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Aims:Weevaluated the effect of food restriction (FR) on the various reflexes involved in short term cardiovascu-
lar regulation; we also evaluated the contribution of the sympathetic nervous system and of the plasmatic nitric
oxide (NO) in the development of the counterregulatory cardiovascular changes triggered by FR.
Main methods: Female rats were subjected to FR for 14 days, and after this period biochemical measurements of
biochemical parameters were performed. For physiological tests, animalswere anaesthetised, and a catheterwas
inserted into the femoral artery and vein for the acquisition of blood pressure and heart hate, and drug infusion,
respectively. We then tested the Bezold–Jarisch reflex, the baroreflex and chemoreflex and the effect of the infu-
sion of adrenergic receptor antagonists in control and food restricted animals.

Key findings: The rats subjected to severe FR presented biochemical changes characteristic of malnutrition with a
great catabolic state. FR also led to hypotension and bradycardia besides reducing the plasmatic concentration of
NO. Moreover, activation of the Bezold–Jarisch reflex induced a more pronounced hypotensive response in
animals subjected to FR. Intravenous infusion of a α1-adrenoreceptor antagonist induced a greater hypotensive
response and amore pronounced tachycardic response in animals under food restriction, while the infusion ofβ-
adrenoreceptor antagonist induced lower increases in blood pressure in these animals.
Significance: Our results suggest that an increased α1-adrenoreceptor activity in the resistance arteries coupled
with a reduction of plasmatic NO contributes in a complementary manner to maintain the blood pressure levels
in animals under FR.
© 2015 Elsevier Inc. All rights reserved.
Introduction

Food restriction (FR) model has been widely used as an animal
model of the nutritional aspect of anorexia nervosa [37], simulating
the reduced food intake observed in this condition. Studies using this
model have demonstrated that a dietary restriction can trigger the de-
velopment of cardiovascular diseases such as ventricular hypertrophy
and hypotension [39].

Studies have shown an adjustment in cardiovascular function after a
period of reduced food intake [1,3]. The main cardiovascular changes in
severe dietary restriction are hypotension and bradycardia. McKnight
et al. [29,30], observed that rats submitted to a 25% reduction in daily
food intake for 14 days became bradycardic and hypotensive [29,30].
In another study, a severe restriction, a reduction of forty percent
(40%), for 8 weeks, in spontaneously hypertensive rats, induced a
uro Preto (UFOP), Instituto de
ias Biologicas, Laboratorio de
razil. Tel.: +55 31 3559 1224;

Menezes).
reduction in blood pressure [32]. Furthermore, in humans, reduction
in food intake is very common among patients with anorexia nervosa
who also present bradycardia and hypotension [15].

Other cardiovascular disorders such as electrocardiographic abnor-
malities, left ventricular hypertrophy, systolic dysfunction, ventricular
remodelling, diastolic myocardial dysfunction, decreased cardiac con-
traction and decrease of lateral ventricle relaxation [10,35] are also re-
lated to severe reduction in food intake.

Considering that severe acute FR can cause cardiovascular diseases,
the regulatory mechanisms involved in the regulation of the cardiovas-
cular function could be compromised, leading to the pathological condi-
tions cited above. Remarkably, other dietary challenges can also disrupt
the cardiovascular regulatory mechanisms. In this regard, several stud-
ies have shown that post-weaning protein malnutrition, in rats, leads
to changes in key systems involved in the regulation of systemic blood
pressure [5]. Protein malnutrition causes an increased sensibility of
the baroreceptor reflex, the chemoreflex [34] and the Bezold–Jarisch
[40], a reflex from the heart and lungs that, when activated, leads the in-
hibition of sympathetic activity [4].

Moreover, rats fed a low protein diet present an increased sympa-
thetic tone to the heart, indicating that the autonomic nervous system
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is compromised in these rats [28]. Furthermore, Tropia and colleagues
[40] have shown that protein restricted rats present an increased
vascular sympathetic tone [40]. Another study observed endothelial dys-
function with increases in superoxide anion and nitric oxide in these an-
imals [13].

