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The amino acid intermediate homocysteine (Hcy) is formed during

the metabolism of methionine to cysteine. Hyperhomocysteinemia

(HHcy) is recognized as an independent risk factor for coronary ather-

osclerosis. The circulating levels of total Hcy (tHcy) can increase due

to intake of foods rich in methionine or deficiencies of vitamins such

as folate, pyridoxine and cyanocobalamin, which are required for the

metabolism of Hcy. In addition, mutations in the genes coding for Hcy

metabolizing enzymes can contribute to an increase in tHcy levels.

Clinical and epidemiological studies have shown that an elevated level

of tHcy measured in serum or plasma is a strong predictor of cardio-

vascular disease risk, which appears to be greatest in patients who

have HHcy following a methionine load. Intimal hyperplasia (IH)

(intima/media [I/M] ratio) is the universal response of a vessel to injury

and may result in vasoconstriction when left unattended. The effect of

dietary HHcy on balloon catheter-injured carotid artery and its mod-

ulation (if any) by the peroxisome proliferator-activated receptor

agonist gamma rosiglitazone was evaluated in 12-week-old female

Sprague-Dawley rats fed either a control diet or a diet containing

1% L-methionine. Once the rats were established on the diet, the

group that was fed 1% L-methionine was further subdivided and

either given an aqueous preparation of 3 mg/kg/day rosiglitazone

or the vehicle via oral gavage for one week. This was followed by

surgically injuring the left carotid artery using a Maverick Over-The-

Wire catheter (2.0 mm × 20 mm, 3.2F; Boston Scientific, USA).

The rats were continued on their respective diets and drug regimen

for 21 days postsurgery. On day 22 of the procedure, the rats were sac-

rificed for collection of blood, the carotid arteries and liver for bio-

chemical and histological evaluation. Compared with controls there

was a significant increase in both tHcy levels and I/M ratio in the

rats fed 1% L-methionine (5.4±0.28 µM versus 32.8±3.01 µM, P<0.002;

and 0.175±0.05 versus 1.05±0.23, P<0.005, respectively). The effect of

rosiglitazone in rats fed the control diet was not prominent. On the

other hand, administration of rosiglitazone to the rats on the 1%

L-methionine diet significantly reduced the levels of serum tHcy

(16.6±2.1 µM versus 32.8±3.01 µM, P<0.001); however, the tHcy levels

remained significantly elevated compared with animals on the control

diet (P<0.002). The group receiving the L-methionine diet plus rosigli-

tazone had an inhibition in the development of IH compared with those

receiving the L-methionine diet alone (I/M of 0.278±0.041 versus

1.05±0.23, P<0.01). Moreover, the development of IH in the group

receiving the L-methionine diet plus rosiglitazone treatment was not

significantly different from that observed in the group on the control

diet without rosiglitazone (0.278±0.041 versus 0.175±0.05, respec-

tively). These findings may have important implications in deciphering

the molecular mechanisms involved in the augmentation of IH in HHcy

and modulation of this process by rosiglitazone.
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Homocysteine (Hcy) is an intermediate formed during the
metabolism of methionine (an essential amino acid) to

cysteine. The first step in the metabolism of methionine is the
formation of S-adenosyl methionine. The methyl moiety of
S-adenosyl methionine is donated to methyl group acceptors,
resulting in the formation of S-adenosyl Hcy, which is then
deadenosylated to form Hcy. The Hcy can then be routed via the
remethylation pathway to the reformation of methionine or
routed via the trans-sulfuration pathway to the formation of
cystathionine and then cysteine (Figure 1). An increase in
total Hcy (tHcy) levels leads to the formation of an intra-
molecular thioester of Hcy, namely, Hcy thiolactone.

