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Both high-fat and high-carbohydrate diets have been considered in association with the impairment of baroreflex sensitivity. However, the

mechanisms are unclear. In the present study, the effects of a complex high-fat and high-carbohydrate diet (HFCD) on baroreflex circuitry

were investigated. A HFCD emulsion was formulated and orally administered to rats for 30 d. Rats were then anaesthetised and baroreflex

sensitivity was measured following intravenous injection of phenylephrine (PE) and sodium nitroprusside (SNP) at various doses. Morphological

changes of the brainstem were detected by transmission electron microscopy. Baroreflex sensitivity-associated gene and protein expression was

determined by quantitative RT-PCR and Western blot analysis. We found that: (1) the HFCD significantly attenuated heart rate responses to

arterial blood pressure (ABP) increases induced by PE, but had no effect on heart rate responses to ABP decreases induced by SNP; (2) the

HFCD induced medullary sheath thickening, myelinated nerve atrophy and hyaloplasm dissolving; (3) protein levels of substance P, calcitonin

gene-related peptide, GlutR2 and g-aminobutyric acid A receptors were all markedly decreased in the brainstems of rats administered with

the HFCD. These findings conclude that a HFCD could impair the baroreflex sensitivity of rats. Remodelled morphology and decreased neuro-

transmitters and receptors in the domains of the nucleus tractus solitarii and nucleus ambiguus are participating in this process.

Diet: Vagal neurons: Nucleus tractus solitarii: Nucleus ambiguus: Rats

Autonomic neuropathic dysfunctions are common compli-
cations both in type 1 and type 2 diabetic patients(1 – 3) and
impairment of the baroreflex control of heart rate (HR) may
possibly contribute to life-threatening arrhythmias and even
sudden death, such as ‘dead-in-bed syndrome’(4,5). Many
clinical and experimental studies have suggested that type 2
diabetes usually accompanies obesity (a modern disease
associated with diet and lifestyle), and clinical as well as
animal studies using obese animal models have demonstrated
that obesity is an independent risk factor for CVD
and impaired parasympathetic activity(6 – 11). However, our
knowledge on the mechanism of obesity-related changes
in baroreflex sensitivity (BRS) remains fragmentary. In
addition, although the individual impacts of high-fat and
high-carbohydrate diets on BRS have been studied exten-
sively(12 – 16), little is known about the combination effects
and mechanisms of these two types of diets.

In order to provide integrative information about modern
fast food and sedentary lifestyle, we examined the impact
of complex high-fat and high-carbohydrate diet (HFCD)
consumption on the BRS of Wistar rats. The formulated
HFCD emulsion that was used in the present study contained
lard, thyreostat, cholesterol, sucrose, fructose, sodium

glutamate and salt. Lard and cholesterol were used to provide
a high fat content; sucrose and fructose, which have been
reported to be associated with the development of insulin
resistance, were used to provide a high-carbohydrate
food(17). High salt, which is considered an independent risk
factor of hypertension which is closely associated with
diabetes, was also included in the diet(18). Thyreostat, an
anti-thyroid drug, was added in the formula to inhibit the
metabolism of the animal, therefore mimicking the sedentary
living habit.

Though both sympathetic and parasympathetic systems
contribute to regulate heart function within the baroreflex
circuitry, the parasympathetic system was thought to be
the major pathway in baroreflex-mediated HR control(19).
Basically, the baroreflex is initiated by a rise in arterial
blood pressure (ABP) that activates the afferent terminal
located in the aortic arch and then transduction to afferent
neurons in the nodose ganglia that project to nucleus tractus
solitarii (NTS) neurons. Neurons in the NTS in turn activate
cardioinhibitory vagal preganglionic neurons located primarily
in the nucleus ambiguus (NA)(19,20). The anatomical pathway
of the baroreflex circuitry contains at least the following
components: (1) cardiovascular mechanoreceptor-associated
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afferent neurons; (2) second-order NTS neurons; (3) cardiac
parasympathetic preganglionic motor neurons located primar-
ily in the NA; (4) parasympathetic postganglionic neurons
intrinsic to the heart(19). Within the baroreflex circuitry, the
NTS and NA have been considered the central components
that regulate the autonomic activities of the baroreflex(20).
A recent study has shown that lesions of the NTS lead to an
increased probability of changes in ABP and sudden death
in animals(21). We hence aimed to explore whether the
NTS and NA are involved in the impairment of BRS in rats
receiving a HFCD.

