1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Hypertension. 2012 December ; 60(6): 1517-1523. doi:10.1161/HYPERTENSIONAHA.112.203661.

Fenofibrate Improves Vascular Endothelial Function by
Reducing Oxidative Stress While Increasing eNOS in Healthy
Normolipidemic Older Adults

Ashley E Walker!, Rachelle E Kaplon?!, Sara Marian S Lucking?®, Molly J Russell-Nowlan1,
Robert H Eckel?, and Douglas R Seals?

1Department of Integrative Physiology, University of Colorado, Boulder, CO, 80309

2Division of Endocrinology, Metabolism and Diabetes, University of Colorado Anschutz Medical
Center, Aurora, CO, 80045

Abstract

Vascular endothelial dysfunction develops with aging, as indicated by impaired endothelium-
dependent dilation(EDD), and is related to increased cardiovascular disease risk. We hypothesized
that short-term treatment with fenofibrate, a lipid-lowering agent with potential pleiotropic effects,
would improve EDD in middle-aged and older normolipidemic adults by reducing oxidative
stress. Brachial artery flow-mediated dilation (FMD), a measure of EDD, was assessed in
22healthy adults aged 50-77 years before and after 7days of fenofibrate (145 mg/d; n=12/7M) or
placebo (n=10/5M). Brachial FMD was unchanged with placebo, but improved after 2 and 7 days
of fenofibrate (5.1£0.7 vs. 2d: 6.0+0.7 and 7d: 6.4+0.6 %A ; both P<0.005). The improvements in
FMD after 7 days remained significant (P<0.05) after accounting for modest changes in plasma
total and LDL-cholesterol. Endothelium-independent dilation was not affected by fenofibrate or
placebo (P>0.05). Infusion (i.v.) of the antioxidant vitamin C improved brachial FMD at baseline
in both groups and during placebo treatment (P<0.05), but not after 2 and 7 days of fenofibrate
(P>0.05). Fenofibrate treatment also reduced plasma oxidized LDL, a systemic marker of
oxidative stress, compared with placebo (P<0.05). In vascular endothelial cells sampled from
peripheral veins of the subjects, endothelial nitric oxide synthase (eNOS) protein expression was
unchanged with placebo and after 2 days of fenofibrate, but was increased after 7 days of
fenofibrate (0.54+0.03 vs. 2d: 0.52+0.04 and 7d: 0.76+0.11 intensity/HUVEC control; P<0.05 7d).
Short-term treatment with fenofibrate improves vascular endothelial function in healthy
normolipidemic middle-aged/older adults by reducing oxidative stress and induces increases in
eNOS.
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Cardiovascular disease risk increases progressively with advancing age, at least in part, from
the development of vascular endothelial dysfunction.l: 2 Indeed, vascular endothelial
function, most commonly assessed by endothelium-dependent dilation (EDD), is impaired in
middle-aged/older adults even in the absence of clinical disease.3 4 As such, it is clinically
important to identify potential treatment strategies that can improve vascular endothelial
function in healthy middle-aged/older adults.

Fenofibrate is a commonly prescribed lipid-lowering agent that can exert pleiotropic effects
beyond lipid lowering by activation of peroxisome proliferator-activated receptor a
(PPAR).? In old rats, fenofibrate improves EDD in the microcirculation (i.e., small
mesenteric arteries).® However, it is unknown if fenofibrate treatment can improve EDD in
middle-aged/older humans.

Age-related impairments in EDD are a result of increased oxidative stress and decreased
bioavailability of the vascular protective vasodilator, nitric oxide (NO).3: 7 In old rats,
improvements in EDD with fenofibrate are mediated by reductions in oxidative stress,5 but
this mechanism has not been established in humans. In cultured endothelial cells® and the
aorta of rats,? fenofibrate also induces increases in endothelial nitric oxide synthase (eNOS),
the enzyme that synthesizes NO in the endothelium. However, the effect of fenofibrate on
eNOS expression in humans has not been investigated.

We hypothesized that fenofibrate would improve EDD, as measured by brachial artery flow-
mediated dilation (FMD), in middle-aged/older adults and that reduced oxidative stress is an
important mechanism for these improvements. We also hypothesized that fenofibrate might
increase eNOS protein expression in endothelial cells in these subjects. To test these
hypotheses, we performed a prospective, randomized, double-blind study of fenofibrate vs.
placebo. To minimize the potential influence of marked and sustained reductions in plasma
lipids, we studied only normolipidemic adults and used short-term (7 days) administration of
fenofibrate with outcomes assessed at an early time point (2 days), as well as end-
intervention.

