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Abstract Fenofibrate, an agonist for peroxisome prolifer-
ator-activated receptor alpha (PPAR-o), lowers blood
pressure, but whether this action is mediated via baroreflex
afferents has not been elucidated. In this study, the
distribution of PPAR-a and PPAR-y was assessed in the
nodose ganglion (NG) and the nucleus of the solitary tract
(NTS). Hypertension induced by drinking high fructose
(HFD) was reduced, along with complete restoration of
impaired baroreceptor sensitivity, by chronic treatment
with fenofibrate. The molecular data also showed that both
PPAR-ao and PPAR-y were dramatically up-regulated in the
NG and NTS of the HFD group. Expression of the
downstream signaling molecule of PPAR-a, the mitochon-
drial uncoupling protein 2 (UCP2), was up-regulated in the
baroreflex afferent pathway under similar experimental
conditions, along with amelioration of reduced superoxide
dismutase activity and increased superoxide in HFD rats.
These results suggest that chronic treatment with fenofi-
brate plays a crucial role in the neural control of blood
pressure by improving baroreflex afferent function due at
least partially to PPAR-mediated up-regulation of UCP2
expression and reduction of oxidative stress.
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Introduction

Peroxisome proliferator-activated receptor alpha (PPAR-
o), a member of the nuclear receptor superfamily of ligand-
activated transcription factors, is involved in almost all
aspects of lipid metabolism, including the uptake, binding,
and oxidation of fatty acids, lipoprotein assembly, and lipid
transport [1, 2]. PPAR-a is expressed mainly in the liver,
kidney, and skeletal muscle where it is involved in fatty
acid oxidation. Furthermore, PPAR-o is expressed in
cardiovascular cells where it has anti-inflammatory and
antioxidant effects [3, 4]. PPAR-y is widely expressed in
adipose tissue, and is involved in metabolic dysregulation
and cancer progression [5]. Fibrates are a class of
compounds currently used in the treatment of obesity,
hyperlipidemia, and type-2 diabetes, targeting PPAR-o
[6-8]. Recent studies have demonstrated that induction of
the fibroblast growth factor 21 gene by PPAR-a [9]
downregulates blood pressure via baroreflex afferent
function [10]. However, little is known about the effect
and underlying mechanism of fenofibrate (an FDA-ap-
proved agonist for PPAR-o) on the neural control of blood
pressure even though the following are thought to be linked
to fenofibrate action: reduction of myocardial fibrosis and
glomerular hypertrophy [11, 12], elevation of superoxide
dismutase in adult mouse brain microvessels, and protec-
tive effects on the nervous and cardiovascular systems
[13, 14].

With reference to hypertension, PPAR-o is closely
associated with the regulation of blood pressure [15, 16].
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Likewise, fenofibrate reduces blood pressure and/or pre-
vents the development of hypertension in animal models of
insulin resistance and/or hypertension [17]. However, the
involvement of fenofibrate-mediated PPAR-o activation in
the amelioration of hypertension via the baroreflex afferent
pathway has not been revealed. Notably, the baroreflex
afferent pathway is composed of baroreceptor terminals at
the aortic arch, the nodose ganglion (NG) and nucleus of
the solitary tract (NTS), which sense and relay the signal of
blood pressure change and play a pivotal role in the neural
mechanism of hypertension [10, 18]. Impairment of
baroreflex afferent function is closely associated with the
hypertension linked to metabolic syndrome and obesity
[19, 20], which complies well with the notion that changes
in the expression of PPAR-a/PPAR-y occur in the NTS and
NG under hypertensive conditions [21, 22]. Thus, it is
essential to confirm the role of fenofibrate in the neural
control of blood pressure and its contribution to the
metabolic syndrome-related pathogenesis of hypertension.

