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Abstract
Background and Aims—Homocysteine (Hcy) is a sulfur-containing, non-protein amino acid
produced in the metabolic pathway of methionine. Hyperhomocysteinemia is associated with
cerebro- and cardiovascular disease in industrialized countries mostly resulting from protein rich
diet and sedentary life style. Matrix metalloproteinases are involved in cardiac remodeling, leading
to degradation of intercellular junctions, cardiac connexins and basement membranes. The study
was designed to investigate the relationship between Hcy, cardiac remodeling, cardiac
performance, and rhythm disturbances in an animal model of hyperhomocysteinemia. We tested
the hypothesis that induction of matrix metalloproteinase-2 and matrix metalloproteinase-9 leads
to connexin 40, connexin 43, connexin 45 expression changes contributing to decreased cardiac
performance and disturbed atrioventricular conduction.

Methods and Results—Hcy was added to drinking water of male C57/BL6J mice to achieve
moderate Hcy blood levels. ECG was monitored in conscious mice with a telemetric ECG device;
echocardiography was used for assessment of left ventricular function. Immunoblotting was used
to evaluate matrix metalloproteinase-2, matrix metalloproteinase-9, connexin 40, connexin 43, and
connexin 45 expression in cardiac tissue. Animals fed Hcy showed significant prolongation of
QRS, QTc, and PR intervals along with reduced left ventricular function. Western blotting showed
increased expression of matrix metalloproteinase-2, matrix metalloproteinase-9 and decreased
expression of connexin 40, 43, and 45.

Conclusion—Hcy has been identified as a nutritional factor contributing to cardiovascular
disease. Cardiac remodelling induced by matrix metalloproteinase-2 and matrix
metalloproteinase-9 and decreased expression of connexin 40, 43, and 45 appears to play a role in
the pathomechansim of atrioventricular conduction delay and ventricular dilatation in
hyperhomocysteinemia.
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Introduction
Homocysteine (Hcy) is a sulfur-containing, non-protein amino acid derived from the
essential amino acid methionine. Hyperhomocysteinemia has been associated with cerebro-
and cardiovascular disease [1,2]. Physiologic total Hcy (tHcy) blood levels are less than 9
μmol/L, mild to moderate levels range in between 9.1 and 19.9 μmol/L, and levels >20
μmol/L are considered high [2]. Increased Hcy levels are seen in methionine rich diets, e.g.,
the typical protein rich western diet with a high content of meat, milk, eggs and legumes.
Smoking, coffee and alcohol consumption, lack of exercise, advanced age, male gender, and
postmenopausal hormone status are factors associated with higher Hcy plasma
concentrations [3]. Deficiency in folate, vitamin B12, and vitamin B6 (vitamins catalyzing
the reactions in the metabolic pathway of Hcy) in combination or alone are known to lead to
hyperhomocysteinemia. Drugs that decrease these vitamins, such as methotrexate and
nitrates, are indirectly responsible for high tHcy concentrations [3]. Hcy accumulates with
renal impairment as a result of decreased glomerular filtration rate and reduced clearance
[4].

Cardiac remodeling is a highly regulated process susceptible to environmental triggers and
noxious stimuli [5]. Matrix metalloproteinases reorganize, clean, and clear extracellular
matrix [6,7]. They regulate tissue architecture and activate, deactivate, or modify the activity
of signaling molecules, both directly and indirectly. Matrix metalloproteinases are also
involved in degradation of intercellular junctions and basement membranes and, therefore,
influence cell-to-cell communication [6]. Matrix metalloproteinase-2 and matrix
metalloproteinase-9 are cell membrane-linked metalloproteinases involved in vascular
remodeling. Their fibronectin domains allow them to connect to cell membranes near
cellular junctions. Reorganization around damaged tissue, removal of basement membranes,
and disruption of intercellular junctions increase the risk for disturbed electrical conduction
in the myocardium [7] and of developing ectopic foci as a result of disruption of cell-to-cell
communication and pathologic ion channel function [5]. Several rhythm abnormalities share
disorganized electrical conduction because of pathological changes in myocardial structure,
extracellular matrix, and conduction system itself, which can ultimately lead to sudden
cardiac death [8].

