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Abstract

Background—Alterations of endothelial nitric oxide synthase (eNOS) enzyme activity via eNOS
gene polymorphisms have been associated with significant cardiovascular morbidity and mortality.
Both the thymidine to cytosine transition mutation (T~/86—C) in the promoter region and the
missense mutation in the exon 7 coding region of the eNOS gene (G84—T) have been associated
with several cardiovascular disease states. We hypothesized that heart transplant recipients who
carried at least one allele of either of the polymorphisms would have reduced myocardial tissue
expression of eNOS measured in the explanted heart.

Methods/Results—Genomic DNA was isolated from myocardial tissue samples obtained from

43 explanted human hearts using standard methods. Regions of the eNOS gene were amplified from
genomic DNA with a polymerase chain reaction using specific primers. Protein expression of eNOS
was measured by Western blot analysis. There was a statistically significant decrease in mean eNOS
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expression in samples containing at least one allele for the T-/86—C promoter polymorphism (p =
0.04) compared to patients homozygous for the T allele. There was no change in eNOS expression
associated with the G8%—T exonic polymorphisms. Conclusions: Our data show in failing human
myocardium that the T~786—C promoter polymorphism is associated with reduced eNOS expression
whereas the G8%4—T polymorphism of exon 7 is not associated with change in either eNOS mRNA
or protein expression. Reduced eNOS expression associated with the promoter polymorphism may
contribute to the vascular, contractile, and autonomic responses to ventricular failure.
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INTRODUCTION

The role of nitric oxide (NO) in the regulation of vascular homeostasis is well known. In
addition, NO has been found to have significant influence in maintaining cardiac autonomic
balance as well as playing an important role in myocardial contractility. [1-5] Given the effects
of NO on the peripheral vasculature and autonomic tone, an increase in NO production is
thought to have a cardioprotective effect. [3,4]

Endothelial nitric oxide synthase, encoded by a 26-exon gene located on chromosome 7, is one
of atriad of enzymes that facilitate production of NO through an L-arginine mediated pathway.
[1] Impaired eNOS mediated NO synthesis is associated with significant cardiovascular risk
factors (glucose intolerance, arterial hypertension and hyperlipidemia) in animal models. [3,
4] Additionally, it has been shown that reductions in eNOS activity have an adverse impact on
event-free survival in patients with congestive heart failure.[6] In humans, several
polymorphisms of the eNOS gene have been described and are thought to lead to altered NO
bioavailability. As a result, these polymorphisms may lead to increased disease risk in parallel
with that demonstrated in animal models. In particular, a thymidine to cytosine (T to C)
transition mutation (T~/86 —C) in the promoter region of this gene has been described. This
polymorphism has been associated with reduced eNOS expression in cell reporter systems and
has been linked to spontaneous coronary artery vasospasm, atherosclerosis, and autonomic
imbalance in patients with heart failure [6,7]. A second polymorphism involving a missense
mutation in the exon 7 coding region of the eNOS gene (G8%4—T) has been associated with a
higher prevalence of hypertension, coronary artery disease and myocardial infarction [8-10].

It has been presumed that the deleterious effects of these polymorphisms are the result of
reduced eNOS mRNA expression, yet this has not been confirmed by analysis of adult human
tissue. In vivo demonstration of reduced eNOS expression associated with single nucleotide
polymorphisms (SNPs) would provide important mechanistic evidence for their impact on a
variety of cardiovascular disease states. To test whether these polymorphisms determine eNOS
expression in vivo, we performed quantitative polymerase chain reaction (QPCR) for eNOS
mMRNA expression and Western analysis for eNOS protein in samples of myocardial tissue
obtained from the explanted hearts of patients undergoing heart transplantation.