Oxidative stress, greater production than degradation of
reactive oxygen species, is closely associated with hyper-
tension [23-25]. The mitochondrial uncoupling protein-2
(UCP2) plays an important role in anti-oxidation, energy
balance, and metabolic regulation [26, 27], and is itself
regulated by PPAR-o and PPAR-y [23]. Therefore, in this
study, hypertension was induced in rats drinking high
fructose as a metabolic syndrome-related hypertension
model [28, 29] and we tested the hypothesis that chronic
treatment with fenofibrate has a significant antihyperten-
sive effect by up-regulation of UCP2 through the baroreflex
afferent pathway after PPAR-a activation in high fructose-
drinking (HFD) rats.

Materials and Methods
Animals

All animal protocols were approved by the Institutional
Animal Care and Use Committee of Harbin Medical
University, and were in accord with the recommendations
of the Panel on Euthanasia of the American Veterinary
Medical Association and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (http://
www.nap.edu/readingroom/books/labrats/). Male Sprague-
Dawley rats weighing 200 g-250 g were purchased from
the Experimental Animal Center of the Second Affiliated
Hospital of Harbin Medical University (Harbin, China).
The key experimental procedures were the measurement
of systolic blood pressure (SBP) in conscious rats using the
tail-cuff method and short axis (SAX) recording by
echocardiography, computation of baroreflex sensitivity
(BRS), and the collection of NTS and NG tissues for
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molecular and immunohistochemical studies to assess the
expression level of mRNA or protein.

Hypertension in Rats Induced by Drinking High-
Fructose

All rats were fed normal laboratory rat chow and water.
Rats were maintained on a 12-h light/dark cycle at 25°C
and randomly divided into two experimental groups after
one week of adaptation. Following a previous report [30],
the rats in the control group (Ctrl) continued on a diet of
chow and normal water, while the rats in the hypertension
group induced by HFD drank water containing 10% (w/
v) fructose (Zhiyuan Chemical Co., Binzhou, China) for
7 weeks. After 7 weeks, the HFD rats with an average
SBP > 135 mmHg were selected as the HFD models.

Chronic Fenofibrate Treatment Scheme

HFD and Ctrl rats were fed a diet containing fenofibrate
(100 mg/kg per day) [31, 32] (Sigma, St. Louis, MO) for
4 weeks (HFD + FF-4w, and Ctrl + FF-4w). The HFD +
FF-4w rats were regarded as HFD models with an
averaged SBP > 127 mmHg after 3 weeks of HFD and
fed with fenofibrate for 4 weeks. All experimental proto-
cols complied with the Guide for the Care and Use of
Laboratory Animals.

Systolic Blood Pressure Measurements

The SBP of all rats was measured once a week with a
manometer-tachometer (BP-2010E, Softeron Biotechnol-
ogy, Beijing, China) using the tail-cuff method. Rats were
restrained in a plastic holder in a quiet temperature-
controlled (36°C) environment. The average SBP for each
rat was obtained from five readings after it had adapted to
the environment. The values from 8 rats in each group were
averaged again as one data point.

Echocardiographic Measurements

Trans-thoracic echocardiography with an ultrasound
machine (Vevo 2100 imaging system, VisualSonics,
Toronto, Canada) was used to assess the heart functions
of normal Ctrl, HFD, Ctrl + FF-4w, and HFD + FF-4w
rats (n = 6/group). Left ventricular systolic/diastolic inter-
nal diameter (LVIDs/LVIDd, mm), interventricular septum
systolic/diastolic thickness (IVSs/IVSd, mm), left ventric-
ular systolic/diastolic anterior wall (LVAWSs/LVAWA,
mm), and left ventricular systolic/diastolic posterior wall
(LVPWs/LVPWd, mm) were measured. Ejection fraction
(EF, %) and fractional shortening (FS, %) were calculated
from SAX or parasternal long axis-mode recording.
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Baroreflex Sensitivity