Twenty-four healthy middle-aged/older (50-77 years) men and women were enrolled in this
study. All subjects had total cholesterol <240 mg/dl, LDL-cholesterol <160 mg/dl,
triglycerides <200 mg/dl, fasting blood glucose <110 mg/dl, resting blood pressure <140/90
mmHg, body mass index (BMI) <35 kg/m? and were nonsmokers and otherwise free of
clinical diseases as assessed by medical history, physical examination, blood chemistry, and
resting and exercise ECG. All subjects were sedentary, defined as no regular exercise (<30
min/day, <2 days/week) during the previous 2 years. Subjects were not taking medications
and refrained from consumption of antioxidants (e.g., vitamins C and E) and aspirin within 2
weeks of the start of study involvement. All procedures were approved by the Institutional
Review Board of the University of Colorado at Boulder. The nature, benefits and risks of the
study were explained to the volunteers, and their written informed consent was obtained
before participation.

All measurements were performed at the University of Colorado at Boulder Clinical and
Translational Research Center after a 12-hour fast and 24-hour abstention from alcohol and
physical activity.
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Subject Characteristics and blood analyses—For details on the measurement of
subject characteristics and blood analyses, please see the online supplement.

EDD and endothelium-independent dilation—EDD (brachial FMD), endothelium-
independent dilation (response to sublingual glyceryl trinitrate, GTN) and shear rate were
assessed in the supine position using duplex ultrasonography (Power Vision 6000, Toshiba)
with a linear array transducer, as previously described by our laboratory.3: 10 FMD and GTN
responses are expressed as percent change from baseline and absolute change (mm) in
diameter, per recent recommendations.}! FMD was measured first during saline infusion
(control) and then during supraphysiological intravenous infusion of vitamin C as previously
described.3 Further details can be found in the online supplement.

Endothelial cell protein expression—Venous endothelial cells collected from an
antecubital vein were analyzed for eNOS expression, as described in detail previously by
our laboratory.12 13 For details of the methodology, see the online supplement.

Fenofibrate administration—In a double-blind parallel group design, subjects were
assigned to receive 7 days of fenofibrate (145mg/day, TriCor, Abbott Laboratories, Abbott
Park, IL) or placebo by block randomization. Subjects were instructed to take fenofibrate
with their evening meal. Experimental visits (EDD and EID measurements, blood and
endothelial cell collection) were conducted the morning before the 1st dose was taken
(“baseline”) and the morning after the 2nd and 7th doses. Originally, 7 men were
randomized to the placebo group, but 2 of these men withdrew before completing the final
experimental visits and their data are not included in the analyses.

Data analysis

Results

Statistical analyses were performed with IBM SPSS (version 20, Armonk, NY). Differences
in subject characteristics between groups were assessed by t-tests for independent sample
comparisons. A 2x2 repeated-measures ANOVA was performed to identify a group
(fenofibrate or placebo) x time (baseline, 2 days, 7 days) interaction for FMD and other
variables. In the case of significant interactions, a paired t-test for within group contrast and
independent t-test for between group comparisons was performed with Bonferonni
correction. The differences in FMD within subjects during saline infusion vs. vitamin C
infusion on the same day were analyzed by paired t-test. Pearson correlation analysis was
used to assess bivariate relations between the change in %FMD and the change in variables
that could influence FMD. Multiple linear regression was used to determine the effect of
fenofibrate on FMD while controlling for potentially confounding variables. Significance
was set at P<0.05. Values are mean + SE.

Clinical characteristics

At baseline, subjects randomized to the fenofibrate or placebo groups did not differ in age,
body mass index, waist:hip ratio, blood pressure, lipids or fasting glucose (Table 1). The
response to short-term fenofibrate treatment was not different than the response to placebo
for arterial blood pressure, fasting blood glucose, insulin, HOMA-IR, plasma HDL-
cholesterol, triglycerides or C-reactive protein (CRP)(Table 2). Fenofibrate lowered plasma
total cholesterol at 2 and 7days and LDL-cholesterol at 7days (P<0.05). No changes were
observed in the placebo group.
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At baseline, brachial FMD did not differ between the fenofibrate and placebo group

(% AFMD: P=0.35; mmAFMD: P=0.17). Brachial FMD improved by ~20% after 2 days of
fenofibrate (P<0.005) and by ~30% after 7 days of fenofibrate (P<0.001) (Figure 1, Table
3). There was no change in brachial FMD after 2 or 7 days of placebo. Baseline brachial
artery diameter, peak shear rate after cuff release and brachial artery dilation to
GTN(endothelium-independent dilation) did not differ between groups or within subjects
over time (Table 3).

