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Abstract
Objective—Peroxisome proliferator-activated receptor α agonists reduce blood pressure in
rodents, but clinical trials provide conflicting data regarding their effects in humans. We tested the
hypothesis that the effect of fenofibrate on blood pressure depends on salt sensitivity.

Methods—Thirty-one hypertensive volunteers (17 salt-resistant, 14 salt-sensitive) completed a
randomized, crossover, double-blind protocol with three dietary phases: low salt diet (10 mmol/
day) followed by two consecutive high salt diets (200 mmol/day), each for 6 days. During high
salt, volunteers were randomized to fenofibrate 160 mg/day or placebo. Hemodynamic and
metabolic parameters were measured on the last morning of each treatment arm.

Results—Fenofibrate reduced triglycerides similarly in salt-sensitive and salt-resistant
volunteers. Fenofibrate did not affect blood pressure in salt-resistant volunteers. In salt-sensitive
volunteers, fenofibrate significantly decreased diastolic (P =0.02 versus placebo) and mean arterial
(P = 0.04 versus placebo) blood pressure during high salt. In all volunteers, the decrease in systolic
pressure during fenofibrate correlated inversely with the salt sensitivity of mean arterial pressure
as a continuous variable. Fenofibrate significantly decreased heart rate, plasma renin activity, and
renal vascular resistance during high salt in salt-sensitive volunteers, but not salt-resistant
volunteers. Fenofibrate did not affect sodium excretion or weight gain during high salt. The effect
of salt intake and fenofibrate on plasma and urine epoxyeicosatrienoic acid concentrations differed
in salt-resistant and salt-sensitive volunteers.

Conclusion—Fenofibrate reduces blood pressure, heart rate and renal vasoconstriction in salt-
sensitive volunteers, but not in salt-resistant volunteers. These findings have implications for the
treatment of hyperlipidemia in hypertensive individuals.
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INTRODUCTION
Hypertension, obesity and the metabolic syndrome have reached epidemic proportions in
developed countries and convey increased risk of cardiovascular mortality [1].
Pharmacological strategies to reduce mortality are targeted at reducing individual risk
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factors such as hyperlipidemia and blood pressure. Fenofibrate, a peroxisome proliferator-
activated receptor (PPAR) α agonist, lowers triglycerides and raises high density lipoprotein
(HDL) cholesterol. In the Fenofibrate Intervention and Event Lowering in Diabetes (FIELD)
study, treatment with fenofibrate reduced the incidence of cardiovascular events and reduced
the incidence of retinopathy requiring laser therapy in patients with type 2 diabetes mellitus
[2,3].

Clinical trials provide conflicting information regarding the effect of fibrates on blood
pressure. SBP and DBP were similar in patients treated with fenofibrate and placebo in the
FIELD study, but patients randomized to placebo were more likely to be using concurrent
angiotensin-converting enzyme (ACE) inhibitors, β-blockers and diuretics at the end of the
study [2]. Fenofibrate reduced SBP (−3.1 mmHg, 95% CI −6.3 to 0.1 mmHg) and DBP
(−2.9 mmHg, −4.9 to 0.08 mmHg, P <0.05 versus placebo) in a multicenter study in patients
with dyslipidemia [4]. Bezafibrate has also been reported to reduce blood pressure in a small
study of patients with hyperlipidemia [5]. Other clinical studies have suggested that
fenofibrate decreases [6], increases [7], or has no effect on [8] blood pressure.

The effect of PPARα agonists on blood pressure may depend on the mechanism of high
blood pressure. In rodent models, PPARα agonists improve endothelial function and
increase the renal expression of cytochrome P450 enzymes responsible for the formation of
epoxyeico-satrienoic acids (EETs) and 20-hydroxyeicosatetraenoic acid (20-HETE) [9–15].
EETs cause vasodilation and both EETs and 20-HETE promote natriuresis by inhibiting
tubular sodium transport [16]. Thus, PPARα agonists induce natriuresis and reduce blood
pressure in rodent models of salt-sensitive hypertension [10,12,17,18]. Conversely, PPARα
deficient mice develop salt-sensitive hypertension [19].

In this study, we tested the hypothesis that the PPARα agonist fenofibrate would reduce
blood pressure in humans with salt-sensitive hypertension.