Materials and methods

Preparation of the fat emulsion

The complex high-fat and high-carbohydrate diet (HFCD)
emulsion was prepared as previously with minor changes(22).
The fat emulsion contained lard (20 %), thyreostat (1 %),
cholesterol (5 %), sucrose (5 %), fructose (5 %), sodium gluta-
mate (1 %) and salt (6 %) in 20 % Tween 80 and 30 % (v/v)
propylene glycol. The diet was stored at 48C before use.

Animals and treatment groups

Male Wistar rats (n 24, weight 200–230 g, aged about 3–4
months) were obtained from the Animal Centre of the 2nd
Affiliated Hospital of Harbin Medical University (Harbin,
Heilongjiang Province, China) and housed at 23 ^ 18C with
55 ^ 5 % of humidity and a 12 h light–dark cycle. The use
of animals was approved by the ethics committee of Harbin
Medical University (no. HMUIRB-2008-06).

Rats were randomly divided into two groups with twelve
rats per group. The HFCD group received the HFCD emulsion
(10 ml/kg) by oral administration and the control group
received 0·9 % NaCl (10 ml/kg) in 20 % Tween 80 and 30 %
(v/v) propylene glycol. All rats were treated for 30 d.

Surgical procedure

Rats were anaesthetised with sodium pentobarbital (40 mg/kg)
via intraperitoneal injection. Supplemental doses of anaes-
thetics (0·1 ml of 1 % sodium pentobarbital) were administered
every 30 min to prevent eye blink and pedal-withdrawal
reflexes. The tips of polyethylene-50 catheters were tapered
to 0·5 mm in diameter. Following the exposure of the femoral
artery (left) and the femoral vein (right), the tapered tips of
two catheters filled with heparinised saline were then inserted
into the femoral artery and vein, respectively. Vasoactive
drugs were injected into the femoral vein and blood pressure
was measured through the femoral artery.

Baroreflex sensitivity

The blood pressure catheter was connected to a blood pressure
transducer (MlT0699; AD Instruments, Australia), which was
positioned at heart level. ABP was measured automatically
using the BL-420 Data Acquisition & Analysis System
(Chengdu Tme Technology Co., Ltd, China). HR was
calculated from pulse pressures using Ratemeter function.
Injection of phenylephrine (PE) or sodium nitroprusside

(SNP) was designed with different doses (PE: 16, 32, 64,
128 and 256mg/ml; SNP: 10, 20, 40, 80 and 160mg/ml with
an injection speed of 0·04 ml/100 mg). A second drug admin-
istration was performed only when the former HR and ABP
responses reached a plateau. The maximal HR responses
relative to the HR baseline level (DHR) and mean ABP
(MABP) changes relative to the ABP baseline level
(DMABP) induced by injection of PE or SNP were recorded
and analysed. BRS was then estimated by the calculated and
averaged ratio of DHR:DMABP for each dosage of each
drug. Dose-dependent curves of DHR:DMABP v. PE or SNP
concentration were plotted for each group. Curves of DHR
v. DMABP were also plotted to examine the maximal HR
responses induced by MABP changes. All curves were fitted
using the Boltzmann equation by Prism 5.0 software(23).