Hyperhomocysteinemia (HHcy), or increased serum con-
centrations of Hcy, is generally recognized as an independent
risk factor for coronary, cerebral and peripheral atherosclerosis
(1,2). Hcy is either totally absent or present in very small
quantities in various commonly consumed foods of vegetable
origin (3). Consumption of foods rich in methionine can have

a bearing on the tHcy concentrations. The circulating levels of
tHcy can increase due to metabolic defects, usually related to
alterations in the Hcy metabolizing enzyme(s). These are
either acquired, as are the cofactor (vitamin) deficiencies, or
are an inherited phenomenon. The inherited defects are gen-
erally due to mutations in genes coding for the enzymes of the
metabolism of Hcy (4,5). The inborn errors of metabolism and
related disorders are well documented in the literature (6,7).
Other than the acquired and/or the inherited factors, even
environmental factors and medications could contribute to
variations in the levels of tHcy (8).

HHcy is associated with vascular disease in general, but par-
ticularly in subjects with significant carotid stenosis (9,10). In
addition, Hcy is known to be involved in age-related diseases
such as osteoporosis, Alzheimer’s disease and diabetes. The cir-
culating levels of tHcy are contributed by cellular export
mechanisms, and these are known to increase in various con-
ditions (11). Many clinical and epidemiological studies have
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shown that elevated levels of tHcy measured in serum or plasma
are a strong predictor of cardiovascular disease (CVD) risk
(12). Mild-to-severe HHcy is known to cause harmful changes
in the vascular bed, neural tube formation and kidney function,
to name a few. Previous researchers have shown that the plasma
tHcy level is a strong predictor of mortality in patients with
angiographically confirmed coronary artery disease (13).
Elevated serum tHcy is associated with sudden unexpected
death in men and is especially associated with diabetes. In
addition, elevated serum tHcy is associated with an increase in
fibrous plaques and a relative decrease in thin-cap atheromas
(14). Also, in the absence of other known risk factors, it is
shown that HHcy stimulates the expression of monocyte

chemotactic protein-1, vascular cell adhesion molecule-1
and E-selectin in vivo. This leads to increased monocyte adhe-
sion to the aortic endothelium, which may contribute signifi-
cantly to the development of atherosclerosis by facilitating
monocyte/macrophage infiltration into the arterial wall (15).
There has been a constant effort to understand the mechanistic
aspects behind this.

Experimentally, HHcy can be induced by dietary manipu-
lation with methionine (16). The progression of events
involved in carotid restenosis in experimental HHcy can be
studied by injuring the carotid artery. Balloon catheter-
mediated injury (BCI) of the artery is a commonly used
method to study intimal hyperplasia (IH). Percutaneuos
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Figure 1) Metabolic pathway of homocysteine. CbS Cystathionine beta-synthase; MTHFR 5,10-methylenetetrahydrofolate reductase; SAH S-adenosyl-
homocysteine; SAM S-adenosylmethionine
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transluminal coronary angioplasty catheters have been used for
this purpose. Where one of the carotids can be injured, the
contralateral one can serve as a reference. Studies have shown
that HHcy increases IH following a carotid endarterectomy in
a rat model (17,18) and, therefore, HHcy was induced experi-
mentally in the present study.

The peroxisome proliferator-activated receptors (PPARs)
are ligand-activated transcription factors that increase tran-
scription of target genes by binding to a specific nucleotide
sequence in the gene’s promoter. These serve as receptors for
two very important classes of drugs: the hypolipidemic
fibrates and the insulin-sensitizing thiazolidinediones. Three
different PPAR isotypes can be distinguished: alpha (α), beta
(β) and gamma (γ). The beneficial effects of PPAR-γ ligands
include improving insulin sensitivity, decreasing hyperinsu-
linemia, increasing high density lipoprotein levels, lowering
blood pressure, decreasing the generation of reactive oxygen
species and improving vascular reactivity. The PPAR-γ ligand
rosiglitazone has been shown to have protective effects on
the vessel wall (19-21). We have observed that rosiglita-
zone, but not fenofibrate, attenuated IH independently of
insulin, glucose and triglyceride levels in the fatty Zucker
rat (20) (a model of insulin resistance and mild hyper-
glycemia [22]). Because these effects of rosiglitazone appear
to be (at least in part) independent of insulin resistance
(data on lean Zucker rat [20]), we tested the hypothesis that
rosiglitazone would alleviate the circulating levels of tHcy
and attenuate the augmented development of IH in a model
of dietary HHcy.