METHODS
Volunteers with mild-to-moderate essential hypertension were studied. The study protocol
was approved by the Vanderbilt Institutional Review Board, registered at ClinTrials.gov
(NCT00872599), and conducted in accordance with the Declaration of Helsinki. All
volunteers provided written, informed consent and underwent a history and physical
examination, screening electrocardiogram and laboratory assessment. Hypertension was
defined as an untreated, seated SBP of 140 mmHg or greater on three separate occasions; an
untreated, seated DBP of 90 mmHg or greater on three separate occasions; or the use of an
antihypertensive agent(s) for a minimum of 6 months. Volunteers with secondary forms of
hypertension, significant cardiovascular disease (other than essential hypertension and left
ventricular hypertrophy), pulmonary and neurological disorders, diabetes, anemia, overt
renal insufficiency and/or any other relevant diagnoses which could interfere with the
volunteer’s ability to comply with the study protocol were excluded. All antihypertensive
medications were discontinued for three weeks prior to the study. Concomitant medications
which could potentially affect the study outcomes (e.g. hormone replacement therapy, oral
contraceptives, statins or fibrates, glucocorticoids, nonsteroidal anti-inflammatory drugs and
anticoagulants) were also discontinued.

Volunteers participated in a randomized, crossover, double-blind protocol with three dietary
phases beginning with a low salt diet (10 mmol/day) followed by two consecutive high salt
diets (200 mmol/day) each for 6 days (Fig. 1). Low and high sodium diets contained 100
mmol/day potassium, 1000–1350 mg/day calcium and were caffeine-and alcohol-free. After
the first day of high salt diet, participants were randomized to receive fenofibrate 160 mg
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daily (high salt fenofibrate arm, indicated in figures as ‘Feno’) or matching placebo (high
salt placebo arm, indicated as ‘Pla’) for 5 days.

At the end of each dietary phase, volunteers collected their urine for 24 h for measurement
of electrolytes, and creatinine. On the last day of each treatment arm, volunteers reported to
the Vanderbilt General Clinical Research Center after an overnight fast. That morning,
volunteers were weighed and urine samples were collected for measurement of creatinine,
catecholamines, 20-HETE, EET and dihydroxyeicosatrienoic acid (DHET) concentrations.
Volunteers were then studied in the supine position. An intravenous catheter was placed in
each arm, one for medication infusion and the other for blood sampling. Para-aminohippuric
acid (PAH) was administered as a continuous, steady-state infusion for 1 h for calculation of
renal plasma flow (RPF) as previously described [20]. Blood pressure and heart rate were
measured in triplicate at 45 min and 1 h, using an automated device (DINAMAP: Critikon,
Carlsbad, California, USA). Blood was then drawn at 45 min and 1 h for measurement of
plasma renin activity (PRA), aldosterone, glucose, insulin, plasma EETs, lipid profile (1 h
only), catechol-amines (1 h only) and PAH. During high salt study days volunteers also
completed an intravenous glucose tolerance test, using a previously described protocol [21].

After completing the first high salt arm, volunteers underwent a washout period of at least 1
week before crossing-over to the second 6-day high salt arm, during which they received the
opposite drug (placebo or fenofibrate) for the last 5 days. At the conclusion of the study,
volunteers were classified as salt-sensitive if the average study day mean arterial pressure
(MAP) was at least 5 mmHg higher during the high salt placebo arm than during low salt
intake.

Laboratory analysis
Blood samples were collected on ice and centrifuged for 20 min. All samples were frozen
and stored at −80°C until assay. Total cholesterol, HDL-cholesterol and triglycerides were
determined using ACE cholesterol, HDL-cholesterol and triglyceride reagent, respectively,
and performed on the Alfa Wasserman ACE clinical chemistry system (ALFA Wasserman,
West Caldwell, New Jersey, USA). Urine sodium and potassium concentrations were
measured by flame photometry and creatinine by the sodium picrate method. PRA was
determined by radioimmunoassay (Dia-Sorin, Stillwater, Minnesota, USA). Aldosterone
was determined using a radioimmunoassay with 125I-aldosterone (MP Biomedicals, Irvine,
California, USA), a primary antibody to aldosterone (National Institute of Diabetes and
Digestive and Kidney Diseases National Hormone and Peptide Program, Torrance,
California, USA), and a secondary antirabbit γ-globulin antibody (Linco Research, St
Charles, Missouri, USA). PAH concentrations were measured by spectrophotometry and
PAH clearance was calculated as previously reported [20]. Renal vascular resistance (RVR)
was calculated as MAP/RPF. Urine catechol-amines were batch extracted over alumina
measured by high pressure liquid chromatography with electrochemical detection using a
method modified from Holmes et al. [22]. Urine 20-HETE, EETs and DHETs and plasma
EETs were quantified using high pressure liquid chromatography/ tandem mass
spectrometry as previously described [23–25].