Following the previous protocol [33, 34], one cannula was
inserted into the femoral artery and another into the femoral
vein of the anesthetized rat (3% amobarbital sodium, 25 mg/
kg, i.p.). The cannula in the femoral artery was filled with
heparin-saline. The arterial cannula (left) was used for
arterial pressure measurement and the venous cannula (right)
for drug administration. The electrocardiogram was
recorded (LabChart 7 Pro software, AD instruments, Bella
Vista, Australia) and body temperature was maintained
at ~ 35°C. After postsurgical equilibration, sodium nitro-
prusside (SNP, Sigma, St. Louis, MO) and phenylephrine
(PE, Sigma) at incremental doses (1.0, 3.0, and 10 pg/kg)
were injected intravenously to induce acute decreases and
increases in blood pressure, respectively. After each injec-
tion, the maximum change in heart rate at the peak change in
mean arterial pressure (MAP) were recorded and Aheart rate/
AMAP was calculated as an index of baroreceptor gain.

Tissue Preparation

The NG was dissected as we previously described [34, 35].
Briefly, unrestrained rats were placed in an airtight
induction chamber for inhalation of the anesthetic Meto-
fane (methoxyflurane, Schering-Plough Animal Health
Corp, Kenilworth, NJ). Upon loss of the reflex response
to tail pinch the animals were immediately opened at the
mid-axillary region in order to preserve enough of the
vagus nerve to easily find the NG toward its distal end. The
entire NG with the attached nerve trunk was carefully
excised under a stereo-microscope (40x, Olympus, Tokyo,
Japan) and immediately transferred to a Petri dish con-
taining chilled (4°C) normal saline. Then the surrounding
connective tissue was gently removed and the NG was
stored in liquid nitrogen until further investigation. The
NTS was also carefully and quickly dissected from a 1-mm
thick brainstem slice at the level of the obex under a
microscope and with similar experimental conditions.
Briefly, the rats were deeply anesthetized with ether and
quickly killed by cervical dislocation. The hindbrain was
removed as quickly as possible and placed for 1 min in
freezing (—3°C to 0°C) artificial cerebrospinal fluid. The
medulla was trimmed rostrally and caudally to yield a 1-cm
block centered on the obex. After removing the cerebellum,
the block was ready for experimental use or kept in liquid
nitrogen for later investigation.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

One mRNA sample of NG or NTS tissue was harvested from
4-5 rats in each group (Ctrl, Ctrl + FF-4w, HFD, and

HFD + FF-4w). Following the manufacturer’s instructions,
the mRNA expression was determined using an ABI 7500 fast
Real-Rime PCR System (Applied Biosystems, Foster City,
CA). The primers (Invitrogen, Frederick, MD) used in this
investigation are listed in Table S1. The data of relative mRNA
expression were analyzed with the 272" method [36)].

Immunoblotting Analysis

The NTS or NG was homogenized in isolation buffer.
The total protein was extracted from 4-5 (NTS) or 6-8
(NG) rats in each group incubated for 1 h at 4°C in RIPA
buffer containing 1% protease inhibitor. Briefly, proteins
from the NTS (100 pg/sample) or from the NG (80 ng/
sample) extracts were separated on 10% SDS-PAGE and
transferred to nitrocellulose membranes, which were
further blocked with 5% non-fat dry milk for 2 h, then
incubated at 4°C overnight or for 18 h with the primary
antibodies anti-GAPDH (internal control, Sigma), anti-
PPAR-a (1:500, Sigma), anti-PPAR-y (1:500, Sigma), and
anti-UCP2 (1:500, Sigma). This was followed by incuba-
tion with the appropriate secondary antibodies (anti-
rabbit/anti-goat) (1:8000; LI-COR Biosciences, Lincoln,
NE) at room temperature for 50 min—60 min. Specific
antibody-antigen complexes were detected using the
Odyssey Infrared Imaging System (LI-COR Biosciences,
Waltham, MA).

