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Abstract

The experimental aims of this study were to determine: (1) whether nitric oxide-mediated endothelium-dependent vasodilation is
blunted in adult humans with borderline high plasma low-density lipoprotein (LDL)-cholesterol compared with adults with optimal/
near optimal LDL-cholesterol levels; and, if so: (2) whether the magnitude of impairment in adults with borderline high LDL-
cholesterol is similar to adults with high LDL-cholesterol. Forearm blood flow responses to intraarterial infusions of acetylcholine and
sodium nitroprusside were measured in 50 middle-aged (43—64 year) adults: 20 in the optimal/near optimal LDL-cholesterol range
(<130 mg/dL); 20 with borderline high LDL-cholesterol (130-159 mg/dL); and 10 with high LDL-cholesterol (=160 mg/dL). In
addition, blood flow responses to acetylcholine were determined in the absence and presence of the endothelial nitric oxide syn-
thase inhibitor N®-monomethyl-L-arginine (L-NMMA). Vasodilation to acetylcholine was ~20% lower (p < 0.05) in the borderline
high (from 4.3 £ 0.2 to 12.3 £ 0.8 mL/100 mL tissue/min) and high (from 4.3 £ 0.3 to 12.0 £ 0.5 mL/100 mL tissue/min) LDL-
cholesterol groups compared with the optimal/near optimal (from 4.4 £ 0.2 to 14.5 £ 0.5 mL/100 mL tissue/min) LDL-cholesterol
group. L-NMMA significantly reduced (~300%) the vasodilator response to acetylcholine in the optimal/near optimal LDL-cholesterol
group but not the borderline high or high LDL-cholesterol groups. Borderline high LDL-cholesterol is associated with impaired nitric

oxide-mediated endothelium-dependent vasodilation. Clin Trans Sci 2012; Volume 5: 21-26
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Introduction

Low-density lipoprotein (LDL)-cholesterol is a major
atherogenic lipoprotein constituent of total cholesterol.!
Several epidemiological, clinical, and animal studies have
demonstrated a strong link between LDL-cholesterol and
atherosclerotic vascular disease risk, development, and events.>*
Moreover, primary prevention trials have demonstrated that
lowering LDL-cholesterol reduces the risk of cardiovascular
disease related events and limits the progression of coronary
atherosclerosis."* The association between LDL-cholesterol
and risk of coronary heart disease, while continuous, is log-
linear demonstrating sharp rises in risk with increasing LDL-
cholesterol concentration. In fact, the relative risk for coronary
heart disease is estimated to increase by ~30% for every 30 mg/dL
increase in LDL-cholesterol levels above a baseline of 40 mg/dL.!
As a result, the National Cholesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation, and Treatment
of High Blood Cholesterol in Adult Treatment Panels (ATP),
including the most recent report (NCEP ATP III), continue to
identify LDL-cholesterol as the primary target in the treatment
of hypercholesterolemia.® The increasing recognition that even
modest elevations in plasma LDL-cholesterol levels confer
a significant increase in cardiovascular risk heightens the
importance for early initiation of LDL-cholesterol lowering
therapy. Indeed, the relative risk of coronary heart disease is
almost twofold higher in adults with borderline high LDL-
cholesterol (130-159 mg/dL) compared with adults with LDL-
cholesterol in a more optimal range (<130 mg/dL).! Considering
it is estimated that 40% of the adults in the United States
have LDL-cholesterol levels in the borderline high range, a
better understanding of the potential mechanisms underlying
the increased vascular risk is important and may influence
therapeutic strategies.

Vascular endothelial function is paramount to cardiovascular
health. Located at the interface of the circulating blood and
vascular smooth muscle, endothelial cells produce and release a
myriad of substances that play prominent roles in the regulation
of a variety of cardiovascular functions from vasomotor
tone to the control of fibrinolysis.” Impaired endothelial
function, particularly reduced nitric oxide (NO)-mediated
endothelium-dependent vasodilation, is thought to occur early
in the atherogenic process contributing to the initiation and
progression of atherosclerotic vascular disease and acute vascular
events.!®!! LDL-cholesterol has been shown to damage and
impair endothelial cell function.’** In humans, LDL-cholesterol
levels above 160 mg/dL are associated with diminished NO-
mediated endothelium-dependent vasodilation.' Whether this
impairment is apparent with borderline high LDL-cholesterol
(130-159 mg/dL) is not clear. If so, this may contribute to the
increased cardiovascular risk with even moderate elevations in
LDL-cholesterol. Indeed, this appears to be the case with other
risk factors such as hypertension and type 2 diabetes, where
similar impairments in NO-mediated endothelium-dependent
vasodilation have been observed in adults with prehypertension'’
and obesity/insulin resistance,'® respectively.