Therefore, knowing that FRmay cause cardiovascular abnormalities,
and that dietary challenges can modulate the mechanisms responsible
for cardiovascular control, we hypothesized that there might be adjust-
ments in these regulatory systems, which may be essential to maintain
the cardiovascular homeostasis in rats subject to FR. Thus, to test this
hypothesis we evaluated the effect of FR on baroreflex, Bezold–Jarisch
reflex and chemoreflex. We have also evaluated the contribution of
the adrenergic receptors and of the plasmatic nitric oxide in the devel-
opment of the counterregulatory cardiovascular changes triggered by
severe FR.

Methods

Ethical approval

All procedures were approved by the ethics committee for animal
research of the Federal University of Ouro Preto (CEUA–UFOP; no. —
2010/35), and were performed according to the regulations set forth
by the UK Animals (Scientific Procedures) Act 1986, the Guidelines for
Reporting Animal Research [20], Directive 2010/63/EU and by the Na-
tional Institutes of Health Guidelines for the Care and Use of Laboratory
Animals (NIH publication no. 85–23, revised 2010) and according to the
journal policies and regulations on animal experimentation. All efforts
were made to minimize the number of animals used in the study, and
to avoid any unnecessary distress to the animals.

Animals

All experiments were conducted on female Fischer rats (n = 70) at
the Federal University of Ouro Preto (Brazil). We chose female rats be-
cause the anorexia is more common in woman. Animals were acquired
from the University Centre of Animal Sciences, and were maintained in
a dark–light cycle of 12 h with the room temperature maintained at
24 °C. The rats weighted between 200 and 220 g, and were housed in
cages individually and separated in two groups: a control group (n =
34) or food restricted group (n= 36). Both groups were fed a commer-
cial chow (Nuvilab, Brazil) as appropriated. Free access to water was
allowed. The animal's oestrous cycle was evaluated every day.

Diet protocol

To assess dietary intake, the control animals weighting between 200
and 220 g were placed in individual metabolic cages. We evaluated the
food intake and the animal's weight at 12:00 pm daily. The average food
consumptionwas determined for these animals after 14 days. This aver-
age was used to set the amount of food to be offered to animals that
were to be submitted to food restriction. The food-restricted animals
were fed 40% of the control group average consumption. Animals
under food restriction remained in individual boxes and had their
weight measure every day, always before offering food, which was per-
formed once a day for 14 days. On the 14th day control or restriction an-
imals were subjected to the experimental protocols. All animals
received the same diet, Nuvilab®, only varying the amount of food of-
fered. Daily, after measuring the animal's weight, we have also evaluat-
ed the oestrous cycle. For that, vaginal secretion was collected with a
plastic pipette filledwith 10 μL of normal saline (NaCl 0.9%) by inserting
the tip into the rat vagina. Vaginal fluidwas placed on glass slides. A dif-
ferent glass slide was used for each cage of animals. One drop was col-
lected with a clean tip from each rat. Unstained material was observed
under a light microscope, without the use of the condenser lens, with
10 and 40× objective lenses. Proestrous consists of a predominance of
nucleated epithelial cells; oestrous primarily consists of enucleated
cornified cells; metoestrus consists of the same proportion among leu-
kocytes, cornified, and nucleated epithelial cells, and dioestrus smear
primarily consists of a predominance of leukocytes [26].