Statistical analysis
Data are presented as mean ± SD, unless otherwise noted. A paired t-test or signed rank test
was used to test within volunteer differences (e.g. fenofibrate versus placebo). A two-sample
t-test or Wilcoxon rank sum test was used to test between groups (between salt-sensitive and
salt-resistant). Correlations between changes in endpoints were measured using Spearman’s
correlation coefficient. A two-sided P value 0.05 or less was considered statistically
significant.
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Because this is a crossover study, we tested for carry-over or period effects on SBP, DBP,
MAP and triglycerides using the t-test approach proposed by Jones and Kenward [26]. There
was no evidence for carry-over or period effect on any of these parameters.

To test whether adequate washout of antihypertensive medication was achieved prior to the
first (low salt) study day, we assessed whether there was any relationship between prestudy
antihypertensive medication [ACE inhibitor or angiotensin receptor blocker (ARB), β-
blocker and thiazide diuretic] and volunteer characteristics measured during low salt intake.
We found no relationship between prestudy medication and blood pressure, heart rate, RPF,
RVR or plasma or urine EETs measured during the first low salt study day. In three
volunteers (two salt-resistant, one salt-sensitive) who were treated with a β-blocker prior to
washout, urine sodium excretion was significantly higher (37.6 ± 9.9 versus 21.9 ± 19.9
mmol/day) and PRA was significantly lower (0.7 ± 0.4 versus 3.4 ± 2.6 ng Ang I/ml per h)
during low salt intake compared to 28 volunteers who had not taken a β-blocker. Volunteers
who had been treated with a thiazide diuretic prior to the 3-week washout period had a lower
PRA during low salt intake compared with those who had not (2.0 ± 2.0 versus 3.8 ± 2.8 ng
Ang I/ml per h).

RESULTS
Thirty-one volunteers completed the study. Seventeen (59%) were salt-resistant and fourteen
(41%) were salt-sensitive, as defined as having a 5 mmHg or greater difference between
MAP measured during low salt and high salt intake. Volunteer characteristics appear in
Table 1. Salt-resistant and salt-sensitive volunteers did not differ with respect to these
baseline measurements.

Within salt-sensitive volunteers, DBP (93.8 ± 5.0 versus 81.8 ± 6.8 mmHg, P =0.005) and
MAP (109.3 ± 5.5 versus 100.8 ± 6.3 mmHg, P = 0.03) were significantly higher in
African–Americans than in Whites during high salt placebo. There were no other effects of
race or sex on blood pressure during any treatment arm.

Effect of salt intake and fenofibrate on blood pressure and heart rate
There was no effect of fenofibrate on SBP, DBP, or MAP during high salt intake in salt-
resistant volunteers. In contrast, fenofibrate significantly decreased DBP (P = 0.02 versus
placebo) and MAP (P = 0.04 versus placebo) during high salt intake in salt-sensitive
volunteers after controlling for race (Table 2). The decrease in DBP and MAP during
fenofibrate versus placebo was significantly greater in salt-sensitive than in salt-resistant
volunteers (Fig. 2a and b). This was true even after adjusting for prestudy antihypertensive
medication (P >0.035 for effect of prestudy ACEi or ARB, β-blocker or thiazide diuretic).
Although fenofibrate did not significantly reduce SBP in salt-sensitive volunteers compared
with salt-resistant volunteers, the decrease in SBP during fenofibrate treatment varied
significantly inversely with salt sensitivity of MAP as a continuous variable in all volunteers
(Fig. 2d). Heart rate was decreased during high salt placebo compared with low salt intake in
all volunteers combined and in salt-resistant volunteers (Table 2). Compared with high salt
intake placebo, fenofibrate significantly decreased heart rate further in salt-sensitive
volunteers only; moreover, heart rate was significantly lower in salt-sensitive compared with
salt-resistant volunteers during fenofibrate (Table 2).

Renal plasma flow increased during high salt intake in all volunteers, although this was
significant only during fenofibrate. The increment in RPF during high salt intake and
fenofibrate treatment compared with low salt intake was similar in salt-resistant and salt-
sensitive volunteers. RVR, however, was significantly higher in salt-sensitive compared
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with salt-resistant volunteers during high salt intake; in addition, fenofibrate significantly
reduced RVR in salt-sensitive volunteers (Table 2).