We tested the hypothesis that mild to moderate elevation of Hcy blood levels induce matrix
metalloproteinase-2 and matrix metalloproteinase-9 expression, initiate cardiac remodeling,
and interfere with connexin 40, 43 and 45 protein expression leading to cardiac rhythm
disturbances. To test this hypothesis, we created an animal model of mild to moderate
hyperhomocysteinemia, monitored ECGs in unsedated freely moving mice with a telemetric
device and used transthoracic two-dimensional (2-D) echocardiography to examine cardiac
performance changes. We assessed protein levels of myocardial matrix metalloproteinases
(MMP-2 and MMP-9), proteinase involved in cardiac remodeling, and connexins (connexin
40, 43, 45), gap junction proteins involved in cardiac conduction [9].
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Methods
Animal model

The University of Louisville’s Institutional Animal Care and Use Committee (IACUC)
approved all procedures. Eleven male C57/BL6J mice from Jackson Laboratory (Bar
Harbor, ME) 12 weeks old and 25 g in weight were included in this study. Animals were
given standard rodent chow and water ad libitum during a 7-day acclimatization period and
housed with a 12-hour light/dark cycle at 24°C according to IACUC criteria and guidelines
of the University of Louisville. Animals were randomly assigned to the control group (n=5)
or the Hcy-enriched diet group (n=6) for 12 weeks. For the 12-week study period, animals in
the Hcy-enriched diet group received standard rodent chow and drinking water
supplemented with 400 mg DL-Homocystine (Sigma Aldrich, St. Louis, MO) in 1 L water
to achieve mild to moderate Hcy blood levels (9.1 to 19.9 μmol/L). Control animals received
standard rodent chow and water ad libitum for the 12-week study period.

Homocysteine blood levels
Venous blood samples were taken at the end of the study period after two hours of fasting.
Samples were immediately centrifuged at 1000 g for 5 minutes at 4°C to separate plasma
from blood cells. Samples were immediately stored at −80°C until analysis. Hcy was
measured using a standard protocol by high-performance liquid chromatography (HPLC)
with fluorescence detection [10].

Telemetric electrocardiogram (ECG)
A telemetric radio frequency transmitter (DSI product TA10EA-F20, Data Sciences
International DSI, St. Paul, MO) with two leads (obtaining lead II reading) was implanted
subcutaneously on the animal’s middle back in week 10 of the 12-week study period.
Animals were isolated for recovery and observation of vital functions for 120 hours
postoperatively. ECG monitoring started 6–7 days postoperatively, provided that surgery-
related weight loss was compensated and wound healing was without complications. ECG
data were collected and analyzed using data analysis software and hardware for telemetric
monitored rodents (Art 3.1, Data Sciences International DSI, St. Paul, MN) Software related
set up required defining of time frames with an observation and collection window of 1
second. We defined time periods from 6:00 am until 8:00 am for 5 consecutive days in week
12 of the 12-week study period.

ECG assessment and measurements
Measurements of PQ time, QRS duration, QT time, heart rate corrected QT time as well as
R to R intervals were measured in all animals in the observed time period as described in
recent publications [11,12]. QT intervals were corrected for heart rate with Bazett’s [11]
formula QTc=QT/√[RR/100].

2-D echocardiography
All animals underwent echocardiographic measurements under sedation (Hewlett Packard
Sonos 5500 ultrasound machine, L15/6 Mhz transducer). Tribromoethanol (TBE) 1.25%
was injected intraperitoneally, maintaining spontaneous respiration. Assessments started 15
minutes after onset of anesthesia. Animals were placed supine on a heating pad, acoustic gel
was applied on the prepared chest. Left ventricular internal dimensions in systole and
diastole were assessed in M-mode in left parasternal short and long axis views. Fractional
shortening in percent was calculated as [Left ventricular internal dimension in diastole - Left
ventricular internal dimension in systole]/Left ventricular internal dimension in diastole ×
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100. Each animal was assessed upon arrival at 12 weeks of age and at the end of the 12-
week study period at 24 weeks of age.