Accordingly, the experimental aims of this study were to
determine: (1) whether NO-mediated endothelium-dependent
vasodilation is blunted in adult humans with borderline-high
plasma LDL-cholesterol compared with adults with optimal/
near optimal LDL-cholesterol levels; and, if so: (2) whether the
magnitude of impairment in adults with borderline high LDL
cholesterol is similar to adults with LDL-cholesterol levels in the
high range (=160 mg/dL). To address these aims, we measured
forearm blood flow (FBF) responses to intraarterial infusion of
the endothelial agonist acetylcholine, in the absence and presence
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of the endothelial NO synthase inhibitor N-monomethyl-L-
arginine (L-NMMA), in adults with LDL-cholesterol levels across
the following ATP III classifications: optimal/near optimal,
borderline high and high.

Methods

Subjects

Fifty sedentary middle-aged adults (age range: 43-64 years)
were studied: 20 in the optimal/near optimal LDL-cholesterol
range (<130 mg/dL); 20 with borderline high LDL-cholesterol
(130-159 mg/dL); and 10 with high LDL-cholesterol
(2160 mg/dL). LDL-cholesterol classifications were based
on ATP III guidelines regarding plasma LDL-cholesterol
concentrations and cardiovascular risk.® All subjects were
normotensive (arterial blood pressure < 140/90 mmHg),
nonobese and free of overt disease as assessed by medical
history, physical examination, and fasting blood chemistries.
None of the subjects smoked or were taking medications. All
subjects were further evaluated for clinical evidence of coronary
artery disease with electrocardiograms and blood pressure at
rest and during incremental exercise performed to exhaustion.
All of the women were at least 1 year postmenopausal and had
never taken or had discontinued use of hormone replacement
therapy at least 1 year before the start of the study. Before
participation, all of the subjects had the research study and its
potential risks and benefits explained fully before providing
written informed consent according to the guidelines of the
University of Colorado at Boulder.

Body composition and metabolic measurements

Body mass was measured to the nearest 0.1 kg using a medical
beam balance. Percent body fat was determined by dual energy
x-ray absorptiometry (Lunar Corp., Madison, W1, USA). Body
mass index (BMI) was calculated as weight (kilograms) divided
by height (meters) squared. Minimal waist circumference was
measured according to published guidelines.!” Fasting plasma
lipid, lipoprotein, glucose, and insulin concentrations were
determined using standard techniques. Plasma concentrations
of C-reactive protein (CRP) and oxidized-LDL (oxLDL) were
determined by enzyme immunoassay as previously described
by our laboratory.?

Habitual physical activity and maximum oxygen consumption
(VO, max)

Daily physical activity was assessed by the Stanford Physical
Activity Questionnaire and used to document the sedentary
status (i.e., absence of regular aerobic and other types of exercise)
of the subjects. To assess aerobic fitness, subjects performed
incremental treadmill exercise with a modified Balke protocol.
Maximal oxygen consumption (VO, max) was measured with
on-line computer-assisted open circuit spirometry as described
previously.*!

Intraarterial infusion protocol

All studies were performed between 7 am and 10 am in a
temperature-controlled room following a 12-hour overnight
fast as previously described.? Briefly, under local anesthesia (1%
lidocaine), a 5-cm, 20-gauge catheter was inserted in the brachial
artery of the nondominant arm. FBF was measured in both the
experimental (nondominant) and contralateral (dominant)
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forearm using strain-gauge venous occlusion plethysmography
at baseline and in response to the various vasoactive agents.
Acetylcholine (IOLAB Pharmaceuticals, Duluth, GA, USA) was
infused intraarterially at a rates of 4.0, 8.0, 16.0 ug/100 mL tissue/
min. Sodium nitroprusside (Abbott Laboratories, Chicago, IL,
USA) was infused at rates of 1.0, 2.0, and 4.0 ug/100 mL tissue/
min. The sequence of drug administration was randomized to
avoid an order effect.

