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Abstract
A high-fat diet (HFD) induces an increase in arterial pressure and a decrease in baroreflex function, which may be associated
with increased expression of angiotensin type 1 receptor (AT1R) and pro-inflammatory cytokine genes and reduced
expression of the angiotensin type 2 receptor (AT2R) gene within the nucleus of the solitary tract (NTS), a key area of the
brainstem involved in cardiovascular control. Thus, in the present study, we evaluated the changes in arterial pressure and
gene expression of components of the renin–angiotensin system (RAS) and neuroinflammatory markers in the NTS of rats
fed a HFD and treated with either an AT1R blocker or with virus-mediated AT2R overexpression in the NTS. Male
Holtzman rats (300–320 g) were fed either a standard rat chow diet (SD) or HFD for 6 weeks before commencing the tests.
AT1R blockade in the NTS of HFD-fed rats attenuated the increase in arterial pressure and the impairment of reflex
bradycardia, whereas AT2R overexpression in the NTS only improved the baroreflex function. The HFD also increased the
hypertensive and decreased the protective axis of the RAS and was associated with neuroinflammation within the NTS. The
expression of angiotensin-converting enzyme and neuroinflammatory components, but not AT1R, in the NTS was reduced
by AT2R overexpression in this site. Based on these data, AT1R and AT2R in the NTS are differentially involved in the
cardiovascular changes induced by a HFD. Chronic inflammation and changes in the RAS in the NTS may also account for
the cardiovascular responses observed in HFD-fed rats.
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Introduction

An understanding of the comorbidity of obesity and
hypertension has been the focus of several studies during
the last few years, as previously reviewed [1, 2]. Different
mechanisms have been described as facilitating obesity-
induced hypertension, including increased activity of the
central and peripheral renin–angiotensin systems (RAS),
chronic inflammation, and high levels of leptin [3–6].
Central effects of these factors elicit increased sympathetic
nerve activity (SNA) and arterial pressure in obesity [1, 5, 7].
In addition, obesity alone or in combination with hyper-
tension decreases baroreflex sensitivity, impairing the con-
trol of SNA [5, 8–10].

However, the roles of specific brain cardiovascular
control centers and the contributions of factors, such as the
RAS and pro-inflammatory cytokines (PIC) at those central
nervous system (CNS) sites to obesity-induced hyperten-
sion have not been established. One of the most important
brain areas involved in cardiovascular regulation is the
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nucleus of the solitary tract (NTS) [11–13], which is located
in the dorsal hindbrain. The NTS is the first synaptic site of
baroreceptor afferents in the CNS [14] and plays major roles
in the impaired baroreflex function and sympathoexcitation
associated with hypertension, including obesity-induced
hypertension [10, 12, 15]. Angiotensin type 1 receptor
(AT1R) is expressed at high levels in the NTS [12, 16] and
is a significant contributor to these deleterious effects, as its
activation by angiotensin II (ANG II) decreases baroreflex
sensitivity [17]. Furthermore, the increase in arterial pres-
sure and reduction in baroreflex sensitivity induced by a
high-fat diet (HFD) are associated with increased levels of
the AT1R mRNA in the NTS [5], suggesting that central
AT1R might be involved in these responses. Considering
that the centrally mediated hypertensive effects of ANG II/
AT1R involve the induction of neuroinflammation [1],
unsurprisingly, an intracerebroventricular (icv) infusion of
pentoxifylline, an inhibitor of synthesis of the PIC tumor
necrosis factor alpha (TNF)-α, or minocycline, an antibiotic
with anti-inflammatory effects, attenuates the HFD-induced
sensitization of ANG II-elicited hypertension [18].

The cardiovascular effects of ANG II on the NTS are not
restricted to its signaling through AT1R. A significant
population of angiotensin type 2 receptors (AT2R) is pre-
sent within the cardioregulatory areas of the NTS [19, 20],
and in contrast to AT1R, increased activity of AT2R in this
area (following its overexpression) has been shown to
restore baroreflex function [12, 13] and lower blood pres-
sure [12] in animal models of neurogenic hypertension.
However, the role of these NTS AT2R in obesity-induced
hypertension is not known.

Taking into account current knowledge, the major aim of
the present study was to evaluate the contributions of NTS
AT1R and AT2R to mediating the increase in arterial
pressure and the impairment of baroreflex function induced
by a HFD. Furthermore, gene expression of RAS compo-
nents and PICs in the NTS was also investigated in rats fed
a HFD.

Methods

Animals

Male Holtzman rats weighing 300–320 g were used in this
study. The animals were maintained in individual poly-
propylene cages in a room with a controlled temperature
(23 ± 2 °C) and humidity (55 ± 10%) with food (please see
the composition below) and water provided ad libitum.
Lights were on from 7:00 a.m. to 7:00 p.m. The Ethics
Committee for Animal Care and Use of the Dental School
of Araraquara, UNESP, approved the experimental proto-
cols used in the present study (# 20/2013).

