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Abstract:

The aims of this study were to identify the effect of clofibrate administration in the development of high blood pressure secondary to

aortic coarctation (AoCo) and to assess its effect on vascular reactivity. Three experimental groups of rats were used: sham-operated,

aortic coarctated vehicle-treated (AoCo-V), and aortic coarctated clofibrate-treated (AoCo-C100). The rats were treated for seven

days. Blood pressure was measured, and the vascular response to angiotensin II (AngII), norepinephrine (NE), and acetylcholine

(ACh) were evaluated in aortic rings. The activity and expression of endothelial nitric oxide synthase (eNOS) was also evaluated.

The major findings of this study include the following: AoCo induced a rise in blood pressure, and this effect was attenuated by clofi-

brate. The vascular response to AngII was higher in aortic rings from the AoCo-V group compared to the Sham-V or AoCo-C100

groups. ACh-elicited vasorelaxation was lower in the arteries of AoCo-V rats than Sham-V or AoCo-C100, while it was comparable

between the Sham-V and AoCo-C100 groups. In every case, vasorelaxation was dependent on NO. However, the ACh-induced re-

lease of NO as well as NOS activity and expression were reduced in the arteries of AoCo-V rats. Clofibrate maintained normal NOS

activity and increased eNOS expression. In conclusion, clofibrate administration attenuated the AoCo-induced rise in blood pressure

by a mechanism that involves the participation of the NO system at both the NO synthesis and the eNOS protein expression levels.

These events improved endothelial function, preserved normal vascular responses to both vasorelaxants and vasoconstrictors, and

led to better blood pressure control.
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Introduction

Under physiological conditions, blood pressure is

a well-regulated process that involves, among other

factors, a balance between vasoconstrictor and va-

sorelaxant substances that are derived from the endo-

thelium [14]. One of the most important vasorelaxants

is nitric oxide (NO) [32], which is produced by the

enzymatic reaction of a family of nitric oxide syn-

thase (NOS) enzymes that convert L-arginine into L-

citrulline and produce NO as a co-product. The NOS

enzymes can be grouped into constitutive (endothelial

(eNOS) and neuronal (nNOS)) and inducible (iNOS)

categories according to their dependence on calcium.

Several reports have emphasized the importance of

eNOS-produced NO in the modulation of vascular

tone and, consequently, in blood pressure [32]. Fur-

thermore, pathologies such as atherosclerosis and

high blood pressure [4] have been involved in im-

paired eNOS expression and/or function, which lead

to endothelial dysfunction [1, 11, 19]. An experimen-

tal model that reproduces the important features of en-

dothelial dysfunction is the high blood pressure model

secondary to aortic coarctation. The aortic ligation

(above the kidney) increases renin-angiotensin system

activity, which leads to vasoconstriction, sodium and

water retention, and, as we have previously reported,

a decrease in the participation of the NO system [34].

The regulation of eNOS expression and activity is

influenced by several factors [13]. Recently, it was

shown that eNOS expression could be induced by

a group of lipid-lowering drugs, collectively called fi-

brates, which include clofibrate, fenofibrate, and

bezafibrate [36]. These drugs act to stimulate the �

isoform of peroxisome proliferator-activated recep-

tors (PPAR-�). This protein is a member of a super-

family of nuclear receptors that work as transcription

factors; PPAR-� has been reported to be present in

high metabolic rate tissues, such as the heart, liver,

kidney, and endothelium [5, 21].

Some of the effects that are involved in the stimula-

tion of PPAR-� are the control of fatty acid �-oxi-

dation, the regulation of amino acid metabolism and in-

flammation, and the expression of several cardiovas-

cular-related genes [18, 23]. Goya et al. [16] reported

that in bovine aortic endothelial cells, fenofibrate was

able to upregulate eNOS expression. In animal models,

the stimulation of PPAR� has a hypotensive effect. In

angiotensin II (AngII)-infused rats, fenofibrate had

a direct beneficial effect on cardiac inflammation and

prevented a rise in blood pressure by a mechanism

that involves the modulation of adhesion molecules

[10]. In rats with salt-induced high blood pressure,

clofibrate treatment prevented high blood pressure

and endothelial dysfunction partly through reduced

the formation of O•
2- but mainly through the selective

activation of KCa channels [35]. We hypothesized

that clofibrate could prevent the development of high

blood pressure in an experimental model of hyperten-

sion secondary to aortic coarctation by a NO-

dependent mechanism that involves an improvement

in endothelial dysfunction.