In view of the association between cardiovascular effects and
HHcy, it was surmised that if experimental HHcy would elicit
its effects on the progression of IH then the same could be mod-
ulated by rosiglitazone. It was observed that IH (following BCI)
was significantly higher in female Sprague-Dawley rats fed a 1%
L-methionine diet as opposed to controls fed normal laboratory
feed. The administration of rosiglitazone facilitated a reduction
in tHcy levels as well as the IH due to HHcy. These findings are
provocative for deciphering the molecular mechanisms
involved in the augmentation of IH following BCI in experi-
mental HHcy, and its modulation by rosiglitazone.

METHODS
The Institutional Animal Care & Use Committee of Tulane

University Health Sciences Center (New Orleans, Louisiana,

USA) approved the present study.

Animals and feeding schedule
Ten-week-old female Sprague-Dawley rats obtained from Harlan

Laboratories (USA) were divided into two groups and fed a diet

either without (control; n=7) or with methionine (experimental;

n=14). In preparing the methionine diet, 10 g of L-methionine

(Sigma Chemical Company, USA) was added to 1.0 kg of pow-

dered feed (Purina Co, USA) and mixed thoroughly. After an

acclimatizing period on the assigned diet, the rats on the methio-

nine diet were further subdivided and administered either an

aqueous preparation of 3 mg/kg/day rosiglitazone or the vehicle

using oral gavage before the induction of BCI. The animals were

continued on their respective diet and drug regimens for 21 days

post-BCI. All rats had free access to the feed and water, and were

maintained in a 12 h day/light cycle. The animals were weighed at

weekly intervals and constantly under the supervision of the vet-

erinarian all through the experimental period.

BCI
BCI of one of the carotid arteries was induced as previously pub-

lished (23). Briefly, a 2.0 mm balloon catheter was introduced

through the femoral artery to the left carotid. The balloon was

inflated to 405.3 kPa and held for 20 s, and then deflated to

202.6 kPa and dragged down to the aorta. Rats were sacrificed

three weeks after injury, and the carotid arteries were evaluated

microscopically.

Sample collection
A baseline sample of blood (obtained for the measurement of

serum tHcy) was collected under isoflurane anesthesia before

the beginning of the dietary regimen. At the end of the experi-

ment, rats were sacrificed using a CO2 chamber and from each

rat, the blood, carotid arteries, liver and other tissues were

excised. The blood samples were kept on ice and centrifuged

immediately at 4000 rpm for 20 min (Eppendorf Centrifuge

5810-R, Brinkman Instruments, USA), and the serum was sepa-

rated and stored frozen for further analysis. Liver tissue was

immediately sliced, and 1.0 g portions were frozen on dry ice.

These samples were stored at –70°C until analyzed. The carotid

arteries (both injured and contralateral) were flushed with normal

saline and transferred to cassettes for fixing and processing for

paraffin embedding, sectioning and staining.

Histology and morphometric measurements
The carotid arteries were separated and flushed with normal

saline for processing by conventional methods used for dehydra-

tion. They were cut from the top into four equal segments and

placed sequentially for embedding in paraffin. Sections of 4 µm

were cut and stained with hematoxylin and eosin for

microscopy. All four segments from each artery specimen were

analyzed at a magnification factor of 10, and the mean of the

four segments represented the intima/media (I/M) ratio, which

is an index of IH. Computerized digital microscopic software

(Image-Pro Plus 5.1, Media Cybernetics, USA) was used to

obtain measurements of the intimal and medial areas. The I/M

ratio was used to compare treatment groups.

Measurement of Hcy levels
The tHcy levels were measured by high-pressure liquid chromatog-

raphy according to an established method (24). Most methods of

determination of Hcy exploit the specificity of a thiol-specific fluo-

rogenic probe such as monobromobimane or 7-fluorobenzo-2-oxa-

1,3-diazole-4-sulphonate, thus facilitating the determination of

cysteine, Hcy, cysteinylglycine and glutathione. Briefly, the serum

samples are treated with a reducing agent, such as borohydride or

tri-n-butylphosphine, to reduce the disulfides. The samples are

then processed for derivatization with the fluorescent probe. After

the formation of the adducts, trichloroacetic acid is added to

precipitate the proteins. The samples are then centrifuged at

4000 rpm for 20 min to obtain the supernatant (containing non-

protein Hcy-adduct); the protein precipitate is hydrolyzed to lib-

erate the protein-bound Hcy-adducts. Both the protein-bound

and the nonprotein-bound Hcy (from the supernatant) put

together reflect the tHcy. The values of Hcy reported in the

present study are that of tHcy.