Diet

The experimental groups received either the standard rat
chow diet (Biobase, Águas Frias, SC, Brazil), named the
standard diet (SD), or HFD for 6–7 weeks. A bromatolo-
gical analysis (Engeali, São José do Rio Preto, SP, Brazil)
determined that the SD contained 22 g of protein, 48 g of
carbohydrates, 4 g of total fat, and 8 g of fiber per 100 g of
diet. The HFD comprised standard rat chow plus peanuts,
milk chocolate, and sweet biscuits in a proportion of
3:2:2:1 and contained 13 g of protein, 40 g of carbohydrate,
19 g of total fat, and 4 g of fiber per 100 g of diet, as
described previously [5]. The caloric values of the diets were
~2.25 kcal/g for the SD and 3.82 kcal/g for the HFD [5].

Anesthesia and euthanasia

Rats were anesthetized with a mixture of ketamine [80 mg/
kg of body weight (b.wt.), intraperitonially (i.p.); Cristalia,
Itapira, SP, Brazil] and xylazine (7 mg/kg of b.wt., i.p.;
Agener Union, Embu, SP, Brazil) prior to surgery. Fol-
lowing the surgeries, animals received a prophylactic dose
of penicillin (50,000 IU, intramuscularly) and a dose of the
anti-inflammatory agent ketoprofen (1 mg/kg of b.wt.,
subcutaneously). At the end of the experiments, depending
on the protocol (see below), rats were euthanized by
placing them under deep anesthesia with sodium thiopental
(70 mg/kg of b.wt., i.p.) and transcardially perfused with
cold 0.9% saline followed by a 4% paraformaldehyde (PFA;
Sigma, St. Louis, MO) solution in 0.1 M PB (pH 7.4) for
immunohistochemistry or with isoflurane (5% in 100% O2)
and immediately decapitated for RT-PCR studies.

Acute arterial pressure recordings, baroreflex tests,
and cardiovascular variability

Rats were anesthetized as described above, and a catheter
was inserted into the abdominal aorta through the femoral
artery for recordings of the pulsatile arterial pressure (PAP),
mean arterial pressure (MAP) and heart rate (HR); a second
polyethylene tube was inserted into the femoral vein for
drug administration. The arterial and venous catheters were
tunneled subcutaneously and exposed on the back of the rat.
The arterial catheter was connected to a Statham Gould
(P23 Db; El Segundo, CA, USA) pressure transducer cou-
pled to a preamplifier (model ETH-200 Bridge Bio
Amplifier, Chicago, IL, USA) that was connected to a
Powerlab computer data acquisition system (model Pow-
erlab 16SP, ADInstruments, Colorado Springs CO, USA) to
record PAP, MAP, and HR in conscious unrestrained, freely
moving animals, as described previously [6, 12, 20].
Twenty-four hours after catheter implantation, after 30 min
of recording under baseline conditions, the bradycardic and
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tachycardic reflex responses of conscious rats were assessed
in the same animals following an i.v. injection of pheny-
lephrine (5 µg/kg, b.wt.) or sodium nitroprusside (SNP;
30 µg/kg, b.wt.), respectively, with a 10 min interval, and
the baroreflex sensitivity was analyzed using previously
described methods [5, 12, 21].

Systolic blood pressure (SBP) variability analysis
was performed using customized software (CardioSeries
v2.4—http://www.danielpenteado.com), as described pre-
viously [5, 12]. Briefly, the spectra were integrated into
low-frequency (LF; 0.2–0.75 Hz) and high-frequency
(0.75–3 Hz) bands, and results are presented as absolute
values (mmHg2).

Telemetry recording of arterial pressure

Rats were anesthetized as described above, and telemetry
transmitters (TA11PAC40, Data Sciences International, St.
Paul, MN) were implanted into the abdominal aorta as
previously described [21]. MAP and HR were recorded
continuously (sampling rate of 1 kHz; 1 min every 5 min)
for a 24-h period, weekly for 6 weeks.

NTS cannula and drug injection

Anesthetized rats were placed in a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA) and stainless steel
cannulas were chronically implanted bilaterally in the
intermediate NTS (iNTS) as described previously [22]. Rats
were allowed to recover for 7 days before drug injection
into the NTS. Losartan (AT1R antagonist; Dupont;
Wilmington, DE, USA) was dissolved in saline. Bilateral
injections of losartan (10 µg/100 nl) were performed using
5 μl Hamilton syringes connected by polyethylene tubing
(PE 10) to the injector needles (1.2 mm longer than the
guide cannula). The dose of losartan chosen was based on a
previous study by Vieira et al. [23].