Transmission electron microscopy analysis

Locations of the NA and NTS were identified by a previously
described protocol(24). Transmission electron microscopy
analysis was performed as follows: animals in each group
were anaesthetised with sodium pentobarbital (100 mg/kg)
and perfusion with 0·9 % saline and 10 % phosphate-buffered
(pH 7·4) formalin. The NTS and NA were removed and
immersed in a stationary liquid (pH 7·3) containing 3 % glutar-
aldehyde in 0·1 M-sodium phosphate buffer and 0·45 M-Ca2þ.
Tissue samples were then post-fixed in 2 % OsO4 phosphate
buffer containing 1·5 % potassium ferricyanide. After dehy-
dration in a graded concentration of alcohol, tissues were
then embedded in Epon with propylene oxide as an intermedi-
ary solvent. Plastic sections (1mm thick) were stained with
toluidine blue and examined under a light microscope. Ultra-
thin sections of tissues were mounted on formvar-coated slot
grids, stained with uranyl acetate and lead citrate, and
examined with a JEOL 1200 electron microscope (JEOL
Co., Tokyo, Japan).

Quantitative RT-PCR analysis

Total RNA were prepared from rat brainstems (^600mm
from 0 point), and relative mRNA expression levels
for substance P (SP; forward ACAGATTCCTTTGTTGG;
reverse GCCTTCTTTCGTAGTTC), calcitonin gene-related
peptide (CGRP; forward CCCTTTCCTGGTTGTCA; reverse
CTCAGCCTCCTGTTCCTC), a-amino-3-hydroxy-5-methyl-
4-isoxazole propionate (AMPA) receptor subunit 2 (GluR2;
forward TGTCCTCCTTTCTCCCT; reverse CTGAACCATC-
CCTACCC) and g-aminobutyric acid A (GABAA) receptor
(forward CTGAAGTGAAGACGGACAT; reverse ACGCAG-
GAGTTTATTGG) were measured by one-step real-time
RT-PCR using the SYBR Green PCR Master Mix Kit
(Ambion, Austin, TX, USA) on a 7500 FAST Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA).

Western blot analysis

The expression levels of proteins in brainstem tissues
(^600mm from 0 point) were detected by Western blot
analysis. The proteins included in the present study
were SP (11 kDa), CGRP (13 kDa), GluR2 (88 kDa) and
GABAA (70 kDa). The primary antibodies and horseradish
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peroxidase-conjugated secondary antibodies were all purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Tissues were lysed with 600ml lysis buffer containing 1 %
protease inhibitor solution, and then centrifuged at 12 000 g
per min for 30 min to collect protein extracts in the super-
natant fraction. The protein concentration was determined by
a Sunrise-Basic Tecan microplate reader (Tecan, Saltzberg,
Austria) using bovine serum albumin as the standard. Protein
samples were resolved on a 10 % SDS-PAGE gel and
transferred to a polyvinylidene fluoride (PVDF) membrane
(Bio-Rad, Hercules, CA, USA). The PVDF membrane was
then incubated with the indicated primary antibodies diluted
at 1:3000 in PBS buffer for 1 h at room temperature. The
inhibitory peptide was used for each antibody to determine
the antibody specificity. After being washed in PBS–Tween
20 (PBS-T) three times (10 min each), the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies diluted at 1:5000 in PBS-T blocking buffer contain-
ing 5 % dry milk for 1 h at room temperature, followed by

detection with the Odyssey IR imaging system (LI-COR
Biosciences, Lincoln, NB, USA). b-Actin at 1:10 000 was
used as the loading control for equal input of protein samples.
The SDS-PAGE gel was stained with Coomassie blue solution
before the transfer to verify the quantity of protein samples.
Densitometry analysis was performed with Quantity One
software (Bio-Rad) – area £ optical density. The density of
each protein was normalised with that of b-actin, and the
expression levels of target proteins were expressed as fold
changes over the expression of the control samples.