Materials and Methods

Animals

All animal procedures were conducted in accordance

with our Federal Regulations for Animal Experimen-

tation and Care and were approved by the Institutional

Animal Care and Use Committee.

Male Wistar rats (weights of 250–300 g) were ran-

domized into three groups: 1) sham-operated vehicle-

treated (Sham-V); 2) aortic coarctation vehicle-treated

(AoCo-V), or 3) aortic coarctation clofibrate-treated

(2.5, 25, 100, or 250 mg/kg/daily intraperitoneal (ip),

AoCo-C) groups. The animals were housed under

standard conditions of temperature, humidity, and

12/12-h dark-light cycles. They had free access to wa-

ter and standard rodent chow (Laboratory rodent diet

5001, PMI Nutrition International, LLC).

Materials

All reagents were purchased from Sigma-Aldrich Co.

(St. Louis, MO, USA) and were of the best quality

available.

Aortic coarctation

Aortic coarctation was performed as described previ-

ously [12]. Briefly, rats were anesthetized with diethyl

ether, underwent abdominal laparotomies to expose

the abdominal aortae, and were partially ligated with

silk (3–0) at a point below the right renal artery but

above the left renal artery. Reproducibility was

achieved by tying the silk temporarily to the artery
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with a 19-gauge needle. The rats were sutured in lay-

ers and allowed to recover.

Systolic blood pressure measurements

Seven days after surgery, each rat was anesthetized

with sodium pentobarbital (50 mg/kg, ip), and its sys-

tolic blood pressure was measured by implanting

a heparinized Tygon catheter (Baxter Diagnostics,

McGann Park, IL, USA) into the carotid artery. The

catheter was connected to a blood pressure measure-

ment system (WPI, Sarasota, FL, USA). Once the rat

was fully instrumented, we allowed an equilibration

period of 10 min. Systolic blood pressure was re-

corded for 10 min on a PC, and readings were taken

every 2 min and averaged.

Vascular reactivity

To assess vascular contraction and relaxation under

the different experimental conditions, AngII- and ace-

tylcholine (ACh)-concentration response curves on aor-

tic rings were prepared as described previously [33]. For

each rat, the thoracic aorta was removed and placed into

a cold, oxygenated Tyrode solution (pH 7.2).

Periadventitial fat was carefully removed, and the

artery was cut into rings (2–3 mm wide). The rings

were held by passing two wires through the lumen.

One of these wires was fixed, and the other was con-

nected to a tension transducer (Transbridge transducer

amplifier Model: TBM4M, WPI, Sarasota, FL, USA)

to measure the tension developed by the artery. The

aortic rings were mounted in a 5-ml water-jacketed

organ chamber containing Tyrode solution (pH 7.2) at

37°C. The composition of the Tyrode solution was

140 mM NaCl, 5.0 mM KCl, 1.0 mM CaCl2, 1.0 mM

MgCl2, 5.0 mM HEPES, and 5.5 mM glucose, and it

was gassed constantly with 95% O2/5% CO2. A 2 g

basal passive tension was applied. This tension has

been probed previously and found to be optimal under

our experimental conditions [33]. Arteries were al-

lowed to rest for 60 min, with replacement of the Ty-

rode solution every 20 min. Arteries were stimulated

twice with norepinephrine (NE, 1 × 10–6 M), and the

mean values obtained were considered as 100% of the

contractile responses. To test the integrity of the endo-

thelium, NE (1 × 10–6 M)-precontracted arteries were

challenged with 1 × 10–5 M ACh. Arteries that did not

develop ACh-induced vasorelaxation were discarded.