Oxidative Stress

Intravenous infusion of the antioxidant vitamin C improved brachial FMD at baseline for
both groups by ~25% (P<0.05, Figure 2, Table S1,2). After 2 and 7 days of fenofibrate,
brachial FMD was no longer changed in response to vitamin C (P>0.05, Figure 2A, Table
S1). In contrast, the improvement in brachial FMD with vitamin C seen at baseline was
maintained in the placebo group after 2 and 7 days (P<0.05)(Figure 2B, Table S2). Baseline
brachial artery diameter and peak shear rate were not affected by vitamin C in either group
at any time point (Table S1,2).

Oxidized LDL (oxLDL), a circulating (systemic) marker of oxidative stress, was not
different between groups at baseline (Table 3). There was no change in oxLDL after 2 days
of fenofibrate or placebo (Table 3). After 7 days of fenofibrate, oxLDL decreased by 21%
(P<0.005, Table 3), which was significantly greater than the slight decrease observed with
placebo(8%, ANOVA interaction P<0.05).

Endothelial cell eNOS

Endothelial cell expression of eNOS protein did not differ between groups at baseline
(Figure 3). Endothelial eNOS did not change after 2 days of fenofibrate, but increased by
41% after 7 days of treatment (P<0.05). There was no change in eNOS after 2 or 7 days of
placebo.

Potential correlates of EDD

After 2 days, the change in brachial FMD in response to fenofibrate was related to only the
change in total cholesterol (r=-0.62, P<0.05), and accounting for changes in total cholesterol
rendered the effect on brachial FMD non-significant (P=0.22). After 7 days, the change in
brachial FMD in response to fenofibrate was related to only the change in systolic blood
pressure (r=-0.59, P<0.05) and diastolic blood pressure (r=-0.71, P<0.05). However,
multiple linear regression analysis revealed that fenofibrate treatment significantly
affectedthe change in brachial FMD (P<0.05), whereas systolic and diastolic blood pressure
did not (P>0.05).

The potential impact of baseline brachial FMD, although not significant between groups,
also was addressed with subgroup comparisons. In a subset of subjects matched for baseline
FMD (fenofibrate: 5.65%, placebo: 5.60%, n=9/group), the change in brachial FMD over
time was still significantly greater for the fenofibrate, compared to the placebo, treated
group (repeated measures ANOVA interaction: P<0.01).

Discussion

We demonstrate for the first time that fenofibrate improves EDD in healthy normolipidemic
middle-aged/older men and women, and that the improvements are mediated by reduced
oxidative stress. We also show for the first time in humans that fenofibrate induces increased
endothelial cell eNOS protein expression. These results indicate that fenofibrate may be an
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effective strategy to treat vascular endothelial dysfunction even in middle-aged/older adults
with normal plasma lipids.

The improvements in brachial FMD in this study were specific to the vascular endothelium,
as there were no changes in endothelium-independent dilation with fenofibrate treatment.
Fenofibrate improvesEDD in individuals with type 2 diabetesl4 1> and hyperlipidemia,16-1°
and we now extend these findings to show that fenofibrate improves endothelial function in
healthy normolipidemic middle-aged/older adults. Ourresults here in conduit arteries of
middle-aged/older humans also are consistent with earlier observations that fenofibrate
improves EDD in mesenteric resistance arteries of old rats.®

Oxidative stress

eNOS

Beyond its lipid lowering influence, fenofibrate is believed to exert pleiotropic effectson
other potentially adverse factors in patients with hyperlipidemia. Here we demonstrate that
fenofibrate lowers plasma oxL DL, a marker of systemic oxidative stress, in normolipidemic
middle-aged/older adults, in agreement with a previous report in patients with
hypertriglyceridemia.20 In the present study,however, we extend these findings by showing
that vitamin C improves brachial FMD at baseline, but not after fenofibrate treatment. This
indicates that oxidative stress impaired EDD in our subjects at baseline and that fenofibrate
improved EDD by reducing the tonic suppression of endothelial function by oxidative stress.
The present results also translationally extend previous observations that administration of
antioxidants improves EDD assessed ex vivo in vehicle treated old rats, but not in old rats
receiving fenofibrate.®

eNOS is the key enzyme that produces NO in the vascular endothelium in healthy adults.?!
In the present study, we report for the first time that endothelial cell eNOS protein is
increased in humans with fenofibrate treatment. This finding is consistent with previous data
showing that fenofibrate increases eNOS protein expression in cultured endothelial cells8: 22
and the aorta of rodents.? In contrast, eNOS protein expression was reported not to change
and NO was reported not contribute to the improvements in dilation in response to
acetylcholinein the small mesenteric arteries of old rats with fenofibrate treatment.® It is
possible that fenofibrate may influence eNOS and the NO contribution to acetylcholine-
induced dilation of small resistance arteries differently than in conduit arteries of humans in
response to flow (present study), or in aorta or cell culture.8: 22 We were unable to measure
the NO contribution to dilation using the brachial FMD model, and thus cannot determine if
the increased eNOS expression with fenofibrate had functional benefit.