Immunohistochemistry and Visualization of Whole
NTS Sections

The immunohistochemistry protocol for the NG was as
described in our previous report [37]. As we previously
described, for the visualization of whole sections in
immunohistochemistry experiments, brainstem sections
(35 um thick, bregma -12.6 mm) were washed in
phosphate-buffered saline (PBS) for 10 min before
immunostaining, and blocked in 4% normal goat
serum/0.3% Triton X-100/PBS for 1.5 h at 37°C. For
double-labeling, sections were incubated with the pri-
mary antibodies anti-PPAR-o0 (1:200, Sigma) and anti-
PPAR-y (1:500, Sigma) in blocking solution overnight at
4°C. The sections were washed three times with
phosphate buffer solution (PBST) for 10 min each, and
then incubated with the secondary antibody mixture for
anti-PPAR-o and anti-PPAR-y, and anti-rabbit IRDye
680RD (LI-COR Bioscience) diluted to 1:5000 in PBS,
at room temperature for ~1h. The sections were
washed five times in PBST for 10 min each. Finally,
fluorescent immunocomplexes were measured using a LI-
COR Odyssey infrared imaging system.
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Superoxide Levels and Superoxide Dismutase
Activity in the NTS

The level of the superoxide anion in isolated NTS tissues was
measured using a superoxide assay kit (WST-1, S0060) and a
superoxide dismutase activity kit (NBT, S0109) from
Beyotime Institute of Biotechnology (Shanghai, China).

Statistical Analyses

Differences between two groups were analyzed using the
two-tailed unpaired Student’s #-test, while one- or two-way
ANOVA followed by Bonferroni’s post hoc test was used
for more than two groups. P < 0.05 was considered
statistically significant. Data are expressed as mean + SD.

Results

Distribution of PPAR-o/y by Immunostaining
in the NG and NTS Regions

The NG and NTS house the 1st- and 2nd-order visceral
afferent neurons, including baroreceptor and baroreceptive
neurons, respectively, in the baroreflex afferent pathway.
Therefore, exploring the distribution and expression profiles
of both PPAR-a and PPAR-vy in the NG and NTS would be
the first step to understand whether the PPAR activator
fenofibrate exerts a significant anti-hypertensive effect via
the manipulation of PPAR-a and PPAR-7y expression. To test
this hypothesis, we investigated the distribution of PPAR-o
and PPAR-y in the NTS and NG using immunohistochemical
detection with specific antibodies against PPAR-o or PPAR-
v. In this experiment, whole-section visualization showed
that PPAR-o fluorescence was detected in both the cyto-
plasm and nucleus of NG neurons, while PPAR-y fluores-
cence was only observed in the nucleus (n = 6 duplications,
Fig. 1A), and dramatic PPAR-o fluorescence was also
detected in the NTS region (n = 6 duplications; bregma
—12.60 mm, Paxinos and Watson, 2007; Fig. 1B). Further-
more, the mRNA expression of PPAR-a and PPAR-y was
confirmed by qRT-PCR (n = 6 duplications, Fig. 1C) in the
NTS and NG tissues with significantly higher expression of
PPAR-a than PPAR-7y. These observations strongly suggest
potential crucial roles of PPAR-o and PPAR-vy in the neural
control of blood pressure via the afferent baroreflex pathway.

Neural Control of Blood Pressure by Chronic
Treatment with Fenofibrate in HFD Rats

To further test the anti-hypertensive action of PPAR-o or

PPAR-vy, we applied fenofibrate directly to activate PPAR-
o in HFD-induced hypertensive (HFD-HTN) rats as an

@ Springer

independent metabolic syndrome-related hypertension
model. The SBP gradually and significantly increased in
the HFD-HTN rats during the seven weeks of HFD
compared to normal controls (Ctrl, P <0.01, n=38
rats/group; Fig. 2A). Based on this model, we investigated
the cardiovascular effects of chronic fenofibrate by gavage
in HFD rats for four consecutive weeks. The results
showed that fenofibrate did not change the baseline SBP
(P > 0.05) or MAP (Ctrl + FF-4w vs Ctrl, P > 0.05,n = 8
rats/group) during the four weeks of observation (Fig. 2A,
B). However, compared with the HFD group, fenofibrate
(100 mg/kg per day) for four weeks significantly decreased
both SBP and MAP in conscious HFD rats (HFD + FF-4w
vs HFD, P < 0.05 or < 0.01, n = 8 rats/group) without any
detectable change in heart rate (Fig. 2C) in either control or
HFD rats under the same experimental conditions.

