mitigated TIMP-3 and MMP-13 expressions in CBS+/−
aorta (Figures 11).

The expression of aorta marker EphrinB2 in the aorta was significantly repressed in CBS+/−
aorta, whereas the expression of vena cava marker EphB4 showed significant increase
(Figure 11). FA treatment normalized the expressions of EphrinB2 and EphB4 in CBS+/−
aorta (Figure 11).

Endothelial dependent attenuated relaxation of CBS+/− aorta was ameliorated by FA
treatment

The concentration response of Phe (phenylephrine) showed similar response in aorta among
the groups as shown in the figures 12A. However, the CBS+/− aorta showed a slightly
increased, although not significant, at a Phe contraction of 10−5 mol compared to WT
(Figure 12A).The concentration response of Ach (acetylcholine) showed significant
decreased relaxation in CBS+/− aorta compared to WT. This decreased relaxation was
ameliorated by FA treatment (Figures 12B). Tissue relaxation in response to SNP did not
show significant differences among the groups (Figure 12C). Passive stretch-tension
relationship of aorta was impaired in CBS+/− animals compared to WT, and FA supplement
did not change this relationship in CBS+/− animals (Figure 12D).
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Discussion
Hyperhomocysteinemia (HHcy), an elevated homocysteine (Hcy) level, is a known
condition that causes vascular remodeling (Giusti et al., 2004), which includes hypertrophy
(Rodionov et al., 2010), collagen addition (Sen et al., 2010), matrix remodeling (Steed et al.,
2010), elevated reactive oxygen species (ROS) (Bao et al., 2010) and potential endothelial
dysfunction (Bhalodia et al., 2011). Many of these findings have previously been reported in
murine model of HHcy and summarized in the review article by Dayal et al (Dayal and
Lentz, 2008). Therefore, the purpose of our study was not to confirm these vascular changes
during HHcy, but was to determine any switch of venous characteristics in HHcy mediated
aortic remodeling. To our knowledge vascular remodeling and phenotypic change in the
artery was not studied before under HHcy condition. Our study is therefore novel in the
sense that this is the first attempt to address a phenotypic shift of aorta to vein during HHcy.

Artery by its phenotype has relatively more elastic tissue and therefore compliance with
vascular elasticity than vein. With the decreasing elasticity by either smooth muscle cell
proliferation and/or apoptosis, matrix remodeling by increased elastin degradation and
collagen deposition, artery may adopt physiochemical properties of vein. In this study, we
have demonstrated increased ratio of collagen/elastin and TMIP-3 during
hyperhomocysteinemia (HHcy). TIMP-3 is known to induce cell apoptosis (Bond et al.,
2002) and thus increased expression and activity contributes to vascular rigidity during
pathological condition. Here, we report that in addition to remodeling, which is related to
MMP/TIMP imbalance, increased matrix accumulation and apoptotic TIMP-3 expression,
aorta also exhibited increased expression of vein marker, EphB4 in HHcy. Folic acid (FA)
supplementation normalized this phenotypic shift of aorta in HHcy, suggesting that Hcy is
playing a role in this process.

All the measurements we have performed in the aorta support active vascular remodeling in
HHcy mice. Active remodeling was observed as an increase in the medial thickness,
increased collagen/elastin ratio, increased ROS production as evident by the DHE staining,
decreased lumen diameter and by the altered expression of MMPs and TIMPs than normal
(Bobik and Tkachuk, 2003). Increased MMP-2 level in the HHcy mice aorta suggests the
vascular remodeling, and the increased TIMP-2 expression that was observed in the HHcy
mice aorta is presumably an adaptive increase to mitigate the higher level of MMP-2 found
in CBS+/− mice. MMP-9 expression was also increased in the HHcy mice aorta. A similar
finding was observed by Watts et al (Watts et al., 2007), where an increase in MMP-9 level
suggests remodeling in the DOCA-salt sensitive hypertensive rats. Higher MMP-12 activity
in HHcy mice aorta suggests higher elastinase activity, although, the elastin content of the
HHcy mice did not show any difference than that of WT mice. It is possible that other
factors, such as different elastinases or TIMPs might have played a role in normalizing
elastin content in HHcy mice. Additionally, MMP-13 RNA, as determined from the PCR
study showed an increase in expression, which is presumably an adaptive increase to
mitigate the higher level of collagen content in the HHcy mice. Not only had that, in situ
zymography showed an increased expression of activated MMPs in the HHcy mice, which is
also in accordance to the vascular remodeling observed in the HHcy mice aorta tissue.