Potential modulating factors

For this study, we were interested in the pleiotropic effects of fenofibrate and sought to
minimize and/or account for the potential influence of changes in clinical characteristics that
could influence EDD. In particular we attempted to avoid the effects of marked, long-term
reductions in plasma lipids by studying only normolipidemic individuals treated with
fenofibrate for a short period. Even though total and LDL-cholesterol decreased modestly
with treatment, the improvements in brachial FMD at 7 days were not related to plasma
lipids. Although our results suggest that improvements in endothelial function after one
week of fenofibrate were independent of changes in lipids, we cannot completely discount
an influence of the latter on brachial FMD as it may have been masked by the variability
associated with plasma lipid measurements, particularly triglycerides. It also is possible that
the relation between changes in vascular function and plasma lipids with fenofibrate
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treatment differ in normolipidemic adults and patients with hyperlipidemia. However, in
patients with hypertriglyceridemia or diabetes, improvements in EDD with fenofibrate have
been reported to be both related tol® 17 and independent of1® reductions in lipids. Moreover,
in patients with normal plasma lipids, the reduction in CVVD events with fibrate
(gemfibrozil) treatment is only weakly related to changes in lipids.23 Thus, our results after
7 days of fenofibrate administration are consistent with the range of observations in previous
studies, but provide potential support for the non-lipid lowering effects of fenofibrate in
mediating its vascular health-promoting influence in humans.

With regard to arterial blood pressure, the effect of fenofibrate is inconsistent, with reports
of no effect?4 or decreases in diastolic blood pressure2®: 26 in disease populations, and even
evidence for elevations in young healthy subjects.2’ Although blood pressure was not
significantly reduced with fenofibrate in the present study, there was a relation between
changes in systolic and diastolic blood pressure and improvements in brachial FMD after 7
days of fenofibrate among individual subjects. However, results of our regression analysis
indicate that the improvements in brachial FMD were independent of changes in blood
pressure.

The actions of fenofibrate are thought to be mediated primarily via activation of PPARa, a
nuclear transcription factor that increases fatty acid oxidation and can suppress oxidative
stress and inflammatory signaling.> Assessment of PPARa activity requires a reporter assay
or a measure of DNA binding that cannot be performed with the limited number of cells
available from endothelial biopsy in human subjects. However, 7 days of fenofibrate
treatment in rodents is sufficient to increase PPARa activity in cardiac and liver tissue?8: 29
and studies utilizing PPARa knockout mice demonstrate that the vascular and oxidative
stress-related effects of fenofibrate are PPARa—dependent.39-32 |n contrast, a recent study
found that a brief (25 minute) ex vivoincubation with PPARa agonist GW7647 improved
EDD in mesenteric arteries from adults <60years of age with cardiovascular risk factors, but
not in older adults, and postulated that the latter might be due to a reduction in PPARa
receptor expression at older ages.33 Thus, PPARa activation may have contributed to the
improvements in EDD, reductions in oxidative stress and increases in eNOS expression in
the middle-aged/older adults treated with fenofibrate in the present study, but this remains to
be proven. The beneficial effects of fenofibrate also may have been the result of PPARa-
mediated reductions in inflammatory signaling. Fenofibrate treatment did not reduce CRP,
but CRP is a circulating inflammatory marker that does not necessarily reflect vascular
inflammatory status. Thus, it is possible that reduced vascular inflammatory signaling by
PPARa activation contributed to the improvements in endothelial function observed.
PPARa protein expression decreases with aging in a number of tissues34-36 and targeting
this pathway with medications such as the fibrates could be important in preventing/treating
many age-related dysfunctions.