Characterization of the effects of food restriction on the animal's biochemical
profile

To evaluate the effect of food restriction onmetabolic profiles and
their similarity with anorexia nervosa we used an exclusive group,
without surgical procedures, for collecting blood samples and
performing biochemical measurements. At the end of the 14 d of re-
stricted (n= 8) or control diet (n = 8), animals were fasted for 12 h,
then they were anaesthetised with isoflurane, and blood was collect-
ed through the brachial plexus. All samples were centrifuged at
13,000 g for 10 min to separate serum from plasma, and were stored
in sterilized tubes at −80 °C according to future use. For measure-
ments using plasma, we previously added to sterilized tube antico-
agulant GLISTAB KF 12 g/dL 6 g/dL + EDTA (LABTEST Diagnostica,
MG, Brazil) in the amount of 1 drop/3 mL blood. However, when
serum is used, blood was stored in sterilized tube without anticoag-
ulant. The biochemical tests were made as described in the protocols
of Labtest Kits (Labtest Diagnostic, MG, Brazil) [38]. We quantified
urea, creatinine, haemoglobin, albumin, alkaline phosphatase, total
protein, glucose, ALT, AST, triglycerides, total cholesterol, HDL cho-
lesterol and LDL cholesterol in both groups. The dosage of NO was
taken by Griess method through colorimetric quantification of the
nitrite using the BioAssay system kit (DINO — 250).

Surgical procedures

Fourteen days after the commencement of the diet treatments, the
animalswere subjected to catheter implantation, as described previous-
ly [25]. Briefly, rats were anaesthetised (2.5% isoflurane in 3 L/min O2;
Cristalia, Brazil) and polyethylene catheters were inserted into the fem-
oral artery (for cardiovascularmeasurements) and into the femoral vein
(for drug infusion) of all animals. The catheterswere tunnelled subcuta-
neously and exteriorized at the back of the neck. After surgery, analge-
sics (ketoflex 4 mg/kg, 0.1 mL/300 g s.c., Mundo Animal, Brazil) and
antibiotics (0.2 mL/100 g, s.c., Fort Dodge Animal Health, Brazil) were
administered. The animals were maintained in individual cages in
order to recover from the anaesthesia. Experimental procedures began
48 h after the procedure.

Cardiovascular measurements

The arterial catheter was connected to a pressure transducer
MLT0699 (ADI Instruments, Australia), whichwas connected to a signal
amplifier ETH-400 (CB Sciences Inc., USA). The analogical signal from
the amplifier was digitized by a 12 bit analogical-to-digital converter
(PowerLab/400, ADI Instruments, Australia), and the pulsatile arterial
pressure recorded at 1000 Hz by the software Chart 7.0 for Windows
(ADInstruments, Australia). MAP and HR were derived on-line from
the pulsatile arterial pressure using pulse-to-pulse analysis [16].

Experimental design

Experiments were performed, as follows, in a room in which the
temperaturewasmaintained at 24–25 °C. On the day of the experiment,
animals were brought to the experimental room, in their home cages,
2 h prior to the beginning of the protocol. The experiment commenced
only after stabilization of physiological parameters, such as heart rate
and mean arterial pressure (HR and MAP) for at least 30 min.

The first experiment evaluated the influence of food restriction on
cardiovascular reflexes. The evaluation of baroreflex, in animals fed ad
libitum (n = 10) and animals that were food restricted (n = 10) was
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made by infusing, intravenously, 0.1 mL of phenylephrine (299 nM/mL,
infusion velocity: 2.2 mL/h), sodium nitroprusside (335.6 nM/mL, infu-
sion velocity: 1.5 mL/h) or vehicle in the same volume, using a 5 mL
Hamilton syringe (57 mm) mounted in an infusion pump (Insight, SP,
Brazil). After the cardiovascular parameters returned to baseline levels,
the chemoreflex was evaluated (C n = 9 vs. FR n = 7). For that, potas-
sium cyanide (KCN: 15.3 μM/kg–0.1 mL) was administered (i.v.) in
bolus. Approximately 15 min after the infusion of KCN, the Bezold–
Jarisch reflex was evaluated by infusing phenylbiguanide (23.4 nM/
kg–0.1 mL) in bolus (C n = 9 vs. FR n = 7).