Statistical analyses
All data are expressed as the mean ± SEM. Computer-assisted sta-

tistical analysis (Sigma Stat 2.0, Statistical Solutions, USA) was

used for one-way ANOVA and Tukey test.
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RESULTS
Histology
In rats fed the control diet, development of IH occurred over
the three-week period and the I/M ratio was determined.
There was no significant change in the medial area following
catheter injury. For the rats on the methionine diet, the I/M
was 1.05±0.23. The animals which were on the methionine
diet but administered rosiglitazone had a significant decrease
in the I/M ratio (0.278±0.041). The animals on the methionine
diet exhibited augmented development of IH; however, this
augmentation was attenuated by treatment with rosiglitazone.

Development of IH
Summary data for the effect of rosiglitazone on IH are presented
in Figure 2. The group of animals receiving the control diet had
an I/M of 0.175±0.05. In the group on the methionine diet,
however, the development of IH was markedly augmented (I/M
of 1.05±0.23), which was significant compared with animals on
the control diet (P<0.005). Administration of rosiglitazone to
the group receiving the methionine diet inhibited the develop-
ment of IH observed in the presence of the methionine diet
alone (I/M of 0.278±0.041, P<0.01). Also, the development of
IH in the group on the methionine diet plus rosiglitazone treat-
ment was not statistically different from that observed in the
group on the control diet without rosiglitazone treatment
(0.278±0.041 versus 0.175±0.05, respectively, P<0.918).

Hcy levels
Summary data for serum Hcy are presented in Figure 3. For the
control diet, the tHcy level was 5.4±0.28 µM. Administration
of rosiglitazone to animals on the control diet did not affect
the tHcy level. Rats receiving the methionine diet exhibited
markedly enhanced levels of Hcy (32.8±3.01 µM) that were
statistically significant compared with animals on the control
diet (P<0.002). When rosiglitazone was administered to the
animals on the methionine diet, the serum tHcy was signifi-
cantly reduced (16.6±2.1 µM) compared with the methionine

diet alone (P<0.001). The tHcy levels remained elevated com-
pared with the controls and this was statistically significant
(P<0.002). The cystathionine β-synthase (CβS) activity in
the animals on the methionine diet and given rosiglitazone
was higher than that of the animals on the methionine diet
alone.

DISCUSSION
The present study shows that the PPARγ agonist rosiglitazone
attenuates IH following arterial BCI in a model of dietary
HHcy. Additionally, the demonstration of rosiglitazone
decreasing serum tHcy levels in methionine diet-fed animals was
very innovative. A possible mechanism for the rosiglitazone-
mediated effect has been reported (25,26). High methionine
intake has been shown to accelerate atherosclerosis (27).
Compared with Sprague-Dawley rats fed the control diet (I/M
of 0.175±0.05), a significant increase in the hyperplastic
response was observed in rats on the methionine diet (I/M of
1.05±0.23). This effect was significantly reduced by rosiglita-
zone (I/M of 0.278±0.041). PPARγ ligands have been previ-
ously reported to decrease IH in animal models of diabetes and
insulin resistance, as well as decreasing stent reocclusion in
humans following angioplasty and stent implantation
(20,21,28,29). We have recently demonstrated that rosiglita-
zone reduces IH to a much greater extent than PPARα ligands
and this effect was independent of insulin, triglyceride and glu-
cose levels, suggesting a possible direct effect on vascular
smooth muscle cell proliferation and DNA synthesis (20). The
present model of angioplasty-induced injury employs the
catheter approach routinely used in human subjects. This
approach avoids additional and more global injury to the carotid
associated with both endartectomy and/or a direct approach
where the catheter is inserted through an incision in the carotid.