Lipid lowering medications in normolipidemic individuals

The use of lipid lowering medications in normolipidemic individuals is controversial. Use of
these agents in healthy normolipidemic adults is supported by the observations that optimal
LDL-C is lower than current guidelines3’ and, thus, lipid lowering agents could be used to
attain optimal LDL-C targets, and because medications such as statins and fibrates have
pleiotropic benefits beyond lipid lowering. For example, in the JUPITER trial, rosuvastatin
decreased cardiovascular events in normolipidemic individuals with high CRP.38 However,
the potential adverse side-effects of statins and fibrates argue that their use be limited to
specific populations with demonstrated benefit, such as normolipidemic adults with high
CRP or possibly of older age, in addition to patients with clinical dyslipidemia.
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There are a few limitations of the present study. We only assessed conduit artery function
and can only speculate on if improvements might also occur in resistance arteries. However,
fenofibrate does improve EDD in mesenteric arterioles of old rats.5 In addition, we assessed
eNOS in endothelial cells obtained from venous sampling because the non-invasive vascular
measurements and short-term intervention period did not support repeated placements of
arterial catheters over the 7-day treatment period. We have previously demonstrated that
endothelial cell samples obtained from peripheral veins and arteries of the same subjects
show good agreement for eNOS protein (r=0.81).12 Lastly, we performed a short-term
fenofibrate treatment and do not know the effect of long-term fenofibrate treatment in this
subject population.

Perspectives

Here we demonstrate for the first time that short-term treatment with fenofibrate improves
vascular endothelial function in healthy normolipidemic middle-aged/older adults. The
improvements in EDD were mediated, at least in part, by reduced vascular oxidative stress
and are concomitant with relatively sizeable reductions in plasma oxLDL, a marker of
systemic oxidative stress. After 7 days of fenofibrate, the improvements in EDD are not
related to changes in plasma lipids, but are associated with increases in eNOS protein
expression. Thus, fenofibrate has pleiotropic effects beyond lipid-lowering that enhance
vascular endothelial function even in healthy normolipidemic middle-aged/older adults.
Fenofibrate and other strategies that target PPARa-related signaling pathways may hold
promise for the treatment of age-related vascular dysfunction and prevention of
cardiovascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What is New?

This is the first study to demonstrate a beneficial effect of fenofibrate on
vascular endothelial function in healthy, normolipidemic middle-aged and older
adults.

For the first time, a direct connection is established between improved vascular
function with fenofibrate treatment and reduced oxidative stress in humans.

This is the first study to collect vascular endothelial cells and assess changes in
protein expression following fenofibrate treatment. We were able to show for
the first time that fenofibrate induces an increase in protein expression of
endothelial nitric oxide synthase (eNOS) in humans.

What is Relevant?

Older individuals have a greater risk for cardiovascular diseases, at least in part,
as a result of reduced vascular endothelial function. Thus, it is important to
identify potential treatment strategies to improve vascular endothelial function
in older adults.

This study demonstrates that fenofibrate and strategies that target related
signaling pathways may hold promise for the treatment of age-related vascular
dysfunction and prevention of cardiovascular disease.

Summary

Short-term fenofibrate treatment improves vascular endothelial function in healthy,
normolipidemic middle-aged and older adults. These improvements are independent of
changes in lipids and are a result of reduced oxidative stress. Protein expression of eNOS,
the key enzyme synthesizing nitric oxide in the endothelium, increased in endothelial
cells collected from middle-aged and older adults following fenofibrate treatment.
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Figure 1.

Flow-mediated dilation (FMD, percent change in diameter) at baseline and after 2 and 7
days of fenofibrate or placebo. Values are mean+SE. *P<0.05 vs. baseline for same group.
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Figure 2.
Flow-mediated dilation (FMD, percent change) during intravenous saline and vitamin C

infusion at baseline and after 2 and 7 days of fenofibrate (A) or placebo (B). Values are
mean+SE. *P<0.05 vs. saline infusion on same day.
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Figure 3.

Endothelial nitric oxide synthase (eNOS) protein expression in venous endothelial cells
collected at baseline and after 2 and 7 days of fenofibrate or placebo. Values are fluorescent
intensity normalized for human umbilical vein endothelial cell (HUVEC) control intensity.
Representative images shown below. VValues are mean+SE. *P<0.05 vs. baseline for same

group.
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Table 1
Group subject characteristics

Characteristic Fenofibrate Placebo
N (m/f) 12 (7/5) 10 (5/5)
Age, yr 63+2 63+2
Body mass index, kg/m?2 24+1 27+1
Waist:Hip Ratio 0.84+0.02 0.88+0.03
SBP, mmHg 119+3 122+3
DBP, mmHg 76+3 771
Total cholesterol, mg/dl 207 £10 205+9
LDL-C, mg/dl 128+9 126 +5
HDL-C, mg/dl 57+3 58+ 8
Triglycerides, mg/di 108 + 10 105+ 11
FBG, mg/dl 94 +2 92+3

Data are mean+SE. SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL-C, low density lipoprotein cholesterol; HDL-C, high density
lipoprotein cholesterol; FBG, fasting blood glucose.
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