To determine the contribution of nitric oxide to acetylcholine-
mediated endothelium-dependent vasodilation, FBF responses
to acetylcholine were repeated with the coadministration of the
endothelial nitric oxide synthase (eNOS) inhibitor L-NMMA
(Clinalfa) in 25 of the 50 subjects: 10 of the 20 subjects in the
optimal/near optimal LDL-C group (6 males/4 females); 10 of
the 20 subjects in the borderline-high LDL-C group (5 males/
5 females); and 5 of 10 subjects in the high LDL-C group (4 males/
1 female). After the initial infusion of acetylcholine at the doses
noted above, and allowing for blood flow to return to resting levels,
L-NMMA was infused at 5 mg/min for 5 minutes. Immediately
thereafter, the acetylcholine dose-response was repeated with the
continuous infusion of L-NMMA.

Statistical analysis

Differences in subject characteristics were determined by analysis
of variance (ANOVA). Group differences in FBF responses to
acetylcholine, sodium nitroprusside, and acetylcholine+L-NMMA
were determined by repeated measures ANOVA. When indicated
by a significant F value, a post hoc test using the Newman-Keuls
method was performed to identify differences among the groups.
Pearson correlations were determined between variables of
interest. There were no significant sex differences with respect
to the main effect of LDL-C with any of the key outcome variables;
therefore, the data were pooled and are presented together. All
data are presented as mean + SEM. Statistical significance was
setat p < 0.05.

Results

Selected subject characteristics are presented in Table 1.
Anthropometric and hemodynamic characteristics were similar
across the groups. By design, total cholesterol, and LDL-C
concentrations were different (p < 0.05) between the groups.
Triglyceride levels were not significantly different in the optimal/
near optimal and borderline high LDL-C groups, but were
significantly higher in the high LDL-C compared with the other
groups. There were no significant group differences in either
plasma glucose or insulin concentrations. Plasma oxLDL, but not
CRP concentrations, were higher (p < 0.05) in both the borderline
high and high LDL-C groups than the optimal/near optimal
LDL-C group. Ox-LDL concentrations were similar between the
borderline high and high LDL-C groups.

Resting FBF in the noninfused arm and mean arterial pressure
were unchanged throughout the infusion protocols (data not
presented). Figure 1 shows the FBF responses to acetylcholine and
sodium nitroprusside. Resting FBF was not significantly different
between groups. However, the increase in FBF to acetylcholine
was ~20% less (p < 0.05) in the borderline-high (from 4.3 + 0.2
to 12.3 £ 0.8 mL/100 mL tissue/min) and high (from 4.3 + 0.3
to 12.0 £ 0.5 mL/100 mL tissue/min) LDL-cholesterol groups
compared with the optimal/near optimal (from 4.4 + 0.2 to 14.5 +
0.5 mL/100 mL tissue/min) LDL-cholesterol group. Of note, the
vasodilator responses to acetylcholine were not significantly
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Borderline
high LDL-C

(n =20)

Optimal/near
optimal LDL-C

Variable (n =20)

Infusion of L-NMMA produced a significant
reduction (~35%) in resting FBF in all three groups
(Figure 2). Coinfusion of L-NMMA significantly

reduced the vasodilator response to acetylcholine
Age (years) 25 &1 S4£2 in the optimal/near optimal LDL-cholesterol
Males/Females 12/8 13/7 7/3 group but not the borderline high or high LDL-
Body mass (kg) 814429 813425 870 + 5.5 cholesterol groups (Figure 3): For example, FBF
, . N . at the peak dose of acetylcholine was ~30% lower
BMI (kg/m?) 2713107 272108 220+ 1.6 (p < 0.05) with L-NMMA in the optimal/near
Body fat (%) 31.8+2.1 346+ 1.8 339+27 optimal LDL-cholesterol group (from 14.9 + 0.7 to
Waist circumference (cm) 926+26 91.1+1.9 985+44 | 105+1.0 mlL/thlO mL tissuel/ min); thlreasf,f Pealg