Immunoblotting/Western blot for connexin 40, 43, 45 and matrix metalloproteinase-2 and
matrix metalloproteinase-9

Cardiac tissue was snap frozen and stored at −80°C. Samples were lysed in protein
extraction buffer (0.1% SDS, 0.5% deoxycholate, 1% Triton-100, 10 mM Tris pH 7.4) with
protease inhibitor added (100 nM aprotinin, 1 μM leupeptin and 1 mM PMSF) for Western
blot analysis. Bradford protein assay[13] was used to estimate protein amount. Proteins were
separated by polyacrylamide gel electrophoresis (SDS-Page) and transferred to
polyvinylidene fluoride (PVDF) membrane (BioRad, Hercules, CA). Transfer membranes
were blocked and then incubated with primary antibody (anti-connexin 40, 43, and 45
antibodies diluted 1:1,000 [Zymed, Carlsbad, CA] and anti-matrix metalloproteinase-2 and
-9 diluted 1:1,000 [Santa Cruz, Biotechnology, Santa Cruz, CA]). Washed membranes were
incubated with secondary antibody (goat anti-rabbit IgG HRP diluted 1:3,000, goat anti-
mouse IgG HRP diluted 1:3,000 [Santa Cruz Biotechnology, Santa Cruz, CA]). Connexin
40, 43, and 45 as well as matrix metalloproteinase -2 and 9 bands were normalized to β-
Actin bands (42 kDa) after detecting with enzymatic chemiluminescence method
(Amersham, GE Healthcare, Little Chalfrost, United Kingdom) according to the
manufacturer’s instructions. X-ray films with protein bands were scanned and viewed with
Un-Scan-It digitizing software Version 5.1 (Silk Scientific, Orem, UT). Arbitrary
densitometry units were compared with β-Actin controls.

Statistical analysis
Data means from all animals were compared within the study groups and between the study
groups using Student’s t test and for multiple comparisons Student-Newman-Keuls test if
indicated. Western blots were repeated four times for each antibody for each sample in the
study groups. Results were compared with each other using ANOVA and t-tests, when no
homogeneity of variance was obtained by F test. Data are presented as mean ± SE unless
otherwise indicated. P values < 0.05 indicate significance.

Results
Homocysteine blood levels

Total Hcy blood levels in serum were measured with HPLC. All animals fasted for two
hours prior to sample collection. Control animals had tHcy levels of 5.575 ± 3.216 μmol/L
and animals treated with Hcy for 12 weeks had significantly higher tHcy levels of 13.455 ±
2.691 μmol/L (P < 0.05). Fluid intake per animal ranged between 4 and 7 ml per day or an
overall average of 2.5 ml per 10 g. Thus, 400 mg Hcy added to 1000 ml led to an average
daily Hcy intake of 0.1 mg per g body weight.