BRS, the best representation of baroreflex afferent
function, and molecular and immunostaining analysis all
pointed to the potential involvement of PPAR activation in
this pathway. Furthermore, BRS (AHR/AMAP, bpm/
mmHg) was further investigated in anesthetized rats with
the protocol reported previously [10]. Clearly, fenofibrate
did not alter the baseline BRS at the concentrations of both
PE (1 pg/kg, 3 ng/kg, or 10 pg/kg) and SNP (1 pg/kg, 3 ng/
kg, or 10 pg/kg). Apparently, the change in BRS was
aberrantly decreased in the HFD group by intravenous
injections of PE and was significantly reversed by fenofibrate
treatment for 4 weeks (HFD + FF-4w vs HFD: PE 1, 3, and
10, P < 0.05, n = 6 rats/group, Fig. 2D). However, this
tendency did not appear after intravenous injection of SNP
(Fig. 2E) under the same experimental conditions.

Consistently, the echocardiographic results showed that
fenofibrate did not influence any of the parameter in control
rats (Ctrl vs Ctrl + FF-4w, P > 0.05, n = 6rats/group), while
in HFD rats, the SAX M-mode indicated an enlarged LVIDd
(7.57 £ 0.08 mm, P < 0.05) compared with the control, and
this increased LVIDd was clearly restored to near the control
level after 4 weeks of chronic fenofibrate treatment
(6.98 £ 0.52 mm, P < 0.05 vs HFD rats; Fig. 3, Table 1).

Dysregulation of PPAR-a and PPAR-y
in the Baroreflex Afferent Pathway in HFD Rats

Our molecular and functional studies have demonstrated the
clear distribution of PPARs in the baroreflex afferent
pathway and robust reversal effects of fenofibrate in HFD-
induced hypertension; this strongly suggests a role of the
dysregulation of PPARs, the receptors for their ligand
fenofibrate, in the current hypertensive model. In this regard,
we further investigated the expression of PPAR-o and
PPAR-y at the tissue level of the NG and NTS in HFD rats. In
the NG, the results from qRT-PCR showed significant
mRNA upregulation of both PPAR-o and PPAR-y in the
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Fig. 1 Distribution of PPAR-o/
PPAR-y mRNA and protein on
the NG and NTS. A Immunos-
taining of PPAR-o/PPAR-y
protein in NG tissue sections

(7 um). DAPI staining indicates
nuclei (blue). Scale bars,

50 um; n = 6 duplications.

B Immunostaining of whole
brainstem sections (35 pum;
bregma, —12.60 mm) showing
the distribution of PPAR-o/
PPAR-v protein in the NTS
region. Scale bars, 2 mm; n = 6
duplications. C Levels of
mRNA expression of PPAR-o/
PPAR-v in the NTS and NG of
normal rats. n = 6 duplications.
The condition with no primary
antibody was set as the negative
control. 4 V, 4th ventricle; Sol,
solitary tract; SolL, lateral Sol;
SolVL, ventrolateral Sol; SolV,
ventral Sol; SolM, medial Sol;
SolDM, dorsomedial Sol;
SolIM, intermediate Sol.
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10 pg/kg). n = 6-8 rats/group in B-E. Results were analyzed using
two-way ANOVA followed by Bonferroni’s post hoc test and
averaged data are presented as mean + SD. *P < 0.05, **P < 0.01
vs Ctrl; *P < 0.05, ™P < 0.01 vs HFD.