. FBF to acetylcholine was only marginally affecte

+ + +
SYStOIIC_ BP (mmHg) 193 192 124%3 by L-NMMA in both the borderline high (from
Diastolic BP (mmHg) 752 77£2 76+2 10.8 + 1.3 t0 9.0 + 1.0 mL/100 mL tissue/min) and
VO, (mL/kg/min) 31.4+17 205+ 1.2 200+2.2 high (from 11.5+ 0.4 t0 10.0 + 0.5 mL/100 mL tissue/
in) LDL-cholesterol groups. Moreover, total blood
Total cholesterol (mg/dL 184 + 4 214 + 4* 2535+ | Min) group °
otal cholesterol (mg/dL) 1 flow response to acetylcholine with L-NMMA was
LDL-cholesterol (mg/dL) 108 +3 143 + 2* 172 £ 2%t markedly lower (~30%; p < 0.05) in the optimal/
HDL-cholesterol (mg/dL) 56+ 3 48+ 3 51+3 near optimal LDL-cholesterol group (79.7 +
Triglycerides (mg/dL) 97 + 10 114+ 13 153 + 18* §.2 mL/100 mL .tlss'ue vs. 55..3 +9.8 'mL(loo mL
tissue) but not significantly different in either the
Glucose (mg/dL) 942 9T +2 94E3 borderline high LDL (47.8 9.2 mL/100 mL tissue vs.
Insulin (uU/mL) 5.5+ 0.5 6.0+ 0.6 6.0% 1.0 41.0 £ 6.9 mL/100 mL tissue) or high (52.0 £ 6.0 mL/
LDL (U/L . P +aar cholesterol groups.

e () 46.6 £ 3.6 618%40 690+ 88 In the overall study population, both total
BMI = bod index; BP = blood :VO, = maximal take; LDL = low-densit — _030. ) _

Hpoproteci)n;yHmDaLss=Irf‘1igef:—density I%%prgii?rigrgRP = 5-rea2;i?/>grg?ot?i(r¥§eor;LlE>pLa=eoxidized Iga—dZRz%t; cholesterol (r 0'39_’ p< 0.05) and LDL-C (r
lipoprotein. Values are mean + SEM. -0.43; p < 0.05) were inversely related to the peak
*p < 0.05 versus normal weight; tp < 0.05 versus overweight. FBF response to acetylcholine. There were no

Table 1. Selected subject characteristics.

other significant univariate correlations between

different between the borderline high and high LDL-cholesterol
groups. In fact, total blood flow response to acetylcholine (area
under the curve) was almost identical between the borderline-high
(53.1 £3.8 mL/100 mL tissue) and high (56.4 + 6.1 mL/100 mL
tissue) LDL-cholesterol groups with both significantly lower than
the optimal/near optimal (73.8 + 5.0 mL/100 mL tissue) LDL-
cholesterol group. There were no significant group differences in
FBF responses to sodium nitroprusside.

any anthropometric, hemodynamic, or metabolic
variables and the FBF response to acetylcholine.

Discussion

The key findings of this study are as follows: (1) NO-mediated
endothelium-dependent vasodilation is impaired in adults with
borderline high plasma LDL-cholesterol levels, independent
of other cardiovascular risk factors; and (2) the degree of
impairment in NO-mediated endothelial vasodilation in adults
with borderline high LDL-cholesterol is similar to that observed
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Figure 1. FBF responses to acetylcholine in the: optimal/near optimal and borderline-high LDL-cholesterol groups (Panel A); and borderline high and high LDL-cholesterol
(LDL-C) groups (Panel B). Panel C shows the FBF responses to sodium nitroprusside amongst the groups. Values are mean + SEM; *p < 0.05.
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Figure 2. Resting FBF response to L-NMMA in the optimal/near optimal, borderline
high and high LDL-cholesterol groups. Values are mean + SEM.

in adults with high LDL-cholesterol. Taken together, these results
indicate that diminished NO-mediated endothelium-dependent
vasodilation accompanies hypercholesterolemia and appears to
develop with modest elevations in LDL-cholesterol.