MATERIALS AND METHODS

Subjects

Approval for use of human subjects was obtained from the Institutional Review Board of The
Ohio State University. Left Ventricular tissue was obtained from the explanted hearts of forty-
three consecutive patients undergoing orthotopic heart transplantation through The
Cooperative Human Tissue Network: Midwestern Division at the Ohio State University. Tissue
was stored at —80°C until further processing as described below.
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Extraction and amplication of DNA—A standard salting-out method was used to extract
Genomic DNA from tissue. The T-786—C polymorphism genotypes of eNOS were determined
by polymerase chain reaction (PCR) amplification using the primers 5-TGG AGA GTG CTG
GTG TAC CCC A-3' (sense) and 5'-GCC TCC ACC CCC ACC CTG TC-3' (antisense). PCR
reactions were performed in 50 pl volumes that included approximately 300ng of genomic
DNA template, 18uM of primers, 2.5mM of each dNTP, 5ul 1.5mM MgCI2 ammonium buffer
(Gene Choice, Frederick, MD), and 2.5U of DNA Taq Polymerase(Promega, Madison, WI).
The PCR mixtures were heated to 94°C for 4min and underwent 35 cycles at 94°C for 30s for
denaturation, 65°C for 30s for annealing, and 72°C for 1minute for extension. Following the
35 cycles, the final product was obtained from a ten minute extension cycle at 72 °C.

The eNOS genotypes for the G-T substitution in exon 7 (G894—T) were determined by PCR
amplification using the primers 5-GAA ACG GTC GCT TCG ACG T-3' (sense) and 5’ — ATC
CCA CCC AGT CAA TCC CT-3' (anti-sense). Polymerase chain reaction was performed in
a 50 pL reaction volume that included approximately 300 ng of template genomic DNA, 18
uM of each primer, 2.5 mM of each dNTP, 21 mmol/mL MgCl,, 5 uL of 10x PCR buffer, and
2.5 U of Tag DNA polymerase. Samples were amplified for 35 cycles as follows: 94°C for 45
seconds for denaturation, 47°C for 2 minutes for annealing, and 72°C for 2 minutes for
extension. Extension was conducted at 72°C for 10 minutes.

Determination of promoter and exonic genotypes—DNA amplified for the T-786—C
promoter polymorphism was digested with Msp | (New England Bio-labs, Ipswich, MA) for
at least 3 hours at 37 °C. Amplified DNA targeting the G8%4—T polymormphism was digested
with Mbol for 3 hours at 37°C. Digested fragments for both polymorphisms were separated
by electrophoresis in 4% agarose and visualized using ethidium bromide staining. Allele base
pair measurement was determined by using the $X174 RF DNA/Hae 11l Fragments standard
ladder (Promega, Madison, WI). For the promoter polymorphism, fragments of 140 and 40bp
were determined to be the wild-type allele (allele “T”),and fragments of 90, 50, and 40bp
indicated presence of the “C” allele. [11] For the G84—T exonic polymorphism, fragments
of 206 bp indicate the wild-type allele (allele “G™), and fragments of 119 and 87 bp indicated
the polymorphic variant (allele “T”).[11]

Quantitative PCR (Real Time PCR)

Extraction of mMRNA—Total RNA was isolated with the use of RNA-BEE(Teltest,
Friendswood, TX) and quantified by using a spectrophotometer with 260-280nm ratios.
Reverse transcription was performed using 2ug of total RNA and random hexamers
(PerkinElmer, Norwalk, CT) as primers for first-strand synthesis of cDNA and the following
conditions: 70 °C for 2 minutes, 42 °C for 60 minutes, and 94 °C for 5 minutes.[12]

Quantification of MRNA—Quantitative PCR was used to measure transcript levels of eNOS
genes in left ventricular heart tissue. For all assays, commercially available pre-designed
primer/probe sets were utilized per the manufacturer’s recommendations (Assays On Demand;
Applied Biosystems, Foster City, CA) and 2X TagMan Universal PCR Master Mix (Applied
Biosystems). Pre-designed primer/probe sets were used (Applied Biosystems) with human -
actin serving as an internal control in a separate reaction well. Data were analyzed using
Sequence Detector software (version 1.6; Applied Biosystems).

Expression levels were quantified as the difference between number of cycles required to
achieve threshold for the target eNOS mRNA and that required for the beta actin house keeping
gene (delta threshold).[12] Messenger RNA expression quantified by this method is inversely
proportional to the value of the expression measure. Therefore, to allow a more intuitive
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representation, values are expressed as the reciprocal of the delta threshold (MRNA expression
is directly related to the magnitude of the measure).

Protein Quantification

Statistics

RESULTS

Western blot analysis was performed to determine whether eNOS protein expression
corresponded to differences in mMRNA expression. Western blots were performed on
homogenates of human heart tissue with antibodies to eNOS (Santa Cruz, Calif) and GAPDH
(Cell Signaling, MA). Proteins were separated on 7.5% SDS-PAGE gels and transferred to
nitrocellulose membranes. The membranes were probed with the primary antibodies: eNOS
(1:2000, overnight, 4°C) and GAPDH (1:5000). The eNOS protein expression was normalized
to GAPDH.