At the end of the experiments, 2% Evans blue solution
(100 nl) was injected bilaterally into the NTS. Thereafter,
the animals were deeply anesthetized as described above
and transcardially perfused. The brains were frozen, cut into
50-μm coronal sections using a cryostat (Leica, CM1850,
Wetzlar, Hesse, Germany), stained with Giemsa stain and
analyzed under a light microscope (Leica DM5500 B,
Wetzlar, Hesse, Germany) to trace the location of bilateral
injections into the iNTS.

In vivo gene transfer in the NTS

Rats were anesthetized as described above and placed in a
stereotaxic frame (David Kopf Instruments, Tujunga, CA).
A partial craniotomy of the occipital bone was performed,
and the dorsal surface of the brainstem was exposed.

AAV2-CBA-GFP or AAV2-CBA-AT2R was microinjected
at five different sites along the NTS as described previously
[12, 21]. Each microinjection consisted of 150 nl vector/site
(GFP, 1.8 × 1012 genome copies (gc)/ml and AT2R, 1.2 ×
1012 gc/ml). AAV2-CBA-GFP and AAV2-CBA-AT2R
were constructed as described previously, and these vec-
tors elicit gene transduction primarily in neurons [24].

Blood and tissue collection

The animals were anesthetized as described above and
immediately decapitated. Blood was collected in EDTA-
coated tubes for plasma leptin analyses and non-coated
tubes for lipid profile measurements as described previously
[5]. After blood collection, the brains were quickly
removed, immediately frozen on dry ice and stored at
−80 °C for subsequent mRNA extraction (described
below). Finally, retroperitoneal (RET), epididymal (EPI),
and mesenteric (MES) white adipose tissue samples were
dissected and weighed.

qRT-PCR analyses of the NTS

The NTS was removed with a micropunch and the assis-
tance of a surgical microscope using the area postrema (AP)
and calamus scriptorius as reference sites. qRT-PCR ana-
lyses in the NTS were performed as described in detail in a
previous study [21]. We evaluated the levels of the tumor
necrosis factor α (TNF-α; Rn99999017_m1), interleukin-6
(IL-6; Rn01410330_m1), angiotensin type-1 receptor
(AT1R; Rn01435427_m1), angiotensin type-2 receptor
(AT2R; Rn00560677_s1), Mas receptor (Mas;
Rn00562673_s1), angiotensin-converting enzyme (ACE;
Rn00561094_m1), and angiotensin-converting enzyme 2
(ACE2; Rn01416293_m1) mRNAs in the NTS. Expression
patterns of the genes of interest were normalized to
constitutively expressed GAPDH (Rn99999916_s1), and
relative expression was quantified using the 2−ΔΔCt

method [25].

Immunohistochemistry

Rats were deeply anesthetized with and transcardially per-
fused as described above. Brainstems were removed, frozen
and four sets of coronal sections (30 µm) of the brainstem
were sectioned on a cryostat (Leica, CM1850, Wetzlar,
Hesse, Germany). Immunohistochemistry was performed
on every fourth section (each 120 µm) as previously
described [26]. A rabbit anti-Iba-1 primary antibody (1:300;
Wako Chemicals, Richmond, VA, USA) and mouse anti-
GFAP antibody (1:400, Calbiochem, Billerica, MA, USA)
were used to label microglia and astrocytes, respectively, in
the same sections. Iba-1 and GFAP immunofluorescence
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were detected using a fluorescence microscope (Leica
DM5500 B Leica, Wetzlar, Hessen, Germany) with the
appropriate filters.

The number of Iba-1-positive cells or the area of GFAP
staining in the NTS, and in the hypoglossal nucleus (XII)
and the AP, which served as control areas, were assessed
using Leica Application Suite Advanced Fluorescence
(Leica DM5500 B, Wetzlar, Hessen, Germany). Images
were captured at ×20 magnification at 120 µm intervals as
defined above. The iNTS was located throughout the AP
level, above the dorsal motor nucleus of the vagus, whereas
the commissural NTS (cNTS) was located from the obex to
500 µm caudal to the obex, above the dorsal motor nucleus
of the vagus. For the assessment of microglial number,
images of Iba-1-stained sections were captured in 20 μm z-
stacks (containing 20 images) and Iba-1-positive cells were
manually counted in matched representative sections of the
NTS, XII and AP. For the assessment of the area of GFAP
staining, images were converted into grayscale and binary
formats and thresholds for black and white balance were
adjusted to the same level in matched representative sec-
tions of the NTS, XII, and AP; the area of GFAP staining
was presented as a gray value/section. For the iNTS and the
XII, counts and gray values were recorded from both sides
and averaged.