A recent study by Walker et al.* was the first to indicate
that borderline high LDL-cholesterol levels was associated
with endothelial vasodilator dysfunction. Using ultrasound to
measure brachial artery flow-mediated dilation, they reported
that the vasodilation response to hyperemia was 35% lower in
sedentary, older men (66 + 1 year) with borderline high LDL-
cholesterol (142 + 2 mg/dL) compared with men of similar age
with optimal/near optimal LDL-cholesterol (105 + 3.0 mg/dL)
levels. The results of this study compliment and significantly
extend these findings by demonstrating that vasodilation to
the endothelial agonist acetylcholine is blunted in adults with
borderline high LDL-cholesterol and that this impairment is due,
in large part, to decreased NO bioavailability. Indeed, compared
with adults with optimal/near optimal LDL-cholesterol levels
the FBF response to acetylcholine was markedly lower (~20%)
in the borderline high-cholesterol group. Moreover, in contrast
to the optimal/near optimal group, the coinfusion of the NO
synthase inhibitor L-NMMA did not significantly affect the FBF
responses to acetylcholine in the borderline high LDL-cholesterol
group; indicating that the contribution of NO to the vasodilator
response to acetycholine was reduced in adults with borderline
high LDL-cholesterol. To our knowledge, this is the first study
to assess the influence of borderline high LDL-cholesterol levels
on NO-mediated endothelium-dependent vasodilation. Deficient
NO bioavailability, in addition to affecting vasodilator function, is
associated with an endothelial phenotype that is less resistant to
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Figure 3. FBF responses and total FBF (area under the curve) to acetylcholine in the absence and presence of nitric oxide synthase inhibitor N®-monomethyl-L-arginine
(L-NMMA) in the optimal/near optimal, borderline high and high LDL-cholesterol groups. Values are mean * SEM; *p < 0.05 versus saline.
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atherosclerosis and more prone to initiate thrombotic processes.**
Considering the relative risk of coronary heart disease is
approximately 70% higher with LDL-cholesterol in the borderline
high compared with optimal/near optimal range, reduction in
NO bioactivity and diminished endothelial vasodilator function
may contribute to this increased vascular risk.

Interestingly, the magnitude of impairment in NO-mediated
endothelium-dependent vasodilation in the adults with borderline
high LDL-cholesterol was similar to that observed in the adults with
high LDL-cholesterol (>160 mg/dL). Both groups demonstrated
~20% lower FBF responses to acetylcholine compared with the
optimal/near optimal LDL-cholesterol group and almost identical
nonsignificant changes in acetylcholine-stimulated vasodilation
with L-NMMA. It is important to note, that the degree of
impairment in NO-mediated endothelial vasodilation in our adults
with high LDL-cholesterol is consistent with previous studies
employing the same isolated forearm model and pharmacological
approach as in this study."*"* For example, Casino et al."* reported
markedly blunted forearm vasodilation to acetylcholine as
well as no significant effect of L-NMMA on acetycholine-
mediated vasodilation in hypercholesterolemic (LDL-cholesterol:
179 + 33 mg/dL) adults. To our knowledge this study is the first to
directly compare endothelial vasodilator function in adults with
borderline high and high LDL-cholesterol levels. Our results indicate
that the NO-related endothelial vasodilator dysfunction observed
with high LDL-cholesterol is already apparent at borderline high LDL-
cholesterol concentrations, suggesting that endothelial dysfunction
occurs early with elevations in LDL-cholesterol. It is important to
emphasize that the subjects with borderline high LDL-cholesterol
were free of other cardiovascular risk factors that usually accompany
dyslipidemia and are associated with endothelial dysfunction such as
obesity and type 2 diabetes. If other risk factors were present it is quite
possible the degree of vascular impairment would have been worse.
Nevertheless, given the strong link between endothelial dysfunction
and atherosclerosis,' therapeutic interventions that not only lower
LDL-cholesterol but also favorably influence endothelial function
should be considered when formulating a treatment plan for any adult
with borderline high LDL-cholesterol. For example, in addition to its
well-described lipid lowering effects, statin therapy has been shown
to increase endothelium-dependent vasodilation via an increase
in NO bioavailability.*® Improved endothelial function may play a
role in the success of primary prevention trials demonstrating the
cardiovascular benefit of statin therapy targeting LDL-cholesterol.