2-D echocardiography
Controls showed significantly smaller left ventricular internal dimension in diastole of 2.99
± 0.1 mm compared with 3.23 ± 0.05 mm in Hcy-treated animals (P <0.05). Controls
showed also significantly lower left ventricular internal dimension in systole (1.05 ± 0.04
mm) compared with Hcy-treated animals (1.6 ± 0.05 mm) (P <0.01). These findings resulted
in a reduced left ventricular fractional shortening in Hcy-treated animals of 48.11 ± 1.57 %
compared with 69.78 ± 1.47 % in Control animals. Control animals showed significantly
smaller right ventricular internal dimension in diastole (0.59 ± 0.02 mm) compared with
Hcy-treated animals (0.79 ± 0.02 mm) (P<0.05). Table 1 shows the morphometric and
echocardiographic measurements.
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ECG waveforms and heart rate in control animals and Hcy treated animals
All control animals showed undisturbed atrioventricular conduction with P waves, QRS
complex, and T waves in the preselected time frames. Heart rate in control animals was 511
± 46 beats per minute (bpm) for a 5-day average. The 5-day average heart rate was higher in
Hcy-treated animals (548 ± 62 bpm), but the difference was not statistically significant
(P=0.105). Both groups showed similar patterns of activity levels or circadian changes in
12-hour day/night cycles over a 5-day average without any statistical differences between
the two groups in terms of greater or lesser activity in either night or day cycles. ECG
waveforms from a Control animal and an Hcy-treated animal are shown in Figure 1A and
1B. The representative Control animal in Figure 1A shows a regular sinus rhythm with
undisturbed atrioventricular conduction. Segments and intervals are illustrated as well. The
representative Hcy-treated animal (Figure 1B) shows an atrioventricular conduction delay of
466 ms, which is followed by irregular beats and compensatory rapid beats with an initial
loss of P waves. The shorter delay episodes after the initial recorded delay are 183 ms and
194 ms, respectively. P waves appear again after rhythm stabilization. Heart rate in this time
frame was reduced to 240 bpm.

PR, QRS, QTc and RR measurements in Controls and Hcy-treated animals
PR and QRS interval in Hcy-treated animals was significantly prolonged (P < 0.05)
compared with Control animals as displayed in Table 2. QTc in Hcy-treated animals (49.5 ±
1.8 ms) was prolonged more than 10 ms or more than 30% with a statistical significance of
P < 0.01 compared with Controls (37.0 ± 0.8 ms). There was no statistically significant
difference in R-toR duration between the two study groups in the defined two-hour time
frame.

Matrix metalloproteinase-2, matrix metalloproteinase-9, and connexin 40, 43 and 45 protein
expression

Matrix metalloproteinase-2, matrix metalloproteinase-9, connexin 40, 43 and 45 protein
expressions in Controls and Hcy-treated animals were assessed with Western blot. Figure 2
shows increased matrix metalloproteinase-2 (P<0.05) and matrix metalloproteinase-9
(P<0.05) protein expression in animals treated with Hcy compared with Controls. There was
a statistically significant decrease in connexin 43 (P< 0.05) and connexin 45 (P< 0.05)
expression in Hcy-treated animals compared with Controls and a trend for a decrease in
connexin 40 expression (p=0.28, no statistical significance) compared with Controls (Figure
3).

Discussion
This study examined the role of Hcy on cardiac function and atrioventricular conduction in
24-week old male C57/BL6J mice. We hypothesized that mild to moderate elevation of Hcy
blood levels induce matrix metalloproteinase-2 and matrix metalloproteinase-9 expression,
initiate cardiac remodeling, and interfere with connexin 40, 43 and 45 protein expression
leading to cardiac rhythm disturbances.

Total Hcy levels predict cardiac death and death of all causes according to a 10-year follow-
up study from Norway [8]. Elevated Hcy levels at hospital admission in patients with acute
coronary syndrome strongly predict late cardiac events [14]. Aggressive risk factor
modification to prevent cardiac events in patients with renal failure includes lowering of
Hcy levels. Nevertheless, patients’ risk for cardiac events is not reduced even with a
significant decrease in Hcy levels [4]. This finding suggests that a simple reduction of Hcy
blood levels does not address the underlying previous pathological mechanisms that led to
Hcy-induced tissue remodeling. The degree of tissue damage over a period of time and the
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degree of tissue remodeling after Hcy-induced damage remains unpredictable. It is
suggested that genetic polymorphisms play a major role in vascular vulnerability in
hyperhomocysteinemia and cardiovascular disease [15].