Insulin tolerance test

Insulin sensitivity was measured by performing an insulin
tolerance test (ITT), and the rate constant for plasma glu-
cose disappearance (Kitt) was calculated using a previously
described method [5, 27]. Recombinant human insulin
(Novolin R, Novo Nordisk, Montes Claros, MG, Brazil)
was administered at a dose of 2.0 U/kg, i.p. Blood samples
were collected from the tail vein before (time 0) and 5, 10,
15, 20, 30 and 60 min after the insulin injection, and blood
glucose levels were measured using standard test strips
(One Touch UltraMini/Johnson & Johnson, Milpitas, CA,
USA) [5]. The ITT is expressed as Kitt (%/min), i.e., the
percent decrease in the plasma glucose concentration per
minute [28].

Statistical analysis

Data are presented as the means ± SEM. One or two-way
ANOVA followed by the Student–Newman–Keuls post hoc
test or Student’s t-test were used for comparisons as appro-
priate. Differences were considered significant at P < 0.05.

Experimental protocols

Rats were used in the following experimental protocols.
Body weight was recorded weekly.

Metabolic and cardiovascular responses and gene
expression in the NTS in rats fed a HFD

The ITT was performed following an 8 h fast in rats that had
been fed with either SD or HFD for 6 weeks. Two days
later, MAP and HR were measured in freely moving rats.
On the day following these tests, after 12 h of fasting, rats
were deeply anesthetized, decapitated and blood and brain
tissues were collected for analyses of leptin and lipid pro-
files, and the expression of PIC and RAS genes in the NTS,
respectively. Adipose tissue was collected and weighed.

Neuroinflammatory markers in the NTS of rats fed
the HFD

In a separate group of rats, animals were deeply anesthe-
tized after 6 weeks of feeding on the SD or HFD, perfused
transcardially and the brainstem was processed for immu-
nohistochemical staining of microglia and astrocytes.

Cardiovascular changes produced by AT1R blockade
in the NTS in rats fed with HFD

After 6 weeks of being fed the SD or HFD, a group of rats
underwent surgery to implant cannulas into the iNTS. Rats
were maintained on their previous diet (SD or HFD) for the
next 7 days for recovery and then polyethylene cannulas
were implanted in the femoral artery and vein on the day
before MAP and HR recordings in freely moving rats.
Baseline MAP and HR were recorded for ~20 min before
starting the tests. Baroreflex function, MAP, HR, and LF of
the SBP were evaluated before and 30 min after the bilateral
microinjections of losartan (10 µg/100 nl) into the NTS.

Cardiovascular changes produced by AT2R
overexpression in the NTS in rats fed the HFD

A group of rats underwent surgery to implant telemetry
transmitters into the abdominal aorta. One week later, ani-
mals were randomly separated into four groups: two groups
were fed the SD and two groups were fed the HFD. After
3 weeks, animals fed the SD and HFD received micro-
injections of either AAV2-CBA-eGFP or AAV2-CBA-
AT2R vectors in the NTS, forming the following groups:
SD-eGFP, SD-AT2R, HFD-eGFP, and HFD-AT2R. MAP
and HR were recorded weekly, starting 1 week before
(week 0) and continuing for 6 weeks after commencing the
diets. At the end of the experiment, rats were deeply
anesthetized, decapitated, and brains were harvested for
analyses of PIC and RAS genes in the NTS.

In another group of animals, after 3 weeks of feeding
either SD or HFD, rats received microinjections of either
AAV2-CBA-eGFP or AAV2-CBA-AT2R into the NTS and
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were subdivided into the SD-eGFP, SD-AT2R, HFD-eGFP,
and HFD-AT2R groups. Three weeks after viral transduc-
tion (6 weeks of feeding on the SD or HFD), baroreflex
function and cardiovascular variability were evaluated. On
the day following these tests and after a 12 h fast, rats were
deeply anesthetized, decapitated, and blood and brain tis-
sues were collected for analyses of leptin and lipid profiles
and PIC and RAS genes in the NTS, respectively. Adipose
tissue was collected and weighed.

Results

Changes in body weight, the metabolic profile,
MAP, neuroinflammatory markers, and RAS
components in the NTS in rats fed the HFD

Before commencing the diet, body weights of both the
SD and HFD groups were similar. Six-weeks after being
placed on the diets, the HFD group displayed higher body
weight (final body weight), adiposity, and levels of cho-
lesterol, triacylglycerol (TGL), and leptin (P < 0.001),
whereas high-density lipoprotein (HDL) levels were similar
between the groups (Table 1). Blood glucose levels
increased and insulin sensitivity decreased after 6 weeks of
feeding on the HFD compared to rats fed the SD (P < 0.05)
(Table 1).