Effect of salt intake and fenofibrate on metabolic, electrolyte, and endocrine parameters
During high salt intake, fenofibrate reduced plasma triglycerides significantly and similarly
in salt-resistant and salt-sensitive volunteers (Table 3). Fenofibrate also increased the acute
insulin response in both groups, but this reached significance only in the combined groups
(from 401.5 to 497.6 mU/l per min, P =0.04).

Twenty-four hour urine excretion indicated dietary compliance and was similar in salt-
resistant and salt-sensitive volunteers (Table 3). Fenofibrate did not affect steady-state 24-h
urine sodium excretion. Volunteers gained weight during high salt intake. During high salt
intake there was no difference in weight between placebo and fenofibrate treatment. Salt-
sensitive volunteers weighed more than salt-resistant volunteers under all conditions. The
increment in weight gain during high salt intake was not significantly different in salt-
sensitive and salt-resistant volunteers.

PRA and aldosterone concentrations decreased significantly during high salt intake
compared with low salt intake, and were comparable in salt-sensitive and salt-resistant
volunteers during low salt intake and high salt intake placebo (Table 3). There was no effect
of fenofibrate on aldosterone concentrations during high salt intake. Fenofibrate did not
affect PRA in salt-resistant volunteers during high salt intake. In contrast, fenofibrate
reduced PRA compared with placebo in salt-sensitive volunteers during high salt intake.

There was no influence of prestudy antihypertensive medication on the effect of fenofibrate
on heart rate, RVR or PRA (all P >0.30 for ACE inhibitor or ARB, β-blocker or thiazide
diuretic).

Plasma norepinephrine and 24-h urine catecholamine excretion (Table 3) were significantly
lower during high salt intake compared with low salt intake, and were similar in salt-
sensitive and salt-resistant volunteers. During high salt fenofibrate, urine
dihydroxylphenylglycol (DHPG) and epinephrine excretion were increased compared with
high salt placebo in salt-resistant volunteers, but not in salt-sensitive volunteers. There was a
similar nonsignificant trend for plasma norepinephrine and 24-h urine nor-epinephrine
excretion. During fenofibrate, heart rate correlated with plasma norepinephrine (r = 0.502, P
= 0.005) and with urine norepinephrine excretion (r = 0.368, P = 0.04) and tended to
correlate with urine DHPG (P = 0.06) and with total catecholamine (P = 0.08) excretion.
During fenofibrate, PRA correlated with the increase in urine norepinephrine (r =0.520, P =
0.003), epinephrine (r = 0.442, P = 0.01), and DHPG (r = 0.379, P = 0.04) from high salt
alone.

Effect of salt intake and fenofibrate on plasma and urine epoxyeicosatrienoic acids
The effect of salt intake and fenofibrate on plasma and urine EETs differed in salt-resistant
and salt-sensitive volunteers. During low salt intake, plasma total EET, 11,12-EET and 8,9-
EET concentrations were significantly higher in salt-resistant compared with salt-sensitive
volunteers (Fig. 3). In salt-resistant volunteers, high salt and fenofibrate treatment decreased
plasma total EET concentrations and 8,9-EET concentrations compared with low salt intake.
The decrease in plasma total EETs and 8,9-EET concentrations during high salt fenofibrate
was significantly greater in salt-resistant compared with salt-sensitive volunteers (Fig. 3).
During high salt intake, the change in plasma 8,9-EET concentration during fenofibrate
compared with placebo correlated inversely with the change in DBP (r = −0.386, P = 0.04).
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14,15-EET and 11,12-EET were the prominent isomers excreted in the urine (Fig. 4). During
low salt intake, concentrations of total EETs, 14,15-EET and 11,12-EET were significantly
higher in the urine of salt-resistant compared with salt-sensitive volunteers. In salt-resistant
volunteers, high salt and fenofibrate treatment decreased total EET concentrations compared
with low salt intake; this was not the case in salt-sensitive volunteers. The decline in urinary
total EET and 11,12-EET concentrations during fenofibrate high salt compared with low salt
was significantly greater in salt-resistant compared with salt-sensitive volunteers (Fig. 4).

Soluble epoxide hydrolase degrades EETs to corresponding DHETs. Soluble epoxide
hydrolase activity, calculated as the ratio of urinary DHETs to DHETs and EETs, trended
higher in salt-sensitive compared with salt-resistant volunteers during low salt intake (Fig.
4). In salt-resistant volunteers, sEH activity was decreased during high salt intake placebo
treatment compared with during low salt intake but not during high salt intake and
fenofibrate treatment.

Urine 20-HETE excretion was not significantly different between salt-resistant and salt-
sensitive patient and did not differ significantly among treatment arms.