Although we demonstrate that the impairment in endothelial
vasodilator function in adults with borderline high LDL-
cholesterol is mediated, at least in part, by diminished NO
bioavailability the mechanisms underlying the apparent deficit
in the NO system is not clear. There were no group differences
in the resting FBF response to L-NMMA indicating that basal
production of NO is not altered by elevations in LDL-cholesterol.
This finding is consistent with those of Casino et al."* in a
comparable population of adults with high LDL-cholesterol
levels. However, under stimulated conditions (i.e., acetylcholine
infusion), NO bioavailability is depressed suggesting that the
ability to increase production is impaired or potentially the release
of NO is compromised. In adults with high LDL-cholesterol
the administration of L-arginine, the primary substrate for
endothelial NO synthesis by NO synthase, does not improve
the vasodilator response to acetylcholine ruling out inadequate
intracellular NO substrate availability.® Increases in oxLDL,
which often accompany elevations in LDL-cholesterol, may be
a primary culprit underlying the cholesterol-related reduction
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in NO bioavailability. In vitro studies have shown that oxLDL
severely disrupts NO-mediated responses.”* In an elegant series
of studies Blair et al.”” demonstrated that oxLDL, but not native
LDL, inhibits acetylcholine-stimulated activation of eNOS by
altering the ability of eNOS to associate with caveola membranes
and the caveola protein, caveolin. The interaction of eNOS with
caveolin helps to regulate the activity of the enzyme. oxLDL
depletes caveola membranes of cholesterol causing a redistribution
of eNOS to other intracellular membranes. The severing of the
interaction between eNOS and caveola diminishes the activation
of the enzyme to acetylcholine ultimately resulting in limited NO
production. oxLDL also promotes superoxide anion formation
creating an environment prone to oxidative inactivation of NO.* In
this study, oxLDL concentrations were significantly higher in both
the borderline high and high LDL-cholesterol groups compared
with the optimal/near optimal LDL-cholesterol group. Although
there was no significant relation between plasma oxLDL levels
and the FBF responses to either acetylcholine or L-NMMA in this
study, we can not dismiss the potential impact of oxLDL on the
vascular endothelium and, in turn, our results. There are currently
no data on the influence of borderline high LDL-cholesterol on
the endothelin (ET)-1 system. ET-1 is a potent vasoconstrictor
peptide produced by the endothelium that plays critical role
in the regulation of vascular tone and has been implicated in
the atherosclerotic process.’® ET-1-mediated vasoconstrictor
tone has been shown to be higher with hypercholesterolemia
(LDL-cholesterol >160 mg/dL) contributing to diminished NO-
mediated endothelium-dependent vasodilation.”~* It is possible
that ET-1 vasoconstrictor activity is also enhanced with LDL-
cholesterol levels in the borderline high range. If so, the ET-1
system may represent an important therapeutic target to improve
vascular health and reduce cardiovascular risk in adults with
borderline high LDL-cholesterol. Studies are currently ongoing
in our laboratory to address this issue.

There are a few experimental considerations regarding this
study that deserve mention. First, considering our cross-sectional
study design, we cannot dismiss the possibility that genetic
and/or lifestyle behaviors may have influenced the results. To
minimize the influence of lifestyle behaviors, all subjects were
nonsmokers, were not currently taking medication, and did not
differ in habitual physical activity or aerobic fitness. In addition,
all subjects were carefully screened to eliminate the confounding
effects of clinically overt cardiovascular and metabolic disease.
Second, we did not perform an analysis of LDL particle size or
number, thus we are unable to comment on the possible influence
of differences in these parameters on endothelial function. There
are data to suggest that a preponderance of smaller LDL particles
is more atherogenic and predictive of cardiovascular events.**
However, these measures are not typically performed clinically
and standard of care are not based upon these LDL subclasses.

In conclusion, the seminal finding of this study is that
borderline high LDL-cholesterol levels, independent of other
cardiovascular risk factors, is associated with impaired NO-
mediated endothelium-dependent vasodilation. In fact, the
magnitude of impairment in endothelial vasodilator function
in adults with borderline high LDL-cholesterol is not different
to that observed in adults with clinically high LDL-cholesterol.
Thus borderline high LDL-cholesterol, even in adults with no
other risk factors, is associated with a proatherogenic endothelial
phenotype. Endothelial vasodilator dysfunction may contribute
to the increase in atherosclerotic risk associated with LDL-
cholesterol in the borderline high range.
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