The vasorelaxant response was determined by cumula-

tive concentration-response curves to ACh (1 × 10–10 M

to 1 × 10–5 M) on NE (1 × 10–6 M)-precontracted rings.

The contractile response was evaluated by cumulative

concentration-response curves to AngII (1 × 10–10 M to

1 × 10–6 M). To assess the participation of NO media-

ting the vasorelaxant response to ACh, the curve was re-

peated in the presence of L-NAME (300 µM). Changes

in the force of tension developed by the aorta rings to-

ward stimulation with agonists were measured in grams.

NOS activity

NOS activity was measured based on the stoichiomet-

ric conversion of L-arginine into NO and L-citrulline

[8]. Aortas were dissected on an ice-cold plate and

maintained at –70°C until the assays were performed.

Tissues were homogenized at 0°C in 500 µl of a buf-

fer (50 mM Tris-HCl, 0.1 mM EGTA, �-mercapto-

ethanol 0.1%, pH 7.5) containing a cocktail of prote-

ase inhibitors (100 µM leupeptin, 1 mM phenyl-

methylsulfonyl fluoride, 2 µg/ml aprotinin, 10 µg/ml

soybean trypsin inhibitor), and Nonidet P-40 0.1%

(v/v). The protein concentration of each sample was

measured using the Lowry method [28], and samples

containing 500 µg of protein were incubated for

30 min at 37°C in the presence of 10 µM L-arginine-

HCl, 1 mM NADPH, 100 nM calmodulin, 30 µM tetra-

hydrobiopterin, 2.5 mM CaCl�, and 0.2 µCi [�H]-L-

arginine (Amersham, Buckinghamshire, UK). The

maximum volume for each reaction was 100 µl. Reac-

tions were stopped by the addition of 1 ml of ice-cold

stop buffer containing 2 mM EGTA, 2 mM EDTA,

and 20 mM HEPES at pH 5.5. The reaction mixture

was applied to a column of cation exchange resin

(Dowex-50W) that had been previously equilibrated

with stop buffer. This column retains labeled arginine

and allows [�H]-L-citrulline to flow through the col-

umn. The amount of labeled L-citrulline was meas-

ured using a Beckman LS6500 scintillation counter.

Data were expressed as ng L-citrulline/500 µg pro-

tein/30 min [15].

eNOS expression

The expression levels of eNOS were examined by

western blot analyses, as described previously [8].

Frozen aortic samples were homogenized (25% w/v)

in a lysis buffer containing 250 mM Tris-HCl (pH

7.4), 2.5 mM EDTA, and protease inhibitors (10 µg/

ml leupeptin and 20 µg/ml aprotinin) at 4°C. A total
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of 100 µg protein was separated by SDS-PAGE (10%

polyacrylamide gel). Separated proteins were electro-

phoretically transferred onto PVDF membranes

(Hybond-P Amersham, NJ, USA) and blocked with

5% skim milk in PBS (pH 7.2 for 1 h at room tem-

perature). The membranes were incubated overnight

at 4°C with primary antibodies against eNOS (poly-

clonal) or �-actin (monoclonal) (Santa Cruz Biotech-

nology, Santa Cruz, CA, USA) at a final dilution of

1:100 in buffered 5% skim milk. The membranes

were incubated for 1 h at room temperature with

a secondary antibody (anti-rabbit peroxidase-labeled

and anti-mouse peroxidase-labeled for eNOS and �-

actin, respectively, Santa Cruz Biotechnology) and di-

luted 1:1000 in blocking solution. Blots were washed,

and the protein signals were developed using a chemi-

luminescent detection system (Santa Cruz Biotech-

nology). Images from films were digitally acquired

using a digital camera and analyzed using the Electro-

phoresis Documentation Analysis System (EDAS

290, KODAK). Blots were stripped and re-incubated

with monoclonal �-actin antibody as a protein loading

control. The density values for each band are ex-

pressed as arbitrary units.

Palmitoyl CoA oxidase activity

The determination of peroxisomal palmitoyl CoA oxi-

dase was performed as described previously [40].