DISCUSSION
The PPARα agonist fenofibrate has been reported to reduce [4,6], increase [7] or have no
effect [8] on blood pressure in clinical trials. These inconsistent findings could result from
the study of heterogeneous populations, as well as from differences in concurrent treatments
or dietary salt intake. In the present study, we assessed the effect of fenofibrate on blood
pressure in individuals who were phenotyped for the sensitivity of their blood pressure to
salt intake. We report for the first time that, during high salt intake, fenofibrate reduces
blood pressure in individuals with salt-sensitive hypertension, but not in those with salt-
resistant hypertension. In salt-sensitive hypertensives, blood pressure reduction by
fenofibrate was accompanied by decreases in PRA, heart rate and RVR.

Fenofibrate reduced triglycerides similarly in salt-sensitive and salt-resistant volunteers,
suggesting that the antihypertensive effect of fenofibrate in salt-sensitive volunteers resulted
from an action downstream from PPARα activation. Fenofibrate could reduce blood
pressure in this group by decreasing volume or by reducing vascular resistance. The lack of
effect of fenofibrate on weight gain during high salt intake indicates that fenofibrate did not
alter volume. Rather, the observation that fenofibrate reduced PRA and heart rate in salt-
sensitive volunteers suggests that fenofibrate reduced blood pressure by reducing
vasoconstriction mediated by the renin–angiotensin and sympathetic nervous systems.
Compatible with this, fenofibrate significantly reduced RVR in salt-sensitive volunteers.

At least two other groups have reported that PPARα agonists reduce heart rate. Chew et al.
observed that treatment with fenofibrate decreased 24-h heart rate in patients with type 2
diabetes and left ventricular dysfunction [6]. Jonkers et al. [5] found that bezafibrate reduced
heart rate in patients with hypertriglyceridemia, without reducing circulating
catecholamines. In addition, fenofibrate has been reported to improve sympathetic tone and
increase baroreflex sensitivity in obese volunteers [27]. We did not find that fenofibrate
decreased plasma or urine catecholamines in salt-sensitive volunteers, but rather that
fenofibrate increased activation of the sympathetic nervous system in salt-resistant
volunteers and that this effect was absent in salt-sensitive volunteers. Moreover, we found
significant relationships between the plasma and urine markers of sympathetic activity and
heart rate or PRA, suggesting that diminished activation of the sympathetic nervous system
may have contributed to decreased heart rate and PRA in salt-sensitive volunteers during
fenofibrate.
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On the basis of rodent models, we predicted that plasma and urine EETs would be higher
during high salt intake in salt-resistant compared with salt-sensitive volunteers. Surprisingly,
we found that both plasma and urine EETs were significantly higher in salt-resistant
volunteers compared to salt-sensitive volunteers during low salt intake. As activation of the
renin–angiotensin system induces soluble epoxide hydrolase expression [28], we
hypothesize that during low salt intake the degradation of EETs by sEH is enhanced in salt-
sensitive volunteers; this is supported by the observation that the ratio of urine DHETs/
DHETs+EETs tended to be higher in salt-sensitive volunteers during low salt intake.

In rodent models, PPARα agonists induce expression of CYP2C in the kidney [12,15].
Concomitant with the antihypertensive effect of fenofibrate in salt-sensitive volunteers, we
found a significantly greater increase in urine EET excretion during high salt intake
fenofibrate versus low salt intake in salt-sensitive compared with salt-resistant volunteers.
Fibrates also increase the expression of sEH [29], and it is possible that induction of soluble
epoxide hydrolase and EET degradation offset any effect of fenofibrate on renal CYP2C
expression in salt-resistant volunteers. Of note, in contrast to the effects of PPARα agonists
on CYP2C and CYP4A expression in the kidney [9,17], PPARα agonists reduce vascular
CYP2C expression and plasma EETs in rodents [30]. In the present study, we found that
plasma EETs were decreased during fenofibrate compared with low salt-intake in salt-
resistant volunteers, whereas there was no effect of fenofibrate on plasma EETs in salt-
resistant volunteers.

PPARα agonists have also been reported to induce renal ω-hydroxylase activity in rodents in
some studies but not in all [10,11]. Fenofibrate did not significantly alter urine 20-HETE
excretion in either salt-resistant or salt-sensitive volunteers in this study. As reported
previously by Laffer et al. [31], urine 20-HETE excretion did not differ significantly in salt-
resistant and salt-sensitive volunteers.