Increased production of ROS is known to cause endothelial injury and inflammation leading
to organ damage (Doughan et al., 2008, Mariappan et al., 2010). In the present study, ROS
production in the aorta was increased many folds in the HHcy mice, and was ameliorated by
folic acid (FA) treatment, suggesting ROS may play a role in Hcy mediated vascular
remodeling in the aorta tissue. Moreover, the increased collagen content and increased
collagen / elastin ratio in HHcy mice suggest a stiffer and less compliant vessel wall,
characteristic of a remodeled vessel. The decreased lumen diameter and increased medial
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thickness also imply on the vascular remodeling. In addition, elevated blood pressure, as
determined in our study in HHcy animal group, may also be an underlying cause for the
remodeling process. Similarly, elevation of MMP-9 expression also supports these
observations, and in accordance with the previous report (Rodriguez et al., 2007). Our
findings also suggest endothelial dependent attenuated vasorelaxation in HHcy mice group,
which is in accordance with the previous investigations (Stanger and Weger, 2003). The
elevated level of ROS in the HHcy mice group may partly explains that the impaired
vasorelaxation not only due to endothelial injury but also due to deactivation of NO by ROS
(Stanger and Weger, 2003). Although we did not measure inflammatory markers and / or
molecules in this study, our previous studies demonstrated that inflammatory molecules play
a significant role in the process to vascular remodeling in HHcy (Sen et al., 2009, Sen et al.,
2010, Sen et al., 2011). We also previously reported that HHcy induces TGF-β1 induction
(Sen et al., 2006) and is involved in cytoskeleton remodeling in cyclic stretch (Sen et al.,
2007). Whether a similar mechanism also contributes to the present remodeling process
needs to be thoroughly investigated. Furthermore, in stretch tension relationship the wild
type aorta showed highest response. This was presumably due to its low content of collagen
compared to HHcy mice.

The aortic endothelial marker EphrinB2 and the vena cava endothelial marker EphB4
expressions were changed in HHcy condition. EphrinB2 expression was decreased and the
EphB4 expression was increased in the aorta in HHcy condition indicating the phenotypic
change in the tissue and FA mitigated this phenotypic shift. In previous studies, change in
EphB4 and Ephrin B2 were reported in endothelial progenitor cells (EPC), with change in
sheer stress (Obi et al., 2009), which is somewhat related to our findings, as the high blood
pressure in the HHcy animals also causes high sheer stress. To our knowledge, not many
studies were done in adult animals. Our study is novel in studying the expression of these
two markers in the adult HHcy animals. Although we hypothesized that the HHcy condition
causes vascular remodeling by instigating vein phenotype in aorta, we cannot conclude that
only HHcy condition itself is instigating these changes in EphB4 and EphrinB2 expression
in the aorta. Rather, vascular remodeling caused by the HHcy condition, such as increase in
collagen/elastin ratio, smooth muscle proliferation and cell apoptosis may also be instigating
changes in the expression in these two markers and contributing to phenotypic shift.
Detailed studies on the upstream and downstream pathways can only explain the
mechanism(s) of this change.