Statistical analysis was performed using the two-sample Wilcoxon rank-sum (Mann-Whitney)
test to evaluate differences in mean eNOS expression. Kruskal Wallis nonparametric analysis
was used to evaluate eNOS expression among multiple genotypic combinations. Non-
parametric analyses were used given the relatively small sample numbers precluding
confidence in the assumption of any parametric distribution of the data.

Demographic characteristics, ejection fractions, New York Heart Association Functional Class
(NYHA FC), UNOS status, and use of positive inotropic agents in the different polymorphic
groups are shown in Table 1. There were no signficiant differences in NYHA FC, UNOS status,
ejection fractions, proportion of Caucasian subjects, proportion of patients with ischemic
etiology of cardiomyopathy, or patients treated with positive inotropic agents among the
different polymorphic groups. Patients homozygous for the wild type exonic gene were
significantly (p = 0.05) younger than those with at least one copy of the polymorphic variant.
There was a significantly greater (p = 0.03) proportion of women in those subjects homozygous
for the wild type promoter gene as compared to those with at least one copy of the polymorphic
variant. However, neither of these variables was significant in multivariable statistical models
or showed significant interactions with the gene polymorphisms in terms of mMRNA or protein
expression.

Twenty five samples were found to be heterozygous for the T~786—C eNOS promoter
polymorphism (TC). Three samples were found to be homozygous for the polymorphism
(Table 2). This distribution of genotypes was not consistent with Hardy-Weinberg proportions
(Chi Square p < 0.05). Compared to data reported in multinational populations
(www.nchi.nlm.nih.gov/SNP), the sample in this investigation was characterized by a higher
proportion of patients carrying at least one copy of the polymorphism. Messenger RNA
expression in the three samples homozygous for the promoter polymorphism did not differ
from those measured in heterozygotes. Therefore, the three homozygous samples were grouped
with the heterozygous samples for comparison with the homozygous wild type samples. Using
the two-sample Wilcoxon rank-sum test there was a statistically significant difference (p =
0.04) in mean eNOS expression in the combined (TC/CC groups) compared to wild type (TT)
genotype. Samples containing the eNOS promoter polymorphism were found to have a
significant (p= 0.04) >50% decrease in MRNA expression compared to samples that were
homozygous for the wild type gene (0.23 + 0.32 versus 0.42 + 0.29 reciprocal expression units
relative to beta actin house keeping gene; Figure 1).

Eighteen samples were heterozygous for the G to T eNOS exon 7 polymorphism (Table 2).
One sample was homozygous for the polymorphism (TT) and was combined with the
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heterozygous samples for comparison with the homozygous wild type samples. The
distribution of these alleles was consistent with Hardy-Weinberg proportions (p = 0.5). There
was no statistically significant difference in mean eNOS expression in the combined (GT/TT)
groups compared to the wild type (GG) genotype (p > 0.5; Figure 1).

Seven samples were either heterozygous (TC) or homozygous (CC) for the eNOS promoter
polymorphism and were homozygous for the wild type exon 7 gene (GG). Three samples were
heterozygous (GT) for the eNOS exon 7 polymorphism and were also homozygous for the wild
type promoter (TT). Kruskal Wallis nonparametric analysis revealed a statistically significant
decrease (p < 0.05) in mean eNOS expression in samples which had at least one allele of the
T-786_,C eNOS promoter polymorphism and which were homozygous for the wild type exon
7 gene vs. samples having one allele for the G8%4—T eNOS exon7 polymorphism but
homozygous for the wild type promoter.

Sixteen samples had at least one copy of both the T-786—C and G84—T eNOS
polymorphisms. There was a trend (p = 0.1) toward a reduction of mean eNOS expression in
those samples having at least one copy of both polymorphisms vs. all others including wild-
type homozygous samples.

The results of Western blot analysis are shown in Figure 1. In parallel with the mMRNA
expression, there was a significant (p<0.05) reduction in eNOS protein normalized to GAPDH
in patients who were heterozygous or homozygous for the promoter polymorphism compared
to patients homozygous for the T allele. In contrast, there were no differences in eNOS protein
expression with the different genotypes for the exonic polymorphism.