Statistical analysis

Data were analysed by one-way ANOVA. The significant
difference was set as P,0·05. Data were presented as the
mean values with their standard errors and plotted using
GraphPad Prism 5.0 software (GraphPad Software Inc.,
San Diego, CA, USA). Comparison between two groups was
performed using Student’s t test.
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Fig. 1. Baseline systolic blood pressure (SBP) and heart rate (HR) in control rats (Ctr; n 7) and in rats fed a high-fat and -carbohydrate diet (HFCD; n 8). Values

are means, with standard errors represented by vertical bars. ** Mean value was significantly different from that of the control group (P,0·01).
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Fig. 2. Significant attenuation of baroreflex sensitivity by a high-fat and -carbohydrate diet (HFCD) following phenylephrine (PE) administration. Traces of blood

pressure changes induced by PE application at 16, 64 and 128mg/ml in (a) a rat fed the normal diet (control) and (b) a rat fed the HFCD. (c) The dose-dependent

curve of HFCD rats (– –) of change in mean arterial blood pressure (DMABP) against each dose of PE shifted to the right of the curve of control rats (–X–)

(ANOVA; P,0·01). (d) The dose-dependent change in heart rate (DHR):DMABP curve of HFCD rats shifted to the right of the curve of control rats (ANOVA;

P,0·01). (e) The DHR:DMABP curve of HFCD rats was plotted by DHR v. DMABP at each dose, and shifted to the right of the curve of control rats (ANOVA;

P,0·01). Values are means (n 6), with standard errors represented by vertical bars.
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Results

Effects of high-fat and high-carbohydrate diet on systolic
blood pressure and heart rate in anaesthetised rats

After rats were anaesthetised by sodium pentobarbital,
baseline systolic blood pressure (SBP) and HR were
measured before PE and SNP were applied. In control
rats, SBP and HR were 121·23 (SEM 4·55) mmHg and
373·5 (SEM 7·83) beats/min, respectively. However, in
HFCD-treated animals, the SBP and HR were reduced
to 91·87 (SEM 7·58) mmHg and 294·83 (SEM 17·36) beats/
min, respectively. Compared with the control group, SBP
and HR in the HFCD-treated group were significantly
reduced by 24 and 21 %, respectively (both P,0·01;
Fig. 1(a) and (b)).

Baroreflex control of heart rate during phenylephrine
application

With the increase of PE doses, MABP increased gradually in
both the normal diet-fed rats and HFCD-treated rats (Fig. 2(a)
and (b)). However, compared with the control rats, the
increase of DMABP following PE injection was markedly
lower in the HFCD-treated rats, especially at PE dosages of
32, 64 and 128mg/ml (Fig. 2(c); ANOVA; P,0·01). As an
index of BRS, DHR:DMABP values were significantly
decreased in HFCD-treated rats receiving PE at 32, 64, 128
and 256mg/ml than in control rats (Fig. 2(d)). The maximal
DHR in response to the maximal DMABP was also
significantly attenuated in HFCD-treated rats (Fig. 2(e)).

Baroreflex control of heart rate during sodium nitroprusside
application

SNP induced the decrease of MABP in a dose-dependent
manner (Fig. 3(a) and (b)). However, no significant differ-
ences of DMABP were observed between the control and
HFCD-treated rats (Fig. 3(c); ANOVA; P.0·10). SNP dose-
dependent curves of BRS (DHR:DMABP) and the response
of maximal DHR to the maximal DMABP were plotted and
showed a similar pattern in both groups (Fig. 3(d) and (e);
ANOVA; P.0·10).

Ultrastructural remodelling of nucleus tractus solitarii and
nucleus ambiguus

Compared with control rats, the dilatation of the endoplasmic
reticulum, mitochondrion and Golgi body complex as well as
damaged membrane structures of mitochondria were
frequently found in both the NTS (Fig. 4(a), (b), (c) and (d))
and NA (data not shown here) domains of the HFCD-treated
rats. In addition, for myelinated nerve fibres, medullary
sheath thickening, nerve atrophy and axoplasm dissolving
were also observed (Fig. 4(e) and (f)).