Briefly, livers from Sham-V, Sham-C, AoCo-V, and

AoCo-C100 rats were homogenized (1:3 w/v) in 0.25 M

sucrose, 1 mM EDTA, and 0.1% ethanol. Samples

containing 500 µg of protein were incubated at 37°C

for 30 min with constant shaking in a reaction mix

containing 60 mM Tris-HCl (pH 8.3), 35 µM palmi-

toyl CoA, 50 µM FAD, 1 µM scopoletin, peroxidase

(3 units), 0.6 mg bovine serum albumin, and Triton

X-100 (0.01%) to a final volume of 1 ml. The reac-

tions were stopped by adding 4 ml of 0.1 M borate

buffer (pH 10). Fluorescence was measured at 470 nm

emission and 395 nm excitation with a Varian Cary

Eclipse Fluorescence Spectrophotometer.

Statistical analysis

Blood pressure values, NOS activity, and eNOS-

protein expression, AUC, and palmitoyl CoA oxidase

activity were analyzed using one-way analysis of

variance (ANOVA), and post-test analysis was per-

formed using Tukey’s test. Concentration-response

curves were compared by two-way ANOVA, and the

post-test analysis was compared using the Bonferroni’s

test; p < 0.05 was considered statistically significant.

Results

Effect of clofibrate administration on blood

pressure

Seven days after surgery (sham or aortic coarctation),

systolic blood pressure measurements were higher in

the AoCo-V group than in the Sham-V group,

whereas clofibrate treatment (2.5, 25, 100, and

250 mg/kg/day, ip) attenuated an AoCo-induced rise

in blood pressure (p < 0.05) (Fig. 1). Because clofi-

brate (100 mg/kg/day) produced the highest attenua-

tion in the AoCo-induced rise in blood pressure, we

chose to use this dose to carry out our experiments.

Effect of clofibrate administration on vascular

response

The vascular response to vasoconstrictor agents was

evaluated in aortic rings from the different experi-

mental groups. Stimulation with AngII (1 × 10��� M to

1 × 10�� M) produced an increase in the vascular ten-

sion of aortic rings in a concentration-dependent man-

ner. The response was evident beginning at AngII 1 ×

10�� M in arteries from Sham-V, AoCo-V or AoCo-
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C100 groups. However, the vasoconstriction response

to AngII was higher in arteries from the AoCo-V

group compared to the Sham-V or AoCo-C100

groups (p < 0.05) (Fig. 2). It should be noted that ar-

teries from the AoCo-C100 group had lower vasocon-

strictor responses to AngII compared to arteries from

the Sham-V or AoCo-V groups (p < 0.05). To deter-

mine whether this lower vasoconstrictor response was

AngII-specific, we tested NE (1 × 10�� M). Our data

showed that the vascular response was not specific to

AngII because NE produced the same vasoconstric-

tion pattern as AngII in aortic rings from the different

groups (Sham-V: 1.90 ± 0.04 g; AoCo-V: 2.44 ± 0.14

g; AoCo-C100: 1.35 ± 0.05 g of tension).

Vasorelaxant response

Stimulation of aortic rings with increased concentra-

tions of ACh (1 × 10��� M to 1 × 10�� M) yielded

a concentration-response vasorelaxant effect in all

groups. Whereas arteries from the AoCo-V group dis-

played lower ACh-induced relaxation compared to

Sham-V (p < 0.05), arteries obtained from the AoCo-

C100 group exhibited a vasorelaxant response resem-

bling that of arteries from the Sham-V group (Fig. 3A).

To explore the participation of NO in mediating

this effect, we analyzed the concentration-response

curves to ACh treatment in the presence of the NO in-

hibitor N�-nitro-L-arginine methyl ester (L-NAME)

(300 µM). Our data showed that the vasorelaxant re-

sponse to ACh was dependent on NO in arteries from

Sham-V, AoCo-V, and AoCo-C100 groups because

the response was completely abolished in the pres-

ence of L-NAME. We also estimated the amount of

ACh-induced NO release by the arteries (Fig. 3B) by

calculating the arithmetic difference between the areas

under the curve (AUCs) obtained when stimulated with
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ACh alone or ACh + L-NAME (% ACh response mi-

nus % ACh response in the presence of L-NAME).