Similar to our previous study [5], the HFD increased
MAP (116 ± 1 vs. SD: 106 ± 1 mmHg, P < 0.01, n= 8) and
HR (363 ± 4 vs. SD: 338 ± 7 bpm, P < 0.05; n= 8).
Immunoreactivity for GFAP and the number of Iba-1-
positive cells increased (P < 0.05) in the NTS of HFD-fed
rats (Fig. 1a, b). Importantly, no differences in

immunoreactivity for GFAP (104 ± 6 vs. SD: 106 ± 11; P=
0.895) and the number of Iba-1-positive cells (66 ± 8 vs.
SD: 50 ± 7; P= 0.204) in the AP were observed between
the HFD and SD groups. A slight decrease in GFAP
immunoreactivity was observed in the hypoglossal nucleus
(XII) of the HFD group (HFD 120 ± 4 vs. SD: 145 ± 9; P <
0.05), but the number of Iba-1-positive cells was not sig-
nificantly different (HFD: 24 ± 7 vs. SD: 36 ± 12; P=
0.398). In addition, in another group of rats, the expression
of the mRNAs encoding the PIC TNF-α and IL-6 (Fig. 1c),
as well as ACE and AT1R (Supplementary Figure 1), was
increased in the NTS of HFD-fed rats, whereas levels of the
AT2R and Mas receptor mRNA decreased, without changes
in ACE2 expression in the NTS (Supplementary Figure 1),
similar to our previous reports [5].

Effects of AT1R blockade in the NTS on
cardiovascular parameters in rats fed the HFD

Bilateral losartan (LOS; 10 µg/100 nl) injections into the
NTS of HFD-fed rats decreased the MAP (P < 0.05) and the
low frequency (LF) of SBP (P < 0.01), and improved
the reflex bradycardia (slope: −0.98 ± 0.24, vs. HFD
pre-LOS: −0.57 ± 0.25 bpm/mmHg, P < 0.01), without
changing the reflex tachycardia (slope: −2.33 ± 0.85 vs.
HFD pre-LOS: −2.43. ± 0.37 bpm/mmHg, P= 0.397)
(Fig. 2a–c). The injection of losartan into the NTS produced
no changes in SD rats (Fig. 2a–c), and the baseline HR was
not different among groups before or after the losartan
injections (SD pre-LOS: 313 ± 9, SD-post LOS: 313 ± 10,
HFD pre-LOS: 304 ± 6, HFD-post LOS: 299 ± 6 bpm; P=
0.164). The typical sites of bilateral microinjections into the
iNTS are depicted in Fig. 2d.

Table 1 Body weight, adiposity,
and plasma measurements in rats
fed with standard diet (SD) or
high-fat diet (HFD) for 6 weeks

SD HFD

Initial body weight (g) 305 ± 2.2 (n= 9) 301 ± 3.0 (n= 10)

Final body weight (g) 408 ± 2.3 (n= 9) 426 ± 3.9* (n= 10)

Epididymal adipose tissue (g/100 g body wt.) 0.73 ± 0.04 (n= 9) 1.13 ± 0.08* (n= 10)

Retroperitoneal adipose tissue (g/100 g body wt.) 0.61 ± 0.03 (n= 9) 0.97 ± 0.03* (n= 10)

Mesenteric adipose tissue (g/100 g body wt.) 0.55 ± 0.07 (n= 9) 0.96 ± 0.11* (n= 10)

Total cholesterol (mg/dl) 60 ± 2.0 (n= 6) 80 ± 2.5* (n= 6)

HDL (mg/dl) 22 ± 0.4 (n= 8) 22 ± 1.4 (n= 8)

TGL (mg/dl) 39 ± 2.6 (n= 8) 56 ± 5.0* (n= 8)

Blood glucose (mg/dl) 91 ± 2.3 (n= 7) 109 ± 2.4* (n= 7)

Kitt (%/min) 3.7 ± 0.1 (n= 7) 2.7 ± 0.3* (n= 7)

Leptin (ng/ml) 1.0 ± 0.2 (n= 4) 4.5 ± 1.2* (n= 4)

All values are presented as means±SEM; Student t-test. Kitt (%/min): percentage of plasma glucose
concentration decline per minute. Total cholesterol, HDL, TGL, and leptin levels were measured after 12 h
fasting and glucose levels after 8 h fasting

HDL high-density lipoprotein, TGL triacylglycerol

*Different from SD; P < 0.05
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HFD-fed or SD-fed animals in which cannulas were
implanted adjacent to the NTS into the hypoglossal nucleus
(misplaced injections) showed no changes in MAP after the
losartan injections, whereas HR exhibited a slight increase
in SD rats (Supplementary Table 1).