We chose to achieve mild to moderate Hcy blood levels over a 12-week period (Hcy levels
of 13.455 ± 2.691 μmol/L) based on results from Nygard’s study in 1997 [2]. Nygard and
colleagues [2] found that the adjusted dose-response relation between Hcy and mortality in
humans shows a nearly linear correlation from Hcy levels below 5 μmol/L to above 20
μmol/L with a steeper slope above 15 μmol/L. Previous studies show an inverse relationship
between Hcy blood levels and left ventricular systolic function in humans[16]. Our findings
show significant biventricular cardiac dilatation with Hcy-enriched diet, leading to reduced
contractility and fractional shortening after a 12-week period. Telemetric monitoring
allowed physiologic monitoring of ECGs in freely moving animals without anesthetic drug
interaction on the cardiac conduction system and myocardium. Hcy-treated animals showed
loss of QRS complexes and atrioventricular conduction delays followed by compensatory
tachycardic episodes. Loss of beats with following compensatory tachycardia in Hcy-treated
animals could explain an overall trend to higher heart rate averages (548 ± 62 bpm
compared with 511 ± 46 bpm in Control animals). Higher heart rates might also reflect a
direct effect of Hcy-induced increase in heart rate as a compensatory mechanism for a
decrease in ventricular performance to maintain cardiac output. Hcy-treated animals showed
a significant reduction in left ventricular fractional shortening in this study.

PR intervals reflecting atrioventricular conduction were significantly prolonged in animals
treated with Hcy compared with Controls. We recorded ECGs in Hcy-treated animals that
showed pauses of more than 550 ms with loss of atrioventricular conduction. Pauses of more
than 300 ms in Hcy-treated animals decreased the heart rate to less than 240 bpm, which is
less than 50% of their average heart rate. Delays of more than 500 ms lower the heart rate to
less than 150 bpm minute or 30% of physiologic average. These are severe bradycardic
episodes for a mouse. There is potential that Hcy-treated mice experience syncopal events.
QRS complex was significantly prolonged in Hcy-treated animals compared with Control.
PR prolongation with elevated Hcy blood levels might explain the association of an overall
increased risk of atrioventricular rhythm disturbances and atrial fibrillation in patients older
than 65 years of age, a group of patients who have also an increased risk for elevated Hcy
blood levels [8,17]. The QT interval was measured and corrected for heart rate (QTc) using
Bazett’s equation as previously described [11]. We found highly significant prolongation of
QTc interval in Hcy-treated animals compared with Controls. Long QT can lead to torsades
de pointes and deteriorate to ventricular fibrillation, which can lead to sudden cardiac death
if untreated. The combination of both atrial and ventricular conduction delays increases the
risk for fatal arrhythmias.

We suggest that matrix metalloproteinase-induced extracellular matrix remodeling affects
expression of connexin 40, 43 and 45, which leads to changes in cardiac gap junction
proteins connecting with cardiomyocytes and results in disturbed cell-to-cell
communication. Increased cardiac matrix metalloproteinase-2 and matrix
metalloproteinase-9 expression coincided with reduced expression of connexin 40, 43 and
45 in this study. Connexin 43 is found in both the atrium and ventricle; whereas, connexin
45 is almost exclusively found in ventricular myocytes. Connexin 43 and connexin 45 were
both significantly reduced in our study. Connexin “lateralization,” transmural distribution
changes and disorganization of gap junction proteins in presence of cardiac pathologies such
as heart failure and dilated atria have been described in recent literature [18,19]. Connexin
40 expression was reduced, but didn’t reach statistical significance; however, even small
reductions of this predominantly atrial gap junction protein involved in atrial impulse
propagation in rodents [20] might have led to the significant atrioventricular conduction
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delays in Hcy-treated animals found in this study. Beauchamp et al. [20] found that deletion
of connexin 43 in atrial myocytes led to a concomitant decrease in connexin 40 and
decreased propagation velocity in myocytes. These findings support our hypothesis that
changes in connexin 40 and reduced connexin 43 influenced atrioventricular conduction. We
propose that relocation of connexin 40, 43 and 45 might be a contributing factor to
atrioventricular conduction delay and prolonged ventricular depolarization and
repolarization in this animal model of hyperhomocysteinemia.