@ Springer



Neurosci. Bull. February, 2019, 35(1):15-24

Fig. 3 Cardiac parameters in HFD and fenofibrate-treated rats.
A Images representing the cardiac morphology of Ctrl, Ctrl + FF
(4w), HFD, and HFD + FF (4w) rats in the SAX model. B Diastolic

B 10 L I Ctrl
EEE HFD

| W HFD +FF

SAX

LVID (LVIDd, mm; n = 5/group). Results were analyzed using two-
tailed unpaired Student’s 7-test and averaged data are presented as
mean £ SD; *P < 0.05 vs Ctrl, #p < 0.05 vs HFD.

Table 1 Ultrasound parameters

. . Parameter Ctrl Ctrl + FF HFD-HTN HFD + FF

of cardiac performance in con-

trol and fructose-fed hyperten- LVAWd 175 + 0.08 1.80 + 0.03 152 + 0.16 171 + 0.09

sive (HFD-HTN) rats before and

after treatment with fenofibrate LVAWs 2.72 £+ 0.09 2.77 £ 0.04 2.70 £ 0.16 335+ 0.18

(FF). LVIDd 6.7 £ 0.3 6.57 £ 0.06 7.57 £ 0.08* 6.98 + 0.52*
LVIDs 39+04 3.93 £+ 0.05 39+ 04 39+ 0.6
LVPWd 2.03 £+ 0.09 2.32 £+ 0.06 27 +05 2.07 £ 0.18
LVPWs 389 £0.16 3.89 £ 0.03 40+£03 41+£03
EF 70.59 £+ 4.33 754 £ 053 73.07 £+ 0.18 742 £ 8.2
FS 415 £ 3.6 46.8 + 0.6 432+ 04 47.6 + 7.8

Ctrl, control rats; HFD, high fructose-drinking rats; FF, fenofibrate by gavage for 4 weeks. All data are
presented as mean + SD. *P < 0.05 vs Ctrl; *P < 0.05 vs HFD. EF, ejection fraction; FS, fractional
shortening; IVSs/IVSd, systolic/diastolic left ventricular septum thickness; LVIDs/LVIDd, systolic/dias-
tolic left ventricular internal diameter; LVPWs/LVPWd, systolic/diastolic left ventricular posterior wall;

SAX, short axis.

HFD rats (P < 0.05, n = 3 duplications for both; Fig. 4A).
For protein expression, the results were consistent with the
changes in mRNA, manifested as significant increases in
both PPAR-a and PPAR-7y expression (P < 0.05, n = 4 and
5 duplications, respectively; Fig. 4B, C). Similar results
were also found in the NTS and showed that the mRNA
(P < 0.01, n =5 duplications in both cases) and protein
(P <0.05, n =5 duplications) expression of PPAR-o/y
were significantly upregulated (Fig. 4D-F). These findings
strongly suggest that fenofibrate as the ligand binding with its
receptor, a peroxisome proliferator-activated PPAR-a,
would definitely modify the expression of downstream
factors including mitochondrial uncoupling proteins
(UCPs), lipoprotein lipase (LPL), and acyl-CoA oxidase
(ACO) in the NG and NTS of hypertensive HFD rats.
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Fenofibrate Upregulates Mitochondrial UCP2
Expression in the NTS and NG of HFD Rats