Effects of increased expression of AT2R in the NTS
on cardiovascular parameters in rats fed the HFD

All groups exhibited similar baseline levels of MAP (HFD-
AT2R: 91 ± 2 vs. HFD-eGFP: 90 ± 1, and SD-AT2R: 91 ± 2
vs. SD-eGFP: 90 ± 1 mmHg, P > 0.05) and HR (HFD-
AT2R: 304 ± 4 vs. HFD-eGFP 310 ± 3, and SD-AT2R:
310 ± 5 vs. SD-eGFP: 304 ± 6 bpm, P > 0.05) before the
initial implementation of the diet. Three weeks after being
fed the HFD, these animals exhibited increases in MAP and
HR compared to the SD groups (P < 0.05; Fig. 3a). AT2R
transduction in the NTS of the HFD-fed rats was not
effective at altering the increased MAP, but decreased the

observed tachycardia compared to HFD-eGFP (P < 0.05;
Fig. 3a). The increased expression of AT2R in the NTS of
HFD-fed rats attenuated the increase in LF of SBP (P <
0.05; Fig. 3b) and the impairment of the reflex bradycardia
(slope: −1.19 ± 0.17, vs. HFD-eGFP: −0.78 ± 0.25 bpm/
mmHg, P < 0.05; Fig. 3c). The reflex tachycardia
(slope: −3.18 ± 0.68, vs. HFD-eGFP: −2.86 ± 0.48
bpm/mmHg, P= 0.139) was not modified by the HFD or
by the increased expression of ATR2 alone or in combi-
nation with the HFD (P= 0.13; Fig. 3c).

AT2R transduction into the NTS increased AT2R
mRNA levels in SD-fed rats (1.96 ± 0.16, vs. SD-eGFP:
1.0 ± 0.14-fold change) and HFD-fed rats (1.87 ± 0.11, vs.
HFD-eGFP: 0.99 ± 0.14-fold change) (P < 0.05). Compared
to the changes observed in the NTS of HFD-eGFP rats,
HFD-AT2R rats exhibited a reduction in the levels of the
ACE mRNA (P < 0.05), an increase in the levels of the Mas
mRNA (P < 0.05) and an increase in the ACE2 mRNA
levels (P < 0.05), without changing the increased levels of

Fig. 1 a GFAP and Iba-1 immunoreactivity in the intermediate NTS
(iNTS) and commissural NTS (cNTS) in rats fed either the standard
diet (SD; left panels) or high-fat diet (HFD; right panels). Gr gracile
nucleus, X dorsal motor nucleus of the vagus, XII hypoglossal
nucleus, CC central canal, AP area postrema. Scale bar= 100 μm.
b Quantification of the area of GFAP staining (gray values/section)

and number of Iba-1-positive cells in the NTS and c tumor necrosis
factor-α (TNF-α) and interleukin-6 (IL-6) gene expression in rats fed
either the SD or HFD. The results are presented as the means ± SEM;
n= 7 and n= 6 animals in the SD and HFD groups shown in b and
c, respectively. Student’s t-test; *different from the SD group; P < 0.05
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the AT1R mRNA (P > 0.05) (Fig. 4). Moreover, AT2R
transduction in the NTS of HFD-fed rats abolished the
increased mRNA levels of TNF-α (P < 0.0001) and IL-6
(P < 0.05) observed in HFD-eGFP rats (Fig. 4). Mas and
ACE2 mRNA levels were also increased in SD-AT2R rats
(Fig. 4).

After 6 weeks of feeding on the HFD (3 weeks of vector
injections), the HFD-AT2R and HFD-eGFP rats showed a
higher body mass (P < 0.05) and higher relative weights of
the EPI (P < 0.01), RET (P < 0.0001), and MES (P < 0.01)
adipose tissues than their respective control groups (SD
groups) (Table 2). Both HFD groups also exhibited higher
blood total cholesterol (P < 0.001), TGL (P < 0.01), and
leptin (P < 0.0001) levels than their respective control
groups (Table 2). No differences in the blood HDL levels
were observed between groups (P= 0.40). The HFD-
induced changes in all variables were comparable within
the HFD group (all P > 0.05) (Table 2).

Discussion

The increase in MAP and in the LF of SBP and impairment
of the reflex bradycardia produced by the HFD is consistent
with previous studies [5, 8]. These changes were accom-
panied by an increase in components of the hypertensive
axes and a decrease in components of the protective axes of
the RAS in the NTS, as well as neuroinflammation, as

reported in a previous study from our laboratory [5]. HFD-
fed animals displayed increased body weight, adiposity,
lipid profile, plasma leptin, and blood glucose levels and a
decrease in insulin sensitivity, consistent with a previous
report [5]. Based on the results of the present study,
blockade of AT1R in the NTS acutely abolished the
increase in MAP and the LF of SBP (an index of vasomotor
sympathetic activity) and the impairment of baroreflex
caused by the HFD. The overexpression of AT2R in the
NTS of HFD-fed rats reduced the baroreflex impairment,
without changing the increase in MAP. In addition, the
overexpression of AT2R in the NTS of HFD-fed rats
increased the expression of the Mas and ACE2 mRNAs and
abolished the HFD-induced increases in the expression of
the ACE, TNF-α, and IL-6 mRNAs in the same area,
without altering the increase in AT1R mRNA expression.