Two observations are of enormously important in our study. First, FA corrected most of the
outcomes, and second, FA lowered the blood pressure to normal levels. One might argue
that the out comes, a purported venous phenotype, cannot be attributed to HHcy when blood
pressure is the more likely culprit. Using similar set up of experiments for coronary
vasospasm study, we previously reported that FA lowered Hcy level in CBS+/− animals (21
µmole/L in CBS+/− vs 12 µmole/L in CBS+/− + FA) (Qipshidze et al., 2010). Others have
also shown that in patients of HHcy FA reduced Hcy level (Toole et al., 2004, Armitage et
al., 2010, Ebbing et al., 2008). Since, it is known phenomena of FA, in this particular study
we did not measured homocysteine level. By FA administration to CBS+/− animals we also
observed normalized blood pressure. It is possible that by lowering Hcy, FA mitigated
hypertension. Measurement of Hcy level, and use of blood pressure lowering agent that does
not lower homocysteine level would have further reinforced our hypothesis, and need to be
addressed in future.
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Figure 1. Mean blood pressure
Bar graph showed mean blood pressure in different study groups. The mean carotid blood
pressure in CBS+/− mice significantly increased compared to WT, and was mitigated by FA
(folic acid) treatment. Data represents mean ± SD, n = 5. The * represents p< 0.01 versus
WT, and † represent p<0 .01 versus CBS+/− mice.
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Figure 2. Arterial blood flow
(A) Typical arterial blood flow waves from different experimental groups as measured in the
Transonic perivascular flow meter. (B) Graphical representation of the blood flow in aorta
of the same study groups. Blood flow in the aorta was significantly lower in the CBS+/−
mice compared to WT, and this was ameliorated by FA treatment. Data represents mean ±
SD, n = 6. The ** represent p<0.01 versus WT.
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Figure 3. Aortic blood flow velocity and lumen diameter
(A) Typical arterial blood velocity peaks are shown from different experimental groups as
measured in the ultrasound Doppler. (B) Graphical representation of the blood velocity in
different study groups. Blood flow velocity showed significant decrease in the CBS+/− mice
compared to WT, and ameliorated with FA. (C). Lumen diameter showed significant
decrease in the CBS+/− mice, compared to WT, and lumen diameter was increased with FA
treatment. Data represents mean ± SD, n = 6. The ** represents p< 0.01 versus WT, and †
represents p<0.01 versus CBS+/− mice.
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Figure 4. H & E staining and medial thickness
(A) H & E staining of the aorta showed gross morphological difference of the tissue in
different study groups. The whole picture of the aortas was taken in 4×1.6X; magnification
and the inset pictures were taken in 20×1.6X magnification. (B) Bar graphs showed
significant increase in the medial area in CBS +/− mice compared to WT, and this was
mitigated by FA treatment. Data represent mean ± SD, n = 5; and ** indicates p< 0.01
versus WT, and †† represents p<0.01 versus CBS+/− mice.
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Figure 5. van Gieson staining and elastin content
(A) The van Gieson staining of aorta showing elastin content of the tissue in different study
groups. The whole picture of the cross sectional aorta was taken in 4×1.6X magnification
and the inset pictures were taken in 20×1.6X magnification. The elastin content of CBS+/−
aorta showed no change. (B) The bar graph representing elastin content (Arbitrary Unit,
A.U.), and no difference was observed among the groups. Data represent mean ± SD, n = 5.
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Figure 6. Masson Trichrome staining and collagen content
(A) The Masson Trichrome staining of the aorta showing collagen in blue color. The whole
cross sectional picture of the aorta was taken in 4×1.6X magnification and the inset pictures
were taken in 20×1.6X magnification. (B) The bar diagram showing graphical presentation
of the collagen content. There was a significant increase of collagen deposition in the CBS+/
− aorta. Data represent mean ± SD, n = 5; *represent p<0.05 versus WT.
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Figure 7. Collagen/elastin ratio in aorta
Bar graph showing collagen/elastin ratio, and was significantly high in CBS+/− aorta
compared to WT. Data represent mean ± SD, n = 5; and * indicates p<0.05 versus WT.
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Figure 8. Dihydroethidium (DHE) staining of aorta to detect super oxide
(A) CBS+/− aorta showing higher intensity of red fluorescence, indicating more super
oxide, compared to WT. (B) The bar graph showing densitometric analysis of red
fluorescence. Data represent mean ± SD, n = 5; and ** indicates p<0.01 versus WT, and ††
represents p<0.01 versus CBS+/−.
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Figure 9. Western blot analysis of MMPs/TIMPs in the aorta
(A) Protein was extracted from aorta and equal amount of protein was resolved by SDS-
PAGE gel electrophoresis. Protein was transferred to PVDF membrane, and different MMPs
and TIMPs, as indicated in the figure, were detected using specific antibodies. Membrane
reprobed with GAPDH for loading control. (B) Bar graphs showing densitometric analyses
of protein expression and represented as fold changes over control (WT). Data represents
mean ± SD, n = 5. The * represent p<0.05 versus WT and † represent P<0.05 versus CBS+/
−.
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Figure 10. In situ zymography
(A) In situ zymography of aorta showing increase MMP activity in the CBS+/− aorta, which
was mitigated by FA treatment. Green fluorescence indicates active MMP. (B) Graphical
presentation of MMP activity. Data represent mean ± SD, n = 4; ** indicates p<0.01 versus
WT, and †† represents p<0.01 versus CBS+/−.
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Figure 11. Expressions of MMP, TIMP, Ephrin B2 and EphB4 mRNA in aorta
Total RNA was isolated and expression of specific mRNA was detected as described in the
Methods. Bar diagram indicating densitometric analyses of expressed mRNA over control
(WT). Data represents mean ± SD, n = 6. The *p<0.01 and ** p<0.05 versus WT, and †
represent p<0.05 versus CBS+/−.
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Figure 12. Vascular reactivity and passive stretch-tension in aorta
(A) Concentration dependent contraction of aortic rings by phenylephrine (Phe). (B) The
rings were pre-contracted by 10−5 M Phe, and then gradient dosages of acetylcholine (Ach)
applied to the myobath to relax the vessel in endothelial-dependent manner. (C) Pre-
contracted (by 10−5 M Phe) aortic rings were allowed to relax endothelial-independent way
by gradient concentrations of sodium nitropruside (SNP). : (D) The passive stretch-tension
relationship applied to the rings with gentle increase of tension manually in the myobath and
recorded. All data represents mean ± SD, n = 4–5. The ** and* represent p<0.01 and
p<0.05, respectively versus same concentration in WT, and † represent p<0.05 versus CBS
+/−.
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