The second series of experiments evaluated the influence of food re-
striction on the α1- and β-adrenergic receptor activities on the resting
cardiovascular parameters, in two separate sets of groups. In the first
group, alpha-adrenergic activity was evaluated by analysing the effects
of a bolus injection of prazosin hydrochloride (i.v.; 2.3 μM/Kg), an α1-
receptor antagonist on baseline MAP and HR in control (n = 10) and
food restricted animals (n= 10). In the second group, β-adrenergic ac-
tivity was evaluated by analysing the effect of a bolus injection of pro-
pranolol (i.v.; 33.8 μM/Kg), a non-selective beta-adrenergic receptor
antagonist on baselineMAP andHR in control (n=6) and food restrict-
ed animals (n = 8).
Data analysis

Data for HR and MAP values were recorded continuously. The base-
line values forMAP andHRwere obtained by averaging the values of the
5 min-period that preceded drug injections. Maximal changes (as
means± standard error of themean)were calculated using 3min aver-
ages or the peak response (30 s) after the drug infusion. In infusion
ramp (baroreflex test), the data (MAP and HR) from each experimental
group were organized in a two-column table with data ordered from
the lowest to the highest MAP, along with the respective HR values.
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Fig. 1. Estimated food intake, body weight, baseline blood pressure and heart rate. (A)— Quant
lation of the amount of feed offered to the FR group, n=18. (B)—Mean bodyweight of control a
between control and FR (p b 0.05, two way ANOVA, followed by Bonferroni post hoc test). (C
restriction (n = 28). *Statistical difference between control and FR (p b 0.05, Student's unpaire
These datawere divided into 10mmHgpressure bins. For each pressure
bin, oneMAP± SEM value was plotted against its respective HR± SEM
value. The baroreflex curve was then fitted to a sigmoidal logistic
equation:

HR ¼ HRmaxþ HRmin−HRmax

1þ e−
MAP−MAP50

bð Þ ð1Þ

where HRmin is the lower plateau, HRmax is the upper plateau, b is
the curvature coefficient, and MAP50 is the MAP at the midpoint of
the HR range. Individual sigmoidal functions were averaged in order
to determine themean sigmoidal fit for the group. The derivatives of in-
dividual sigmoidal baroreflex curves were calculated and averaged
within an experimental group in order to determine the baroreflex
gain-coefficient curve. Themaximal changes in MAP and HRwere eval-
uated and the gain coefficient was calculated by the equation:

Gain ¼ ΔmaxHR
ΔmaxMAP

ð2Þ

whereΔmaxMAP is themaximal change inMAP after injection of so-
diumnitroprusside andΔmaxHR is themaximal change inHRdue to the
changes in MAP caused by the pharmacological manoeuvre [7].

Statistical analysis

Prism5.0 (GraphPad Software, La Jolla, CA, USA)was used to analyse
all data. The data are expressed as mean ± standard error of the mean
(SEM). Student's paired t-test was used to analyse the differences with-
in groups. Student's unpaired t-test or twoway (diet and time/weight as
factors) analysis of variance (ANOVA) in comparison with Bonferroni
post-test was used to analyse differences between groups. Mann–
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Table 1
Effect of control and food restriction (60%) diets for 14 days in female rats. Separate columns should be used for measures of variance (SD, SE etc.), the ± sign should not be used.

Biochemical
parameter

C SEM/max–min FR SEM/max–min p value

Urea (mg/dL) 44.95 0.99 58.56 3.14 0.0010*
Creatinine (mg/dL) 1.21 0.03 1.03 0.04 0.0040*
Haemoglobin (g/dL) 14.88 1.14 12.42 0.88 0.1103
Albumin (g/dL) 2.83 0.04 2.39 0.06 b0.0001*
Alkaline phosphatase (U/L) 42.99 1.73 47.12 1.90 0.1302
Total protein (g/dL) 6.98 0.208 6.73 0.11 0.3199
Glucose (mg/dL) 213.0 (173.6–258.4) 258.9 (203.9–432.6) 0.0208*
ALT 35.02 (31.31–44.99) 28.18 (20.76–51.24) 0.3181
AST 77.71 1.51 72.76 1.45 0.0336*
Triglycerides (mg/dL) 37.92 3.68 29.40 2.17 0.0662
Total cholesterol (mg/dL) 96.92 7.09 69.22 3.08 0.0030*
HDL cholesterol (mg/dL) 43.20 5.14 39.10 3.09 0.5062
LDL cholesterol (mg/dL) 53.73 9.54 30.12 3.92 0.0382*