The UCPs have been demonstrated to be direct down-
stream factors for PPAR activation and the findings of
significant up-regulation of PPARs in both the NG and
NTS of HFD rats as well as the reversal action of
fenofibrate provided reliable evidence leading us to explore
the UCPs. We first screened the expression profiles of
UCPs in the baroreflex afferent pathway along with LPL
and ACO. Interestingly, the results showed that the mRNA
expression of mitochondrial UCP2 (but not other UCPs)
was dramatically higher in the NTS and NG, especially the
latter, as well as LPL and ACO (Fig. 5), suggesting that
UCP2 may be a crucial factor in baroreflex afferent
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Fig. 4 Expression levels of PPAR-a/PPAR-7 in the NTS and NG of
HFD rats. A PPAR-a/y mRNA levels in the NG tissues of HFD and
control rats (n = 3 duplications from 12 rats/group). B, C Protein
levels of PPAR-a (n = 4 duplications from 16 rats/group) and PPAR-
v (n = 5 duplications from 20 rats/group) in the NG tissues of HFD
and control rats. D PPAR-a/y mRNA levels in the NTS tissues of
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Fig. 5 Screening downstream factors of PPAR-o in HFD rats. The
mRNA levels of downstream factors of PPAR-o, mitochondrial
uncoupling proteins (UCPs), lipoprotein lipase (LPL), and acyl-CoA
oxidase (ACO) in the NTS and NG tissues of HFD rats (n =3
duplications). Results were analyzed using two-tailed unpaired
Student’s r-test, and averaged data are presented as mean £ SD.

function and the neural control of blood pressure. Based on
our data showing upregulated PPAR-o/-y in HFD-induced
hypertensive rats, the UCP2 upregulation would be
expected upon PPAR activation by PPAR activator fenofi-
brate. To investigate this, the HFD hypertensive rats were
treated with fenofibrate and the protein expression of UCP2
was increased in the HFD + FF-4w group according to
Western blot analyses (P < 0.05, n = 5 duplications each
for NG and NTS; Fig. 6A-D). Meanwhile, superoxide,

HFD and control rats (n =5 duplications from 15 rats/group). E,
F PPAR-o and PPAR-y protein expression in the NTS (n =5
duplications from 15 rats/group). Results were analyzed using two-
tailed unpaired Student’s t-test, and averaged data are presented as
mean £ SD. *P < 0.05, **P < 0.01 vs Ctrl. The gels were run under
the same experimental conditions.

which represents the oxidative stress level, was signifi-
cantly reduced by fenofibrate in HFD and normal control
rats (Fig. 6F), consistent with the finding that superoxide
dismutase activity increased in the NTS of HFD rats in the
presence of fenofibrate (Fig. 6E). Thus, chronic fenofibrate
treatment ameliorated not only UCPs but also oxidative
stress in HFD rats.

Discussion

In this study, our novel results have demonstrated that chronic
treatment with fenofibrate induces a clear anti-hypertensive
effect in HFD hypertensive rats through mechanisms that
ameliorate the function of baroreflex afferents by up-regulat-
ing mitochondrial UCP2 expression in the baroreflex afferent
pathway after activation of PPAR-o/y.

As we previously reported, HFD rats show significant
hypertension with impaired BRS and an increased serum
norepinephrine (NE) level [10], which is consistent with
the current results. The pharmacological experiments
revealed the beneficial effects of fenofibrate on blood
pressure (SBP and MAP) and BRS in HFD rats during four
weeks of chronic treatment with fenofibrate (Fig. 2).
Furthermore, the markedly increased SBP (afterload) and
LVIDd (preload) in HFD rats were both attenuated by
fenofibrate. The reduction of SBP and LVIDd (Fig. 3,
Table 1) by chronic fenofibrate treatment may be due at
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least in part to its effects on sympathoinhibition (serum NE
decreased) and BRS improvement. However, it is still
controversial whether fenofibrate-induced PPARo activa-
tion has noxious effects on the development of ventricular
dysfunction [38] and no improved effects on cardiac lipids
in transgenic mice [39].