Etiology of Cardiomyopathy

Ischemic or non-ischemic etiology of cardiomyopathy was not found to be a determinant of
differences in mMRNA or protein expression in any of the above analyses for either of the gene
polymorphisms and was not found to have a significant interaction with genotypes in the
statistical models.

DISCUSSION

Our data provide the first demonstration in human myocardial tissue that the T-/86—C
promoter polymorphism is associated with a significant reduction of eNOS mRNA expression
and a corresponding reduction in eNOS protein. In contrast, the G8%—T polymorphism in
exon 7 was not associated with altered eNOS expression. This finding is critical in extending
the link between gene polymorphisms and clinical outcomes beyond purely associative studies
by identifying the impact of a polymorphism on gene transcription and protein expression.

We show direct evidence for reduced mRNA expression in myocardial tissue obtained from
humans with dilated cardiomyopathy and therefore the observations reflect the in vivo tissue
environment and do not rely on artificial cell reporter systems or animal models. [13] The
observations are, however, consistent with the reported influence of the promoter
polymorphism on transcriptional activity in these model systems. In addition, our data are
consistent with the reported reduction of eNOS mRNA expression in human platelets
exhibiting the T~786—C promoter polymorphism.[14]

The expression data we report provides a molecular basis for prior studies associating eNOS
polymorphisms with physiologic and clinical outcomes. Several studies have described a link
between the T~786—C promoter polymorphism and the prevalence of coronary artery
vasospasm, peripheral vascular disease and myocardial infarction.[13,15,16] In accordance
with our mMRNA and expression data, Rossi and colleagues demonstrated significant changes
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in vascular reactivity in association with the eNOS promoter polymorphism. [16] They did not
find an independent association of the exon 7 polymorphism and vascular reactivity, which is
in agreement with the mRNA and protein expression data in our study. Cattaruzza and
coworkers found that human umbilical vein endothelial cells demonstrated decreased eNOS
mRNA and protein expression in response to shear stress in the presence of the promoter
polymorphism. [17] We have reported that patients with congestive heart failure who are
homozygous for the T~786—C promoter polymorphism of the eNOS gene have significantly
advanced autonomic imbalance.[7] This autonomic imbalance is consistent with that which
would be predicted for a reduction in NO availability resulting from a loss of function eNOS
polymorphism. It is noted that in the current study, we combined the TC and CC groups for
statistical purposes owing to the relatively small number of subjects homozygous for the
polymorphism. The hypothesis of the study of autonomic imbalance was that two copies of
the promoter polymorphism would be required to produce a measureable change in autonomic
balance considering the multiple inputs to autonomic regulation including other enzyme
sources of nitric oxide. Therefore, the expression data reported in the current study in adult
human myocardial tissue are consistent with the role of the eNOS promoter polymorphism in
modifying cardiovascular function proposed in the above studies.

Although we did not identify significant differences in mRNA or protein expression associated
with the G894—T polymorphism in exon 7, some studies have shown reduced event free
survival associated with this gene variant in the heart failure population [4]. However, there is
also considerable conflicting data in regards to cellular and clinical associations with this
polymorphism.[18-20] The G894—T polymorphism results in the substitution of a glutamate
residue for an aspartate at position 298 within the protein and is not likely to alter protein
function to a considerable extent.[21] Initially it was suggested that this polymorphism resulted
in eNOS intracellular cleavage by an unknown protease, hypothesizing a potential mechanism
for enzyme impairment. [22] Subsequent studies have not reproduced these findings and have
provided evidence for extracellular eNOS cleavage. This suggests that the reported relationship
of the G8%4—T eNOS polymorphism to cardiovascular outcomes cannot be explained by
cleavage or impaired enzyme function.[18] In the current study, there was no reduction in
eNOS mRNA or protein expression in human myocardial tissue associated with the G8%4—T
polymorphism corroborating studies which have excluded altered mRNA expression as a cause
for reported associated clinical outcomes.