In conclusion, hypertension, obesity and the metabolic syndrome convey increased risk of
cardiovascular mortality [1]. Fenofibrate reduces triglycerides and the incidence of
cardiovascular events in diabetics [2], but studies provide conflicting information regarding
the effect of fibrates on blood pressure. We report for the first time that, during high salt
intake, the PPARα agonist fenofibrate reduces blood pressure in salt-sensitive hypertensive
individuals but not salt-resistant hypertensives. In addition, fenofibrate reduces heart rate,
PRA and renal vasoconstriction in salt-sensitive individuals, whereas fenofibrate increased
activity of the sympathetic nervous system in salt-resistant volunteers.
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Abbreviations

20-HETE 20-hydroxyeicosatetraenoic acid

DHET dihydroxyeicosatrienoic acid

EET epoxyeicosatrienoic acid

FIELD Fenofibrate Intervention and Event Lowering in Diabetes

HDL high density lipoprotein

MAP mean arterial pressure
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PAH para-aminohippurate

PPAR peroxisome proliferator-activated receptor

PRA plasma renin activity

RPF renal plasma flow

RVR renal vascular resistance
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Reviewers’ Summary Evaluations

Reviewer 1

The major strength of the article is that it provides clinical evidence demonstrating that
fenofibrate treatment reduces blood pressure in the theg subgroup of salt-sensitive
hypertensive patients but not in the subgroup of salt-resistant hypertensive patients. This
may help to clarify the conflicting information published previously on the effects of
fibrates on blood pressure in hypertensive patients considered as a group. The major
limitation of the article is that it does not provide information robust enough to identify
the precise molecular mechanism through which fenofibrate treatment reduces blood
pressure in salt-sensitive hypertensive patients.

Reviewer 2

Fibrates have an heterogeneous impact on blood pressure. The authors of the present
study have investigated the interaction between salt-sensitivity of blood pressure and the
renal, hormonal and hemodynamic response to fenofibrate in subjects with mild to
moderate hypertension. The strength of the study is a very careful design of the study
using a crossover design in which patients were investigated under various salt regimens
and medications. The results show clear differences in the response to fenofibrate
according to the salt-sensitivity pattern. The major limit of this study, which provides
some interesting insights on the action of fibrates, is of course the ability to identify salt
sensitive patients in the real life. The complex protocol applied in this study is
unfortunately not applicable in clinical practice.
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FIGURE 1.
Study protocol. All antihypertensive medications were washed out at least 3 weeks prior to
the first study day. Volunteers underwent a washout period of at least 1 week between study
arms.
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FIGURE 2.
Effect of salt intake and fenofibrate on mean arterial pressure (MAP), SBP and DBP.
Changes from low salt to high salt intake and placebo (ΔPla-Low), from low salt to high salt
intake and fenofibrate (ΔFeno-Low), and during high salt and fenofibrate compared with
high salt intake and placebo (ΔFeno-Pla) are indicated. Volunteers were classified as salt-
sensitive if their MAP was at least 5 mmHg higher during high salt and placebo compared
with during low salt intake. Panel (d) shows the effect of fenofibrate treatment on SBP
during high salt intake (Δ SBPFeno-Pla) as a function of salt sensitivity of blood pressure
defined as the difference in MAP between low salt and high salt intake during placebo (Δ
MAPPla-Low). Grey filled circles indicate those volunteers defined as salt-sensitive.
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FIGURE 3.
Effect of salt intake and fenofibrate on plasma epoxyeicosatrienoic acid concentrations.
Changes in epoxyeicosatrienoic acid (EET) concentrations from low salt to high salt intake
and placebo (Δ Pla-Low), from low salt to high salt intake and fenofibrate (Δ Feno-Low),
and during high salt and fenofibrate compared with high salt intake and placebo (Δ Feno-
Pla) are also shown. *P <0.05 versus low salt intake.
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FIGURE 4.
Effect of salt intake and fenofibrate on urine epoxyeicosatrienoic acid (EET) concentrations
and soluble epoxide hydrolase (sEH) activity. Changes in EET concentrations from low salt
to high salt intake and placebo (Δ Pla-Low), from low salt to high salt intake and fenofibrate
(Δ Feno-Low), and during high salt and fenofibrate compared with high salt intake and
placebo (Δ Feno-Pla) are also shown. *P <0.05 versus low salt intake, †P = 0.07 versus low
salt intake.
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TABLE 1

Volunteer characteristics in salt-resistant and salt-sensitive subjects at screening

Salt-resistant (N=17) Salt-sensitive (N=14)