Evaluation of baroreflex-related mRNA and protein expression

SP and CGRP in the NTS and NA are two key peptides in
the baroreflex circuitry(25,26). The present results showed
that compared with control rats, the mRNA levels of both
SP and CGRP in HFCD-treated rats were increased by 1·78
(SEM 0·06) and 2·0 (SEM 0·05) fold, respectively (Fig. 5(a)
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and (b); P,0·05). However, protein levels of SP and CGRP
in the brainstem of HFCD-treated rats were significantly
decreased by 0·68 (SEM 0·03) and 0·65 (SEM 0·01) fold,
respectively (Fig. 5(e) and (f); P,0·05), indicating that
post-transcriptional changes of the two peptides may be a
mechanism of baroreflex dysfunction in HFCD-treated rats.
Glutamate is the major excitatory neurotransmitter in the
NTS and evokes decreases in blood pressure and HR via
activating non-N-methyl-D-aspartate (NMDA) receptors,
such as GlutR2, a subunit of a-amino-3-hydroxy-5-methyl-
4-isoxazole propionate (AMPA) receptors(27). In HFCD-
treated rats, although its mRNA level was not significantly
altered (Fig. 5(c); P.0·05), the protein level of GlutR2 was sig-
nificantly decreased (0·46 (SEM 0·03) fold; Fig. 5(g); P,0·05)
compared with that of the control rats. GABA functions as a
major central nervous system inhibitory transmitter via
GABAA receptors within the NTS(28). Compared with control
animals, HFCD-fed rats showed 0·86 (SEM 0·01) and 0·74
(SEM 0·1) fold decreases of GABA at the mRNA and protein
levels in the brainstem, respectively (Fig. 5(d) and (h); P,0·05).

Discussion

In the present study, in order to mimic the routine human life-
style of modern society, we first formulated a HFCD emulsion
containing both high-fat and high-carbohydrate food. The
HFCD emulsion was administered to rats by oral administration
but not by food feeding so as to control the daily HFCD intake.
In this way, the possible imbalance of fat intake due to
decreased appetite as a result of a high-fat diet was avoided(22).
Our previous study has demonstrated that the complex HFCD
can induce arrhythmia, reduce both systolic and diastolic func-
tions of the heart, and lead to morphological remodelling and
related protein expression changes in cardiomyocytes in rats
(data not shown). Heart function is strongly regulated by the
central nervous system, especially by the parasympathetic
and sympathetic system. Here we show that the HFCD could
also impair the sensitivity of baroreflex control of the HR and
induce remodelling of the ultrastructure of both cell organelles
and medullary sheaths in the brainstem. Moreover, protein
expressions of SP, CGRP, GlutR2 and GABAA receptors
were all markedly decreased by the HFCD.

High-fat and high-carbohydrate diet decreases blood pressure
and heart rate in anaesthetised rats

In the present study, we first reported that it was hypotension
but not hypertension that was observed in anaesthetised
HFCD-treated rats. This result differs from those of previous
studies which described either hypertension or no change in
high-fat-induced obese rats(29 – 31). The change may be based
on: (1) the discrepancies between the direct and indirect
blood pressure measurement or intervention duration(29,31);
(2) sodium pentobarbital could inhibit cardiac output more
than when animals are in the conscious resting state(32);
(3) obesity was associated with reduced vascular compliance
as well as higher stiffness index(33). We hence speculated
that the hypotension in HFCD-treated rats under an anaesthetic
state may be associated with decreased cardiac output com-
bined with reduced vascular compliance. However, what the
exact mechanism is that led to hypotension in HFCD-treated
rats under the anaesthetic state is an interesting issue that
deserves further investigation.

High-fat and high-carbohydrate diet reduces baroreflex
control of heart rate and remodels the structure of
nucleus tractus solitarii and nucleus ambiguus

Our data showed that baroreflex control of the HR in complex
HFCD-treated anaesthetised rats was significantly reduced
by PE but not by SNP at all given doses. This observation
indicates that there might be two distinct pathways to regulate
the increase and decrease of blood pressure individually(23,33).
Though we did not observe significant effects of the HFCD on
the HR response to SNP, the result may not conclude that the
HFCD did not affect it. Detection in conscious rats would be
the best way to evaluate the actions of the HFCD on the
baroreflex circuitry.