Recent studies have suggested there is linkage disequilibrium between both the T-786 —C and
G894 T eNOS polymorphisms, therefore making it difficult to discern which plays the greater
role in altering eNOS activity.[20,23] Based on our statistical analysis it is evident that both
polymorphisms are prevalent in the heart failure population. However, we did not find complete
linkage disequilibrium based on our sample with a D’ of 0.65 (analysis with Helix Tree
software; Golden Helix, Bozeman, MT). However, this does exceed the calculated D’ of 0.26
using the CEPH samples available in the HapMap Project. The fact that the promoter
polymorphism did not show Hardy-Weinberg proportions but the exonic polymorphism did
further suggests the absence of linkage disequilibrium between these polymorphisms.
Nevertheless, our statistical analysis was able to separate samples with the two polymorphic
variants and demonstrate a reduction in mMRNA and protein expression restricted to the
promoter polymorphism. Based on our experience, it is conceivable that some studies reporting
an association of clinical outcome with the exon 7 polymorphism may have had significant
coexistence of the promoter polymorphism that may truly govern the response. In addition, the
exon 7 polymorphism may serve as an effect modifier similar to the interaction described by
Cattaruzza.[17]
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Experimental Limitations

This study examined human failing myocardial tissue, and therefore is subject to the technical
limitations attendant to sampling of and measurement in human tissue. It is possible that some
variation in measures of mMRNA and protein are ascribed to sampling areas of fibrosis,
especially in those patients with ischemic cardiomyopathy. However, the same tissue samples
were used to measure expression for both the promoter and the exonic polymorphism. If
expression differences were purely due to sampling, then it would be more likely that the same
changes in expression would be noted in both polymorphic groups.

Measurement of eNOS enzyme activity as well as protein expression would further solidify
the relation between the polymorphisms and their ultimate impact on NO bioavailability. The
volume of tissue available through the tissue procurement process was not adequate to perform
this analysis in addition to mRNA and protein expression.

A strength of this investigation is that it provides expression data in human myocardial tissue
rather than examining expression in model systems. It is possible that the impact of either
polymorphism may be different in normal tissue. The variety of environmental stresses in
disease states may place greater demands on enzyme synthesis and activity than normal
conditions. The difficulty in obtaining normal human myocardial tissue obviously limits the
capacity to compare our findings to the normal setting.

The promoter polymorphism was not found to achieve Hardy-Weinberg proportions in contrast
to the exonic polymorphism. This may be due to the small sample size; however, the object of
this investigation was to test eNOS message expression in the presence of different genotypes
rather than to extrapolate findings to general populations. It is intriguing that the promoter
polymorphism was more prevalent in this small sample of patients with end-stage heart failure
than the reported prevalence in normal populations. This raises the possibility that the promoter
polymorphism may be related to the heart failure phenotype, but this is a speculation that must
be examined in larger population studies.

CONCLUSIONS

This investigation is the first to show in adult human tissue that there is reduced mRNA and
protein expression associated with the T~/86—C polymorphism of the eNOS gene. Conversely,
there is not a significant change in expression levels with the G894—T polymorphism in exon
7. These findings provide an essential mechanistic basis for reported changes in physiologic
cardiovascular responses and outcomes associated with the promoter polymorphism. Presence
of the promoter polymorphism may identify patients with heart failure who will benefit from
treatment with NO donors or related therapeutic interventions. As such, this study provides a
foundation for future gene based outcome studies and pharmacogenetic investigations targeting
therapeutic interventions that may compensate for deficient eNOS expression.
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Figure 1.

Mean and standard deviation endothelial nitric oxide mMRNA expression (solid bars) in
reciprocal delta thresholds relative to beta-actin and protein expression (arbitrary units relative
to GAPDH) in myocardial tissue obtained from patients with end-stage heart failure. Patients
heterozygous or homozygous for the promoter polymorphism (EnosP) were found to have a
significant (p<0.05) reduction in mMRNA and protein expression compared to patients
homozygous for the T allele. No significant changes in mMRNA or protein expression were
observed with the polymorphism in exon 7.
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Table 1

Demographic and Functional Characteristics of the Genotpyic Groups

Promoter Polymorhism Exon 7

Genotypes TC/CcC TT GT/TT GG
Age 464 yrs 52+2 yrs 55+2 yrs 47+3 yrs*
Caucasian 89% 73% 89% 81%
Female 21% 5305 26% 35%
Ischemic 57% 47% 58% 54%
VAD
Ejection Fraction 19+1% 25+6% 22+4% 21+3%
Inotropic Support 57% 60% 53% 62%
UNOS CLASS

1+ 25% 25% 271% 22%

1A 17% 17% 27% 9%

1B 33% 25% 20% 39%

2 25% 33% 26% 30%
NYHA FC

1l 56% 53% 65% 52%

11 44% 47% 35% 48%

*
p=0.05 difference between Exon 7 Genotypes
*%k

=p = 0.03 between Promoter Genotypes

e Original UNOS Class 1
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