Age (years) 45.7 ± 11.4 42.1 ± 11.8

Gender (male: female) 6 : 11 9 : 5

Race (white: black) 12 : 5 9 : 5

Body mass index (kg/m2) 29.3 ± 4.8 29.9 ± 6.6

Waist to hip ratio 0.90 ± 0.11 0.92 ± 0.15

Fasting glucose (mg/dl) 90.5 ± 10.6 88.2 ± 12.5

Triglycerides (mg/dl) 102.7 ± 73.4 103.3 ± 55.9

Cholesterol-HDL (mg/dl) 54.1 ± 20.0 52.1 ± 15.8

Mean arterial pressure (mmHg) 96.1 ± 8.6 95.9 ± 7.0

Systolic blood pressure (mmHg) 129.8 ± 14.4 129.9 ± 13.5

Diastolic blood pressure (mmHg) 79.2 ± 7.5 78.9 ± 5.5

Antihypertensive medications

 0 [N (%)] 3 (18%) 4 (29%)

 1 [N (%)] 8 (47%) 8 (57%)

 2 [N (%)] 6 (37%) 2 (14%)

Type of antihypertensive medication

 ACE inhibitor or ARB [N (%)] 12 (71%) 6 (43%)

 β-Blocker [N (%)] 2 (12%) 1 (7%)

 Thiazide diuretic [N (%)] 6 (35%) 5 (36%)

Screening measurements were made prior to the washout of antihypertensive medication. ACE, angiotensin-converting enzyme; HDL, high-density
lipoprotein. Data presented as N, % or mean ± SD.
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TABLE 2

Hemodynamic measures by treatment and salt sensitivity

Low salt High salt placebo High salt fenofibrate

Mean arterial pressure (mmHg)

 Salt-resistant 98.2 ± 9.8 95.5 ± 10.4 97.5 ± 10.4

 Salt-sensitive 93.2 ± 5.5 103.8 ± 7.2a,e 100.5 ± 5.8b,c

 All 95.9 ± 8.4 99.3 ± 9.9b 98.8 ± 8.7b

SBP (mmHg)

 Salt-resistant 135.6 ± 13.2 132.2 ± 13.8 134.5 ± 10.2

 Salt-sensitive 124.0 ± 8.8a 139.4 ± 10.9b 136.8 ± 12.6b

 All 130.4 ± 12.7 135.5 ± 12.9b 135.5 ± 11.2b

DBP (mmHg)

 Salt-resistant 79.5 ± 9.1 77.1 ± 9.8 78.9 ± 11.1

 Salt-sensitive 77.8 ± 5.5 86.1 ± 8.5a,b 82.4 ± 5.8b,c

 All 78.8 ± 7.6 81.2 ± 10.1 80.5 ± 9.1

Heart rate (bpm)

 Salt-resistant 69.0 ± 8.0 63.6 ± 9.4b 66.2 ± 8.6b

 Salt-sensitive 64.2 ± 9.0 62.9 ± 13.8 59.2 ± 7.6a,b,c

 All 66.9 ± 8.7 63.3 ± 11.4b 63.1 ± 8.8b

Renal plasma flow (ml/min per 1.73 m2)

 Salt-resistant 750.4 ± 171.0 794.5 ± 190.6 800.2 ± 152.8

 Salt-sensitive 675.7 ± 149.8 711.3 ± 171.4 716.0 ± 168.7

 All 716.6 ± 163.5 756.9 ± 184.1 763.7 ± 162.7b

Renal vascular resistance (U)

 Salt-resistant 0.137 ± 0.030 0.127 ± 0.032 0.126 ± 0.0280

 Salt-sensitive 0.144 ± 0.031 0.154 ± 0.038a 0.147 ± 0.031c

 All 0.140 ± 0.030 0.139 ± 0.037 0.135 ± 0.031

Data presented as N or mean ± SD.

a
P <0.05 versus salt-resistant.

b
P <0.05 versus low salt intake.

c
P <0.05 versus high salt intake placebo, controlling for race in the case of blood pressure.
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TABLE 3

Metabolic and endocrine parameters by treatment and salt sensitivity

Low salt High salt placebo High salt fenofibrate

Triglycerides (mg/dl)

 Salt-resistant 74.2 ± 34.1 76.6 ± 35.8 56.6 ± 28.3a,b

 Salt-sensitive 83.9 ± 31.8 82.4 ± 25.6 59.4 ± 18.1a,b

 All 78.6 ± 32.9 79.1 ± 31.4 57.8 ± 24.1a,b

Fasting glucose (mg/dl)