The methionine diet resulted in an increase in serum tHcy
compared with the controls (32.8±3.01 µM versus 5.4±0.28 µM,
respectively). This elevation (an independent risk factor for
CVD) is similar to the range observed in clinical cases. The IH
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Figure 2) The effect of rosiglitazone on the rate of development of
intimal hyperplasia (IH) in the carotid artery following balloon catheter
injury. *In animals fed a high methionine diet, the development of IH
was significantly augmented (P<0.005); #Administration of rosiglita-
zone to animals on the methionine diet inhibited the increase of IH
observed in the presence of the methionine diet alone (P<0.01).
Adapted from reference 26. I/M Intima/media

Figure 3) Total serum homocysteine (Hcy) levels in rats on different
dietary and treatment regimens. *Animals on the methionine diet
exhibited significantly enhanced levels of Hcy compared with animals
on the control diet (P<0.002); #Administration of rosiglitazone to the
animals on the methionine diet significantly reduced the serum Hcy
(P<0.001 compared with the methionine diet alone); however, the Hcy
levels remained statistically elevated compared with animals on the control
diet (P<0.002). Adapted from reference 26
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following catheter injury in the group fed the methionine diet
was more than fivefold higher than in controls (I/M of 1.05±0.23
versus 0.175±0.05). Treatment with rosiglitazone reduced the
tHcy levels to 16.6±2.1 µM, and reduced the I/M to 0.278±0.041.
The reduction in IH in response to rosiglitazone was not signifi-
cantly different from the group on the control diet. The tHcy
level, on the other hand, was significantly reduced and remained
elevated compared with the control diet group (P<0.001). This
could be due to the continuous feeding of the 1% L-methionine
diet throughout the experimental period. In some respects, this
observation on serum tHcy levels is not surprising because the
levels following treatment are analogous to those in humans who
have a normal methionine load test. We know of no treatment
currently available that will remedy this. The treatment strate-
gies for reducing tHcy levels (following a methionine load) to
that observed in either animals or humans who have not been
similarly loaded are limited and, therefore, we believe the post-
treatment level to be the maximum possible.

The present study demonstrates that rosiglitazone stimulates
the activity of CβS in a methionine-fed animal, and is in line
with our earlier report on troglitazone and rosiglitazone in ani-
mals fed a normal diet with no additional methionine (25).
Because CβS catalyzes the irreversible conversion of Hcy to cys-
tathionine, these data suggest that the reduction in serum tHcy
levels in the present study was due, at least in part, to the
increased metabolism of Hcy in the rosiglitazone-treated group.
Other data highlight the importance of CβS in increased ath-
erosclerosis in mice genetically modified to have a deficiency of
this enzyme (30). Furthermore, this enzyme is critical in lowering

serum tHcy following a methionine load. High methionine intake
has also been shown to accelerate atherosclerosis (27). To our
knowledge, there is little activity of CβS in vascular tissue (31)
and, therefore, we have only measured the activity of this enzyme
in the liver where it is most abundantly expressed and active.

The PPARγ ligands have been previously reported to decrease
IH in animal models of diabetes and insulin resistance, as well as
decreasing stent reocclusion in humans following angioplasty and
stent implantation (20,21,28,29). We have recently demonstrated
that rosiglitazone reduces IH to a much greater extent than the
PPARα ligand fenofibrate, and this effect was independent of
insulin, triglyceride and glucose levels, suggesting a possible
direct effect on vascular smooth muscle cell proliferation (20). A
similar effect was seen in lean Zucker rats, demonstrating that the
effect of rosiglitazone is independent of its effects on ameliorating
insulin resistance (20). Our data are important in light of recent
clinical trials demonstrating the lacunae in vitamin therapy (32).
Hcy remains a risk factor for CVD and stroke (32,33).
Alternative strategies, such as the use of a PPARγ agonist, offer a
previously unrecognized therapeutic option.

CONCLUSIONS
The PPARγ agonist rosiglitazone can reduce tHcy-augmentation
of catheter-induced vascular injury and also reduce the eleva-
tion of serum tHcy induced by a methionine diet. The reduc-
tion observed is due in part to the stimulation of the activity of
CβS activity by the PPARγ agonist. These findings may have
important implications for preventing CVD and cardiovascular
events in patients with HHcy.
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