As far as we know, the direct targets and mechanisms
underlying the neural control of blood pressure by fenofi-
brate have not been reported, and may involve its effects on
the baroreflex and the sympathetic nervous system. The
NTS is an important site of baroreflex integration, and we
directly assessed the bradycardic (in response to PE) and
tachycardic (in response to SNP) actions in response to an
acutely applied pressor stimulus [40]. The BRS (AHR/
AMAP) is a key marker along with heart rate variability
representing the function and ability of the baroreflex to
regulate blood pressure, and contributes to the alterations in
heart rate and blood pressure [41]. Our data showed that
fenofibrate did not alter BRS in HFD rats in the presence of
SNP at increasing doses (Fig. 2E). A likely explanation for
this is that it may be due to an inhibitory effect of
fenofibrate on ventricular tachycardia [42] and partial
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resistance to the effect of SNP. Therefore, it is fundamental
to investigate the roles of fenofibrate in the neural control
of blood pressure to fully understand the protective effect.
Apparently, fenofibrate ameliorated the hypertension and
BRS impairment in HFD, strongly suggesting the involve-
ment of the baroreflex afferent pathway in the antihyper-
tensive action mediated by fenofibrate. This is supported by
our recent finding [10] that FGF21 significantly reduces
blood pressure in HFD rats with improved BRS.
Particularly, some of the downstream factors of PPAR-
a/y (UCPs, LPL, and ACO) participate in the regulation of
metabolic syndrome and obesity [43—45]. We found that
UCP2 was expressed more strongly than other UCPs in the
NTS and NG (Fig. 5). UCP2 is a homologue of the UCP
protein family of mitochondrial anion transporters that
adapt to oxidative stress [46] by causing proton leakage
across the mitochondrial inner membrane [47], using lipids
as the fuel substrate [48]. Moreover, UCP2 is the only UCP
that has been reported to be expressed in the brain [47], and
promotes an important antihypertensive effect via the
transcriptional up-regulation of mitochondrial UCP2
against oxidative stress in spontaneously hypertensive rats
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[23]. Our data fully support our hypothesis of PPAR-o/
PPAR-y upregulation in the NG and NTS regions in HFD
rats (Fig. 4). Meanwhile, the functional upregulation of
UCP2 in the NTS and NG by chronic fenofibrate treatment
resulted in oxidative stress improvement (Fig. 6). Fenofi-
brate activated the PPAR-o/UCP2 pathway to control
blood pressure via the baroreflex afferent pathway. Thus, it
is attractive to investigate the role of fenofibrate in
hypertension by the knockdown/knockout of receptors
(PPAR-o/UCP2) in the NTS or NG in HFD rats in further
investigations. This would complete the mechanism under-
lying how chronic treatment with fenofibrate has a
significant antihypertensive effect by upregulation of
UCP2 through the baroreflex afferent pathway after
PPAR-a activation in HFD rats. Furthermore, our immuno-
histochemistry showed that PPAR-a/PPAR-y are exten-
sively distributed in the brainstem, but further evidence is
needed to further determine whether fenofibrate acts on
other autonomic areas in the central nervous system.

In brief, the findings of this investigation confirmed that,
through PPAR-o activation, fenofibrate has a significant
antihypertensive effect by up-regulation of mitochondrial
UCP2, and amelioration of the oxidative stress level via novel
targets (NTS and NG) within the baroreflex afferent pathway
(Fig. 7).

Perspectives

Because of the pivotal role of the baroreflex afferent
pathway in the neural control of hypertension, our inves-
tigation of PPAR-o activation and upregulation of the
mitochondrial anti-oxidant UCP2 through the baroreflex

Fenofibrate

[ ucez |---

Oxidative

| FGF21 | stress

Baroreflex afferent
pathway (NG & NTS)

Hypertension

Fig. 7 Schematic of the working hypothesis. Interaction of PPARa/y
with fibroblast growth factor 21 (FGF21) was shown to regulate the
blood pressure of HFD rats by modulating baroreflex afferent function
in a previous study [10]. In the current working model, fenofibrate (as
a PPAR-o agonist) up-regulates PPAR-a and PPAR-y (synergistically
with PPAR-o) and directly contributes to the up-regulation of UCP2
and improvement of oxidative stress via the baroreflex afferent
pathway in the HFD model.

—> Activation/Upregulation
—> Inhibition/Downregulation
- > Potential role

—— Direct path

afferent pathway underpins the significant anti-hyperten-
sive action of chronic fenofibrate treatment. Therefore, it
opens a new view for novel therapeutic strategies against
hypertension.
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