Effect of clofibrate administration on

NOS activity and expression

To determine whether NO production in aortic rings

from the AoCo-C100 group was due to a change in

NOS activity or expression, we measured both pa-

rameters. Our results showed that in aortic rings from

rats with AoCo-V, NOS activity was lower compared

to the Sham-V or AoCo-C100 groups. At the same

time, despite the application of AoCo, clofibrate treat-

ment returned NOS activity level to control values

(Fig. 4A). Furthermore, an analysis of eNOS expres-

sion in aortas showed that AoCo slightly decreased

(1.71 times) the eNOS protein content in aortas,

whereas clofibrate treatment increased eNOS expres-

sion (p < 0.05) (8.52 times) compared to AoCo-V

(Figs. 4B and 4C).

Effect of clofibrate administration on palmitoyl

CoA oxidase activity

The activity of palmitoyl CoA oxidase was measured

in hepatic homogenates from Sham-V, Sham-C100,

AoCo-V, and AoCo-C100 rats. The data showed that

administration of clofibrate (100 mg/kg/day, ip) for 7

days was able to increase palmitoyl CoA oxidase ac-

tivity (p < 0.05) (Fig. 5).

Discussion

Our study shows that clofibrate treatment attenuates

the increase in blood pressure in rats that underwent

AoCo. The mechanism involves the participation of

vascular eNOS, both at protein expression level and at

the NOS activity level. These events have physiologi-

cal implications with regard to an improvement in en-
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dothelial function, which is impaired under conditions

of high blood pressure.

It has been widely demonstrated that AoCo is an

effective procedure for inducing high blood pressure

in experimental models. The experimental maneuver

elicits a pathological response that involves increased

endogenous production of AngII by the ischemic kid-

ney distal to coarctation, vascular hyperreactivity, en-

dothelial dysfunction, changes in hemodynamics, hy-

pertrophy, inflammation, oxidative stress, and meta-

bolic changes, among other effects [7, 24, 29, 31]. In

our study, we measured systolic blood pressure in the

carotid artery of anesthetized rats. Because our data

show that AoCo induces a rise in SBP, this model is

suitable for studying endothelial dysfunction, antihy-

pertensive agents, and the mechanisms involved in

these processes.

In our study, we treated AoCo rats with clofibrate.

Several reports have indicated that fibrates such as

clofibrate mediate their pleiotropic effects through in-

teractions with PPAR-� [25, 37, 41]. Lee et al. [26]

demonstrated this phenomenon by disrupting the

ligand-binding domain of PPAR-� of mice by ho-

mologous recombination. These mice lacked PPAR-�

expression and did not display the peroxisome prolif-

erator pleiotropic response when challenged with

clofibrate and WY-14,643. Therefore, clofibrate ad-

ministration can be considered a tool to stimulate

PPAR-�. To correlate the clofibrate-induced effect

with PPAR-� stimulation, we measured the activity of

palmitoyl CoA oxidase, an enzyme that is reported to

be stimulated by PPAR-� ligands.

These ligands produce a dramatic increase in the

size and number of hepatic peroxisomes and increase

the capacity of the hepatocyte to metabolize fatty acids

by inducing peroxisomal �-oxidation enzymes such

as acyl CoA oxidase [17]. Our data show that clofibrate

is able to increase the activity of palmitoyl CoA

oxidase, suggesting that PPAR-� is stimulated by the

clofibrate dose used and may be considered a target

for triggering the effects.

Endothelial dysfunction is a common feature in

subjects with high blood pressure. It is characterized

by a loss in the capacity to produce vasorelaxant sub-

stances that are able to modulate vasoconstrictor stim-

uli. Our results show that eNOS expression tends to

decrease as a consequence of AoCo treatment. Similar

observations have been reported in SHR by Li et al.