Biochemical values in female rats subjected to food restriction. Values expressed asmedian (minimum,maximum) ormean± SEM, n=8. AST (aspartate aminotransferase), ALT (alanine
aminotransferase). *Statistical difference from control (C) versus food restriction (FR), Mann–Whitney t test for unpaired comparison of glucose and ALT and Student's unpaired t-test for
other parameters (p b 0.05).
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Whitney t test was used for nonparametric comparisons. The signifi-
cance threshold level was set at 0.05.

Results

Food restriction induced weight loss, hypotension bradycardia and changes
in biochemical parameters

The rats were divided into control (C) and food restriction groups
(FR). The daily average of food consumed by the control group was
13.50 g ± 0.2 g or 158.15 kJ (n = 18). Thus the amount of food offered
daily to the FR group was 5.5 g or 63.17 kJ (n = 18) (Fig. 1A). The ani-
mals submitted to food restriction showed a progressive reduction in
body weight from the second day until the end of the diet protocol,
with the final bodyweight in the restricted animals been approximately
15% less than the control animals (Fig. 1B) (Final weight— C: 224.1 g ±
3vs. FR: 179.2 g±3, p b 0.001). Animals fed a restricteddiet presented a
significantly lower baselineMAP (C: 112.3mmHg± 1.8, n= 26 vs. FR:
105.6mmHg±2.5, n=28; p=0.04, by Student's unpaired t-test) and
HR (C: 384.5 bpm ± 6.8, n = 26 vs. FR: 359 bpm ± 9.4, n = 28; p =
0.0336, by Student's unpaired t-test) in comparison with controls
(Fig. 1C and D).

Along with the evaluation of the body weight and quantification of
food intake, we evaluated the daily oestrous cycle setting how many
days each animal remained in each phase. The animals in the control
diet showed a normal oestrous cycle, alternating between ovulatory
and not ovulatory cycles. However, the animals under FR, from the sec-
ondweek of restriction and on, did not ovulate anymore, staying only in
the metoestrus and dioestrus cycles (data not shown). There were sig-
nificant decreases in the plasma concentrations of creatinine, albumin,
aspartate aminotransferase (AST), total cholesterol and LDL cholesterol
in the FR group when compared to the controls (Table 1). On the other
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Fig. 2. Effects of food restriction on the nitric oxide system. Determination of plasmatic
nitric oxide (n = 7). Effect of food restriction on plasma nitric oxide. Statistical difference
between control and FR; Student's t-test unpaired (p b 0.05).
hand, urea and glucose plasma levels increased in FR as shown in
Table 1.

Food restriction reduces plasma nitric oxide levels

To examine the influence of FR on the nitric oxide system, we mea-
sure theplasmatic NOconcentration. The plasmanitric oxide concentra-
tionwas decreased in the FR groupwhen compared to the control group
(p = 0.0437, by Student's unpaired t-test) (Fig. 2).

Food restriction potentiates the Bezold–Jarisch reflex but does not alter the
chemoreflex and the baroreflex activity

In order to evaluate the influence of food restriction on cardiovascu-
lar reflexes, we examine the activity of three reflexes: the Bezold–
Jarisch reflex, the chemoreflex and the baroreflex.