The NTS is more than a synaptic relay for cardiovascular
afferents, since it participates in the mechanism mediating
the high blood pressure and sympathoexcitation observed in
SHRs and in rats with renovascular hypertension [12, 15, 29].
Activation of AT1R in the NTS has been shown to blunt
baroreflex function [17] and the overexpression of macro-
phage migration inhibitory factor, a protein that inhibits the
intracellular actions of the AT1R, in the same nuclei
improves baroreflex function and lowers blood pressure in
SHR and rats with renal hypertension [21, 29]. Obesity-
induced hypertension has been treated with different anti-
hypertensive drugs, including AT1R blockers (reviewed in

Fig. 2 a Mean arterial pressure (MAP), b low frequency (LF) of the
systolic blood pressure (SBP), and c baroreflex function in rats fed
either the standard diet (SD) or high-fat diet (HFD) before and after
bilateral injections of losartan (LOS; 10 µg/100 nl) into the nucleus of
the solitary tract (NTS). d Photomicrograph of a coronal section of the
brainstem showing the typical location of the intermediate NTS

microinjection sites. AP area postrema, CC central canal, X dorsal
motor nucleus of the vagus, XII hypoglossal nucleus. Scale bar=
500 µm. The results are presented as the means ± SEM from the SD
(n= 5) and HFD (n= 6) groups. Two-way ANOVA followed by the
Student–Newman–Keuls test; *different from the SD group; #different
from the HFD pre-LOS group; P < 0.05
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Kidambi and Kotchen [30]). In the present study, the
blockade of AT1R in the NTS reduced the increased levels
of MAP, the elevated LF of SBP and the impairment of the
reflex bradycardia observed in HFD-fed rats, suggesting
that the activation of AT1R in the NTS is an important
mechanism underlying the cardiovascular changes produced
in HFD-fed rats. The lack of an effect of losartan injections
into areas adjacent to the NTS reinforces the specificity of
the NTS in these responses. In addition to the increase in
central RAS activity, particularly in the NTS of the HFD-
fed rats, systemic RAS activity is also increased in these
animals [6]. Furthermore, as the blood brain barrier
becomes leaky in HFD-fed rats [31], the increased levels of
peripheral ANG II in these animals might also reach the
NTS and thereby activate AT1R, inducing an increase in
MAP and a decrease in baroreflex function.

Baroreflex function has been shown to be a predictor of
cardiac mortality [32, 33], and thus impaired baroreflex
function should also be considered for neurogenic hyper-
tension treatment. In this sense, AT2R overexpression
improved the baroreflex function, similar to the observa-
tions in our previous study using the renovascular [12] and

SHR [13] hypertension models. Furthermore, transduction
of AT2R into the NTS increased the levels of Mas receptors
and ACE2 expressed at this site in HFD-fed rats. Studies
have demonstrated that ANG (1–7) in the NTS improves
baroreflex function and reduces arterial pressure [34],
whereas blockade of ACE2 in the NTS reduces baroreflex
function [35]. Since the AT1R and AT2R expressed in the
NTS are mostly localized in different neurons, with only a
7% overlap, according to a previous study [19], the data
might suggest that AT1R inhibition and AT2R activation
function through different mechanisms/circuits to dampen
the cardiovascular system in hypertension. An open ques-
tion is if the intra-NTS application of an AT2R agonist
would improve the baroreflex function in HFD-fed animals.
In rats with heart failure displaying a decreased level of
AT2R in the rostral ventrolateral medulla (RVLM), the
injection of an AT2R agonist in the RVLM induces a
smaller decrease in MAP than in control rats [36]. As HFD-
fed rats exhibit decreased expression of the AT2R mRNA in
the NTS, an acute injection of an AT2R agonist in the NTS
may not improve the baroreflex, but future studies are
needed to address this question.