Clinical trials to decrease total Hcy blood levels [21] with dietary supplementation of
vitamins B6 and B12 have failed to lower the risk of cardiovascular disease, even though
Hcy levels were reduced [22,23]. The Framingham Study identified Hcy as an independent
risk factor for incident stroke in elderly patients [1]. Hcy and its compounds have been
identified to play a major role in clot formation, regardless of preexisting cardiac
pathologies [14]. Based on these findings, the International Stroke Council guidelines and
recommendations for prevention of cerebrovascular events include lowering of Hcy levels
along with lowering of triglycerides and cholesterol [24,25]. Thrombogenic potential [26]
and cardiac disease increases the chance for critical cardiac events with possible negative
outcome in hyperhomocysteinemia. Elevated Hcy is a marker for negative cardiac outcome
and sudden cardiac death in patients with cardiovascular disease [27]. Our findings lead us
to the conclusion that slight increases of Hcy blood levels have an impact on the
myocardium and cardiac conduction. Activation of matrix metalloproteinases and reduction
of cardiac gap junction proteins play a role in the pathomechanism of cardiac remodeling in
moderate hyperhomocysteinemia.
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Figure 1.
A. Recording of ECG waveform of a representative Control animal showing physiologic
segments and intervals. B. Recording of ECG waveform of a representative Hcy-treated
animal showing disruption in atrioventricular conduction with loss of P-wave. Length of
conduction delay measured in milliseconds in a 2-second time frame.
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Figure 2.
Immunoblotting for matrix metalloproteinase-2 and matrix metalloproteinase-9 expression
in myocardial tissue of Control and Hcy-treated animals. Data presented shows statistically
increased protein expression in Hcy-treated animals compared with Controls. Data presented
as mean ± SE. Stars (★) indicate P < 0.05 compared with Control.
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Figure 3.
Immunoblotting for connexin 43, 45 and 40 expression in myocardial tissue of Control and
Hcy-treated animals. There was a significant decrease in connexin 43 and connexin 45
expression in Hcy-treated animals. Connexin 40 expression was decreased in Hcy-treated
animals; however, it did not reach statistical significance. Data presented as mean ± SE.
Stars (★) indicate P < 0.05 compared with Control.
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Table 1

Morphometric and echocardiographic parameters assessed at the end of 12-week study period in control and
Hcy-treated animals

Parameter Control (n=5) Hcy-treated (n=6) P

Body weight (g) 27.09 ± 1.85 28.91 ± 2.20 >0.05

Heart weight (g) 0.154 ± 0.017 0.162 ± 0.030 >0.05

LVIDs (mm) 1.04 ± 0.04 1.60 ± 0.05 <0.01

LVIDd (mm) 2.99 ± 0.10 3.23 ± 0.05 <0.05

RVIDd (mm) 0.59 ± 0.02 0.79 ± 0.02 <0.05

FS (%) 69.78 ± 1.47 48.11 ± 1.57 <0.01

Data presented as mean ± SE. LVIDs, left ventricular inner dimension in systole (mm); LVIDd, left ventricular inner dimension in diastole (mm);
RVIDd, right ventricular inner dimension in diastole (mm); FS, fractional shortening (%).
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Table 2

Electrocardiographic data collected in week 12 of the 12-week study period from telemetric monitored control
and Hcy-treated animals

Parameter Control (n=5) Hcy-treated (n=6) P

Heart rate (beats per minute) 511 ± 46 548 ± 62 >0.05

RR (ms) 106.5 ± 3.6 103.6 ± 3.3 >0.05

PR (ms) 33.8 ± 0.7 37.6 ± 1.3 <0.05

QRS (ms) 17.7 ± 0.8 23.9 ± 1.3 <0.05

QTc (ms) 37.0 ± 0.8 49.5 ± 1.8 <0.01

Heart rate presented in as mean ± SD. RR, R-to-R interval (ms); PR, P-to-R measurements reflecting atrial depolarization (ms); QRS complex,
reflecting atrial repolarization and ventricular depolarization (ms); QTc, corrected QT time, reflecting ventricular depolarization and repolarization
(RR, PR, QRS and QTc data presented as mean ± SE).
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