The injection of phenylbiguanide produced the Bezold–Jarisch reflex
in both groups, however, it induced amore pronounced hypotensive re-
sponse in animals subjected to food restriction (p = 0.0070, by
Student's unpaired t-test) (Fig. 3C). The bradycardic response was sim-
ilar in both groups (Fig. 3D).

The intravenous infusion of potassiumcyanide for chemoreflex eval-
uation generated similar increases in MAP in both groups (p = 0.1815,
by Student's unpaired t-test; Fig. 3A). It also induced similar decreases
in HR (p=0.1185, by Student's unpaired t-test; Fig. 3B). The barorecep-
tor reflexwasmeasured by a ramp infusion of sodiumnitroprusside and
phenylephrine intravenously. To evaluate the baroreflex, the function
curve was divided into the following variables: lower plateau, upper
plateau, MAP50, gain and heart rate range (Table 2). There were no sig-
nificant differences in these parameters. The graphic representation of
the baroreflex function curve and the grouped representation of the
gain are presented on Fig. 4A and B, respectively.

Food restriction increases α1-adrenergic receptor activity

To evaluate the FR influence on the adrenergic receptor activity, we
examined the effect of the infusion ofα1- andβ-adrenergic receptor an-
tagonists on resting MAP and HR. After the intravenous bolus of
prazosin, an α1-adrenergic receptor antagonist, we observed a greater
hypotensive response in animals under food restriction (p = 0.0225,
by Student's unpaired t-test) and consequently a more pronounced
tachycardic response in the same group (p = 0.0188, by Student's un-
paired t-test) (Fig. 5). The infusion of propranolol, a β-adrenergic antag-
onist, induced a comparable bradycardia in both groups (p=0.4981, by
Student's unpaired t-test). On the other hand, the blockade of β recep-
tors produced significantly lower increases inMAP in animals subjected
to food restriction (p = 0.0003, by Student's unpaired t-test) (Fig. 6).
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Table 2
Baroreflex curve parameters of control and food restriction rats.

Parameter Control SEM Food restriction SEM

Upper plateau (bpm) 465.9 20.84 434.9 15.26
Lower plateau (bpm) 300.9 15.64 286.2 25.61
Heart rate range (bpm) 165.0 29.40 185.3 40.67
MAP50 (mm Hg) 115.6 5.20 112.6 5.15
Gain (bpm/mm Hg) −8.38 1.34 −8.71 1.56

Data are reported asmeans±SEM for 10 rats in each group.MAP50=mean arterial pres-
sure at the midpoint of the heart rate range. Student t-test.
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Discussion

In this study we evaluated the effect of food restriction on the vari-
ous systems involved in cardiovascular regulation. We showed that
the α1-adrenergic receptor activity is increased in animals under FR.
We have also found that the hypotensive component of the Bezold–
Jarisch reflex is more pronounced in these animals. Moreover, these an-
imals presented a reduced plasma nitric oxide concentration. Our data
indicates that an increased responsiveness of α1-adrenergic receptors,
in arteries, coupled with a reduced concentration of the vasodilator
agent nitric oxide, appears to be essential for the maintenance of the
blood pressure levels in animals submitted to food restriction.

We used amodel food restrictionwith 60% reduction in the quantity
of calories and nutrients offered for 14 days. After this period we ob-
served that animals fed this restricted diet lost approximately 15% of
their bodyweight, which is very similar towhatwas observed in studies
that have used this deprivation protocol [8,27]. Although the animals
under food restriction presented a significant weight loss, they did not
show any signs of sickness.