Mitochondria are the central organelles for the oxidative
synthesis of ATP and play a critical role in the regulation of
cell functions(34). Mitochondrial abnormalities may lead to
insufficient energy supply for cell production and cytolergy,

Fig. 4. Electron micrographs of the ultrastructural characteristics of the

nucleus tractus solitarii (NTS) in high-fat and -carbohydrate diet (HFCD)-trea-

ted and untreated rats. (a) Electron micrograph of a neuron from the NTS

domain in a normal rat. A large nucleus in the centre of a large neuron with a

clear boundary is shown. (b) Electron micrograph of a neuron from the NTS

domain in a HFCD-treated rat. The same structure as in (a) is shown with a

decreased electron density of the nucleus. (c) Electron micrograph of the

cytoplasm from the NTS domain in a normal rat. The normal structures of

mitochondria and endoplasmic reticulum are indicated by a white arrow and

a black arrow, respectively. (d) Electron micrograph of the cytoplasm from

the NTS domain in a HFCD-treated rat. The expanded endoplasmic reticulum

is indicated by a black arrow and a white triangle; an expanded mitochon-

drion and damaged membrane structure are indicated by a white arrow. (e)

Electron micrograph of the ultrastructure of myelinated nerves from the NTS

domain in a normal rat. Microtubules, microfilaments and neurofilaments fill

up the medullary sheath and the membrane of myelinated nerves is attached

tightly to the inner wall of the medullary sheath (indicated by a black arrow).

(f) Electron micrograph of myelinated nerves from the NTS domain in a

HFCD-treated rat. Increased thickness of medullary sheaths and enlarged

interspaces between the axolemma and medullary sheaths are indicated by

an arrow. Scale bar: 4mm in (a) and (b); 1mm in c, (d), (e) and (f).
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such as protein synthesis and modification in the endoplasmic
reticulum and Golgi complex, respectively(35). The dilatation
of the endoplasmic reticulum and Golgi complex observed
in the present study may be a consequence of damaged mito-
chondria or increased NEFA induced by the complex HFCD.
The baroreflex pathway begins with the cardiovascular
mechanoreceptors of afferent neurons, including A-type recep-
tors with rapidly conducting myelinated fibres and C-type
receptors with lower conducting unmyelinated axons. A-type
conducting myelinated fibres exert the predominant function
in the baroreflex circuitry(19). As we know, myelination
helps prevent the electrical current from leaving the axon
and the main purpose of a medullary sheath is to increase
the speed at which impulses propagate along the myelinated
fibre. Abnormal myelination, including myelin sheath atrophy
or thickening, can induce dysfunction of the myelin sheath
insulating the nerves and even reduce the propagation of
impulses along the myelinated fibre.The results suggest that
the complex HFCD-induced attenuation of BRS may be
associated with remodelled myelin sheaths in A-type nerves.

Molecular mechanisms of high-fat and high-carbohydrate diet
action on normal rats

SP and CGRP have been reported to enhance the release of
glutamate and hence modulate glutamatergic transmission.

Consequently, blood pressure is decreased through the action
of glutamate on GlutR2(27,36). Our finding that SP, CGRP
and GlutR2 protein levels were all decreased in HFCD-treated
rats suggests that the impaired BRS in these animals may be
due to the reduction in SP, CGRP and GlutR2 functions.
GABA increases the blood pressure by inhibiting the parasym-
pathetic system within the NTS via GABAA receptors(28,37),
and decreased protein expression of GABAA receptors in
HFCD rats implies that the reduction of GABAergic function
may be another mechanism by which the HFCD impairs BRS.

In summary, the results provided basic study evidence
to suggest that long-term HFCD application would be a risk
factor to induce the onset of cardiac sudden death by
attenuated BRS.
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Fig. 5. Baroreflex-related mRNA and protein expression in high-fat and -carbohydrate diet (HFCD)-treated and control (Ctr) rats. Relative mRNA and protein levels

of substance P (SP) (a and e), calcitonin gene-related peptide (CGRP) (b and f), GlutR2 (c and g) and g-aminobutyric acid A (GABAA) (d and h). Western blot

results are also shown in (e), (f), (g) and (h). Values are means of six independent experiments, with standard errors represented by vertical bars. * Mean value

was significantly different from that of the control (P,0·05).
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