[27]. In our study, we explored the role of clofibrate

administration on NO release in ACh-stimulated ar-

teries. There are direct and indirect methods for quan-

tifying this parameter. We measured NO release by

calculating the AUC formed by the vascular response

between the ACh curve and the ACh-L-NAME curve.

Although this value is only an estimate, it demon-

strates the participation of NO in mediating relaxa-

tion. Our data also show that relaxation in arteries is

fully dependent on NO. Importantly, AoCo decreased

ACh-induced vasorelaxation, and clofibrate treatment

was able to re-establish the capacity of the endothe-

lium to produce NO and to vasodilate in response to

ACh. This event suggests that clofibrate, probably

due to its interaction with PPAR-�, may influence the

NO pathway. We further explored this possibility by

observing the activity and expression of eNOS, and

our data support our previous suggestions. Our obser-

vations are also supported by the research conducted

by Diep et al. [9], who suggested that PPAR-� plays a

role in modulating vascular remodeling, endothelial

function, and injury in AngII-induced high blood

pressure. They observed that in blood vessels from

AngII–infused rats, NADPH oxidase activity and the

expression of intercellular adhesion molecules and

vascular cell adhesion molecule-1 were significantly

increased. These changes were abrogated by the

PPAR-� activator, which improved endothelial dys-

function. In a clinical study, Jonkers et al. [22] corre-

lated a reduction in blood pressure in patients treated

with bezafibrate (a PPAR-� agonist) with an improve-

ment in endothelial function and an increase in

plasma cGMP, suggesting the participation of NO in

mediating this effect. Our study provides evidence of

an in vivo relationship among clofibrate administra-

tion, blood pressure reduction, improvement in endo-

thelial dysfunction leading to normalized vascular re-

sponses, and participation of the NO system in rats

with AoCo.

Our results differed from those of Iglarz et al. [20],

who reported that fenofibrate (100 mg/kg/day) did not

prevent the progression of high blood pressure or en-

dothelial dysfunction in unilaterally nephrectomized,

DOCA-salt-treated rats. There are differences in our

respective studies that may aid in explaining this ap-

parent discrepancy. Whereas rats treated with DOCA-

salt have a higher production of endothelin-1 com-

pared to controls, AoCo-rats have an increased pro-

duction of AngII [6] and reactive oxygen species

(ROS) [3]. It is widely known that increased oxidative

stress (overproduction of ROS) contributes to dimin-

ishing NO bioavailability and that it is a leading cause
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of endothelial dysfunction and hypertrophy of vascu-

lar cells [40, 42]. Interestingly, Newaz et al. [30] re-

ported that bezafibrate (30 mg/kg), a PPAR-� ligand,

blunted L-NAME-induced elevation of SBP, prevent-

ing the increase in plasma 8-isoprostane levels and

NAD(P)H oxidase activity.

A closely related study was performed by Vera et

al. [39], in which the authors reported that fenofibrate

was able to prevent the rise in blood pressure in mice

with an implanted osmotic mini-pump releasing AngII

(1,000 ng/kg per min, sc). Our observations agree

with this finding, but while the authors pointed out the

participation of cytochrome P450 (CYP)-derived 20-

hydroxyeicosatetraenoic acid (20-HETE)-metabolite,

we have evidence of a role for the NO system. Due to

this difference in the metabolite being responsible, it

is noteworthy to mention that these authors studied

the kidney and a different animal model.

In another study, Banks et al. [2] produced high

blood pressure by L-NAME administration. In paral-

lel, they administered clofibrate (250 mg/kg/day, ip)

to the rats. Their results show that clofibrate was able

to lower the rise in blood pressure elicited by NO in-

hibition, attributing this effect to NO and angiotensin

II receptor (AT2). Therefore, it is possible that

PPAR-� stimulation initiates a wide array of organ-

and species-dependent homeostatic responses.

Conclusion

Clofibrate administration attenuated the AoCo-

induced rise in blood pressure by a mechanism that

involves the participation of the NO system at both at

the production and the protein (eNOS) expression

levels. These events preserve a normal vascular response

to both vasorelaxants and vasoconstrictors, improving

endothelial function and leading to more effective

blood pressure control.
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