In our experiments, we have used female rats because anorexia is
more prevalent in women, then, our model of food restriction is appro-
priate, since it simulates the nutritional state of anorexia. However, it is
well known that certain cardiovascular disorders occur with different
incidences between male and female, as a consequence of the presence
or absence of the estradiol, such as hypertension, pulmonary hyperten-
sion, changes in the angiotensin system or in oxidative stress [2,11,22].
We cannot discard the possibility that the changes observed in the ani-
mals submitted to food restriction could be, partly, caused by the chang-
es in the oestrous cycles observed in these animals. As it is cited above,
FR animals, from the second week of food restriction and onwards,
stopped ovulating which could have led to a reduction of the plasmatic
estradiol. Several studies have reported that the reduction, or absence,
of estradiol in females could lead to cardiovascular disorders [14,23,
41], thus if the FR animals have a reduction of estradiol, even for a
week, this could lead to some of the changes in the cardiovascular con-
trol that we have observed. However, it is important to point out that,
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even though it is well known that the animal's behaviour changes be-
tween the oestrous phases, there are no reports showing that it can
also influence the cardiovascular system.

Rats submitted to severe food restriction presented alterations in
biochemical parameters related to energy metabolism. These animals
showed significant decreases in plasma creatinine, albumin, AST, total
cholesterol and LDL cholesterol. However, glucose and urea plasma con-
centration increased after food restriction. These data indicate that rats
under food restriction developed malnutrition, which can be demon-
strated by the decreased albumin concentration and increased concen-
tration of plasmatic urea, suggesting a high protein catabolism. Our
results corroborate previous data which showed that people who con-
sume hypocaloric diets develop hypoalbuminemia [43], increased plas-
matic urea and decreased creatinine clearance [42]. We also show that
these animals develop marked changes in lipid metabolism, which can
be demonstrated by a reduction of total cholesterol and LDL. Interest-
ingly, anorexic patients, whom also have a restricted diet, also present
decreased total cholesterol and LDL [9]. One factor contributing to the
increase of plasmatic glycaemia could be the likely increase in the pro-
duction of cortisol. This rise in circulating cortisol is common in severe
restricted diets [31], and is related to the stress that the hypocaloric
diets generate [39]. The increase in corticosterone during the food re-
striction might be essential to these animals' lives, since corticosterone
facilitates the conversion of amino acids into glucose (i.e. gluconeogen-
esis), which would avoid the hypoglycaemia derived from the reduced
food consumption, and thus protecting the brain. Notably the protocol
of food restriction used in our experiments induced similar biochemical
changes to the ones found in patients with anorexia [9].

In the present study we have also observed that animals under food
restriction presented a significantly lower baselineMAP andHR, corrobo-
rating previous data from different research groups, both in rats and in
humans [18,35]. However, the foundation of these changes can be multi-
factorial since hypovolemia [6], cardiac dysfunctions [10] or dysfunctions
in the reflexes that control the blood pressure (BP) [19] could lead to both
bradycardia and hypotension. Considering the fact that food restriction,
and for that matter anorexia in human beings, alters the cardiovascular
system causing hypotension and bradycardia, we designed protocols to
investigate few systems involved in blood pressure regulation.

We observed a decreased plasmatic concentration of NO, a signalling
molecule, with a powerful vasodilator effect [12], in animals fed the re-
stricted diet. Given that dietary restriction causes hypotension in these
animals, it can be suggested that the reduction in plasmatic nitric oxide
could occur as a compensatory reaction to the decreased blood pressure,
which would cause less shear in the vessel diminishing the stimulus for
NO production [21], and thus preventing an excessive reduction of BP.

It is well known that reflexes in the body control blood pressuremo-
ment tomoment, and changes in the activity of these reflexes could lead
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to changes in BP levels [17,33]. Animal studies have shown that absence
of a balanced diet (i.e. low protein diets) can affect the sensitivity of
these reflexes [5,34]. In our study, we showed that the Bezold–Jarisch
reflex is compromised in rats under severe food restriction. The activa-
tion leads to sympathetic inhibition causing hypotension and bradycar-
dia [24]. The food restricted animals showed an increased hypotensive
response to the injection of phenylbiguanide, suggesting that food re-
striction leads to a likely increase of theα1-adrenergic receptor activity
in the arteries. The chemoreflex activity was not affected in animals
under food restriction. Surprisingly, the baroreflex sensitivity was also
not affected by food restriction. Our result contradicts those presented
in the literature, where patients under severe diet restrictions presented
an increase in baroreflex gain [18,19]. This disparity may be explained
by differences between the protocols utilized in our study and in the
previous studies. In our report, we used pharmacological manoeuvres,
to test the baroreflex, which cannot be accomplished in humans, and
the techniques used in humans are made by indirect means, such as
spectral analysis or by analysis of postural changes. Considering that
the activity of adrenergic receptors could be altered by food restriction,
we designed experiments to evaluate the activity of α1- and β-
adrenoreceptor activities, indirectly, in this paradigm.