Fig. 3 a Changes in mean arterial pressure (MAP) and heart rate (HR);
b low frequency (LF) of the systolic blood pressure (SBP); and
c baroreflex function in rats fed either the standard diet (SD) or high-
fat diet (HFD) that received injections of AAV2-CBA-eGFP or
AAV2-CBA-AT2R (arrows in a) into the nucleus of the solitary tract
3 weeks after starting the SD or HFD. The results are presented as the
means ± SEM from the SD-eGFP (n= 6), HFD-eGFP (n= 7),

SD-AT2 (n= 5), and HFD-AT2 (n= 7) group. In a, data were ana-
lyzed using two-way ANOVA followed by the Student–Newman–
Keuls test; *different from week 0; # different from the SD group; &
different from the HFD-eGFP group; P < 0.05. In b and c, data were
analyzed using one-way ANOVA followed by the Student–Newman–
Keuls test; *different from the SD group; # different from the
HFD-eGFP group; P < 0.05

446 G. F. Speretta et al.



As shown in our previous study, AT2R overexpression
in the NTS reduces hypertension in rats with renovascular
hypertension [12]. In the present study, a slight decrease in
the LF of SBP was observed in the HFD-AT2R group, but
the effect was probably not sufficient to restore MAP. In
addition, the LF of SPB is an indirect measurement of the
SNA, and therefore has its own limitations. Thus, this slight
decrease may not accurately reflect a reduction in SNA that
would impact the peripheral resistance. In HFD-AT2R rats,
we observed a decrease in baseline HR (~20 bpm). The
baroreceptor reflex pathways provide a major excitatory
drive to the cardiac vagal activity [37], thus the decrease in
baseline HR might have been secondary to the improvement
in the baroreflex. Interestingly, in the HFD-AT2R group, no
change in the elevated levels of AT1R in the NTS was
observed. Further studies are required to determine whether
another mechanism activated by AT1R in the NTS of HFD
is also involved under these conditions to maintain the
higher levels of MAP, such as an increase in heart con-
tractility or a humoral factor.

In the present study, we observed an increased number of
microglia and astrocytes in the NTS of HFD-fed rats that
was associated with higher expression of the TNF-α and IL-
6 mRNAs, as previously reported [5]. Since cross-talk
between the RAS and the immune system in the brain has

been suggested, including during obesity [3, 18], an inter-
play between the RAS and PICs may also exist in the NTS
and account for the change in baroreflex function in HFD-
fed rats. In fact, IL-6 microinjections into the NTS attenuate
baroreflex function [38], and the reduction in the IL-6
mRNA levels observed after overexpressing AT2R in the
NTS might also account for the improvement in the bar-
oreflex response observed in the HDF-fed rats. Conversely,
TNF-α injections in the NTS fail to induce any change in
MAP [39], and thus the role of the increased levels of TNF-
α in the NTS remains to be determined. Importantly, the
HFD induces different degrees of neuroinflammation in
different areas of the brain [40]. In the present study, we
also evaluated the expression of microglial and astrocyte
markers in the XII and AP, which are adjacent to the NTS.
No significant changes in either area were observed, indi-
cating that, at least for the diet used in the present study, the
inflammation occurring in the dorsal brainstem seems to be
more specific to the NTS.

Obesity is a multifactorial disease, and the alterations in
lipid profile, insulin resistance, and hyperleptinemia
observed in rats fed the HFD may contribute to the
increased MAP (reviewed in ref. [41]). For instance, insulin
and leptin acting in the forebrain increase SNA [7, 42, 43]
and an interaction between ANG II, leptin, ANG II and

Fig. 4 a Angiotensin II type 1
receptor (AT1R), Mas receptor,
angiotensin-converting enzyme
(ACE), and angiotensin-
converting enzyme 2 (ACE2)
mRNA levels, and b tumor
necrosis factor-α (TNF-α) and
interleukin-6 (IL-6) mRNA
levels in rats fed the standard
diet (SD) or high-fat diet (HFD)
that received injections of
AAV2-CBA-eGFP or AAV2-
CBA-AT2R into the NTS. The
results are presented as the
means ± SEM; n= 7 animals in
all groups. One-way ANOVA
followed by the
Student–Newman–Keuls test;
*different from the SD group; #
different from the HFD-eGFP
group; & different from the SD-
eGFP group; P < 0.05
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insulin has been reported in the forebrain [7, 44, 45]. The
present results revealed a pronounced involvement of AT1R
in the NTS in the cardiovascular changes observed after
6 weeks of feeding on the HFD. If an interaction exists
between angiotensinergic mechanisms and leptin/insulin
within the NTS to control these cardiovascular changes, as
observed in the forebrain, it remains to be determined.

In conclusion, AT1R activation in the NTS is an
important mechanism underlying the increase in MAP,
whereas AT1R and AT2R may affect baroreflex function in
opposite directions in HFD-fed rats. Chronic inflammation
and changes in the RAS in the NTS may also account for
the cardiovascular responses observed in HFD-fed rats. We
did not clearly determine whether the recovery of baroreflex
function in HFD-fed rats overexpressing AT2R was a direct
effect of the increase of AT2R in the NTS or was mediated
by indirect effects via reducing neuroinflammation and/or
increasing the protective axis of the RAS in the NTS.
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