 Salt-resistant 92.4 ± 10.4 94.5 ± 12.6 93.3 ± 10.5

 Salt-sensitive 95.6 ± 11.4 92.6 ± 10.8 88.8 ± 6.9a

 All 93.8 ± 10.8 93.5 ± 11.6 91.3 ± 9.3

Weight (kg)

 Salt-resistant 82.6 ± 17.3 83.0 ± 17.0 83.0 ± 17.4

 Salt-sensitive 91.5 ± 27.1 92.5 ± 26.3 92.1 ± 26.5

 All 86.6 ± 22.3 87.3 ± 21.9a 87.1 ± 22.0a

Urinary sodium (mmol/day)

 Salt-resistant 28.0 ± 24.5 187.1 ± 74.5a 181.8 ± 74.2a

 Salt-sensitive 21.4 ± 13.8 204.9 ± 73.5a 216.0 ± 70.5a

 All 25.0 ± 20.3 195.1 ± 73.4a 197.2 ± 73.4a

Urinary potassium (mmol/day)

 Salt-resistant 79.6 ± 16.8 90.2 ± 30.9 101.3 ± 31.5a

 Salt-sensitive 67.5 ± 19.9 96.2 ± 40.8a 97.9 ± 40.3a

 All 74.1 ± 18.9 92.9 ± 35.2a 99.8 ± 35.1a

Urine creatinine (g/day)

 Salt-resistant 1.41 ± 0.45 1.33 ± 0.36 1.26 ± 0.44

 Salt-sensitive 1.66 ± 0.57 1.50 ± 0.71 1.40 ± 0.62

 All 1.53 ± 0.51 1.41 ± 0.55 1.32 ± 0.52a

Aldosterone (pg/ml)

 Salt-resistant 164.7 ± 75.8 76.8 ± 32.7a 81.2 ± 40.5a

 Salt-sensitive 141.6 ± 59.9 64.6 ± 20.6a 63.8 ± 19.3a

 All 154.2 ± 68.9 71.3 ± 28.1a 73.6 ± 33.7a

PRA (ng Ang l/ml per h)

 Salt-resistant 3.7 ± 3.1 0.78 ± 0.60a 0.67 ± 0.41a

 Salt-sensitive 2.5 ± 1.7 0.71 ± 0.65a 0.51 ± 0.46a,b

 All 3.2 ± 2.6 0.75 ± 0.62a 0.60 ± 0.44a
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Low salt High salt placebo High salt fenofibrate

Plasma norepinephrine (pg/ml)

 Salt-resistant 244.1 ± 83.5 173.8 ± 79.3a 192.5 ± 112.2a

 Salt-sensitive 260.1 ± 94.5 176.6 ± 93.9a 176.2 ± 80.0a

 All 251.3 ± 87.5 175.1 ± 84.9a 185.4 ± 98.3a

Urine DHPG (μg/day)

 Salt-resistant 134.7 ± 118.3 40.1 ± 23.9a 64.5 ± 57.1a,b

 Salt-sensitive 85.1 ± 45.8 47.9 ± 31.1a 43.8 ± 32.9a

 All 112.3 ± 94.9 43.6 ± 27.2a 55.1 ± 48.1a

Urine norepinephrine (μg/day)

 Salt-resistant 133.1 ± 141.2 33.8 ± 34.0a 58.4 ± 88.8a

 Salt-sensitive 93.4 ± 117.9 33.2 ± 33.3a 34.5 ± 46.8a

 All 115.2 ± 130.6 33.5 ± 33.1a 47.6 ± 72.8a

Urine epinephrine (μg/day)

 Salt-resistant 17.3 ± 35.4 4.1 ± 4.0 8.1 ± 8.4b

 Salt-sensitive 8.3 ± 7.2 6.6 ± 11.3 3.8 ± 3.9a

 All 13.2 ± 26.7 5.2 ± 8.1 6.2 ± 7.0

Urine dopamine (μg/day)

 Salt-resistant 560.0 ± 717.1 167.3 ± 113.7a 234.3 ± 171.9

 Salt-sensitive 346.0 ± 249.5 200.9 ± 118.8a 166.0 ± 129.9a

 All 463.3 ± 559.4 182.5 ± 115.4a 203.5 ± 115.8a

Data presented as N or mean ± SD. DHPG, dihydroxylphenylglycol; PRA, plasma renin activity.

a
P <0.05 versus low salt.

b
P <0.05 versus high salt placebo.

J Hypertens. Author manuscript; available in PMC 2014 April 01.