In order to pursue this answer, we infused, intravenously, prazosin
and propranolol, and α1- and β-adrenoreceptor antagonists, respec-
tively. The infusion of prazosin induced hypotension and tachycardia
in both groups; nevertheless, these responses were more pronounced
in the animals under a severe food restriction. Possible explanations
for this increase are augmented receptor sensitivity or density, or
both, or even increases in endogenous ligand release from sympathetic
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terminals in the blood vessels. These results indicate an increased α1-
adrenergic receptor activity in these animals, with only 14 days of
food restriction, which would be necessary to sustain the blood pres-
sure. Importantly, animals fed a low protein diet, for 35 days, present
a higher vasomotor tone that could be due to an increased sympathetic
efferent activity [16,40], corroborating the idea that dietary restrictions
can lead to increased SNS activation to the arteries. The pronounced
tachycardic response in these animals could be, possibly, the result of
the pronounced hypotension, which would activate the baroreflex cir-
cuit leading to a marked activation of the SNS to the heart.

It is important to notice that in our experiments FR leads to hypoalbu-
minemia, which could cause hypovolemia. Importantly, a previous
study, using a longer period of food restriction, showed that FR leads to
a reduction in haematocrit and consequently in blood volume [36]. Our
model uses a shorter restriction period than the study cited above, thus
if there is a hypovolemic state it is probably muchmilder. Even if this re-
duction in blood volume is mild, it may be the cause of the activation of
the Bezold–Jarisch reflex as well as in the sympathetic nervous system.
This reduction in volume could lead to the reduction in BP observed in
our study. Therefore, the increased activity of α1-adrenergic receptors
could be, partly, due to this decrease in BP, and act as a counterregulatory
measure to those changes, and could be essential to the maintenance of
“normal” BP levels, which are necessary to survival.

In keeping with this investigation of the role of adrenoreceptors in
cardiovascular changes observed in animals submitted to food restric-
tion, we have also evaluated the effect of the blockade of the β-
adrenergic receptors by infusing propranolol. The infusion of proprano-
lol induced a significant bradycardia in both groups, showing that the
response of beta-receptor in the heart appears to be normal in animals
under food restriction. Nevertheless, the raise in MAP, that accompa-
nied the referred bradycardia, was blunted in the animals under food
restriction. The hypertension observed after the infusion of propranolol
is probably due to a baroreflex response, triggered by the bradycardia,
causing a compensatory increase in BP. This response occurs through
the activation of α1-adrenergic receptors in the resistance arteries,
which appear to be hyper activated in animals under FR, as shown pre-
viously. The inability to stimulate a receptor that is, possibly, at its satu-
ration threshold, may be the limiting factor for the blood response in FR
rats, justifying the smaller change inMAP in these animals after the pro-
pranolol infusion.
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Conclusions

In conclusion, our results suggest that food restriction leads to a hy-
potensive state that is counteracted, largely, by an increased activity of
α1-adrenoreceptors in the resistance arteries. Importantly, the concen-
tration of NO, a vasodilator agent, is low in these animals, suggesting
that the NO system is also involved in avoiding a more pronounced hy-
potensive state. Thus, the present study shows that these two systems
contribute in a complementary manner to support the blood pressure
levels in animals under food restriction allowing the cardiovascular
system to maintain sufficient blood supply to the tissues.
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