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Malnutrition enhances cardiovascular responses to
chemoreflex activation in awake rats
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Abstract

Several studies in the literature suggest that low-protein intake is associated with increases in sympathetic efferent activity and cardiovascular
disease. Among the possible mechanisms, changes in the neurotransmission of cardiovascular reflexes have been implicated. Therefore, the
present study comprised the evaluation of chemoreflex responsiveness in rats subjected to a low-protein diet during the 35 days after weaning. As
a result, we observed that malnourished rats presented higher levels of baseline mean arterial pressure and heart rate and exhibited a mild increase
in the pressor response to chemoreflex activation. They also exhibited a massive bradycardic response to chemoreflex activation. Interestingly,
bilateral ligature of the carotid body arteries further increased baseline mean arterial pressure and heart rate in malnourished animals. The data
suggest severe autonomic imbalance and/or change in the central interplay between neural and cardiovascular mechanisms.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Cardiovascular diseases are the most frequent causes of
morbidity and mortality in the world. In the last few decades,
scientific research has yielded great advances in cardiovascular
disease diagnosis and therapy, however the need to better
understand the pathophysiological mechanisms of cardiovas-
cular diseases still exists. Regulation of the cardiovascular
system invariably involves neural and hormonal systems, such
as the sympathetic nervous system (SNS) and renin–angioten-
sin system (RAS), which play central roles in cardiovascular
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regulation in both health and disease. SNS involvement in the
pathogenesis of hypertension, coronary artery disease or heart
failure has been well-established (Sinski et al., 2006). Several
studies have shown that reduced protein intake leads to changes
in cardiovascular homeostasis, which affects peripheral vascular
resistance, renin secretion, renal hemodynamics (reducing the
renal blood flow and glomerular filtration rate) and central
neurotransmission of cardiovascular reflexes pathways (Barker
et al., 1990, 1993; Benabe et al., 1993a,b; Benabe and Martinez-
Maldonado, 1993, 1998; Langley-Evans et al., 1996, 2003;
Plagemann et al., 2000; Woods and Raju, 2001). Indeed, studies
performed in our laboratory have shown that animals submitted
to our malnutrition model (reduction of 60% in the dietary
protein) are characterized by increased levels of baseline mean
arterial pressure and suggest increased sympathetic efferent
activity directed to the heart relative to normal diet-fed rats
(Oliveira et al., 2004; Tropia et al., 2001). These studies also
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suggest that malnutrition affects cardiovascular homeostasis
resulting in hypertension in this experimental model. Similar
results were observed in humans (Sawaya et al., 2003)
suggesting that the animal malnutrition represents a reliable
model to study cardiovascular alterations following malnutri-
tion states in humans. Nevertheless, mechanisms involved in the
development of hypertensive states in malnourished animals
should be explored further. A growing number of studies have
suggested that the enhancement of sympathetic efferent activity
could represent a risk factor for cardiovascular disease
(Hawkins et al., 2000; Irigoyen et al., 2005; Young et al.,
1985). We hypothesize that autonomic imbalance due to the
low-protein diet could affect the sympathetic output to the
heart and vessels and possibly contribute to the development of
hypertension.

The chemoreflex is one of the most important cardiovascular
reflexes involved in the maintenance of cardiovascular
homeostasis. Activation of the chemoreflex response by
cytotoxic or hypoxic hypoxia activates sympathoexcitatory
and a parasympathoexcitatory efferent pathways resulting in a
pressor and bradycardic responses, respectively (Barros et al.,
2002). The activation of the chemoreflex response depends on
the sensory mechanisms of glomic cells (Franchini and Krieger,
1992; Gonzalez et al., 1995; Marshall, 1994). Therefore,
potassium cyanide (KCN) is an excellent tool to assess the
chemoreflex response. The chemoreflex neural pathways are
involved in the generation of hypertension, since chronic
chemoreflex activation and increase in sympathetic efferent
activity could lead to a sustained rise in mean arterial pressure
(Fletcher, 2000, 2001; Fletcher et al., 2002; Tahawi et al., 2001).

The present study aimed to evaluate the chemoreflex response
in malnourished animals to address whether this nutritional
condition contributes to disruptions in the autonomic control of
the cardiovascular system driven by the chemoreflex pathway.

Materials and methods

Animals

Male Fischer rats (180–210 g) from the Experimental
Nutrition Laboratory of the Nutrition School were used in this
study. The animals were kept in individual cages and fed with
regular or low-protein diet and filtered water ad libitum. They
were maintained in a climate controlled area (24 °C) on a 12-
hour dark–light cycle of 12 h. All the experimental procedures
are in accordance with the Brazilian Council for Animal
Experimentation (COBEA).

Diets

To induce malnutrition, rats were fed with a normal or low-
protein content diet manufactured at the Experimental Nutrition
Laboratory of the Nutrition School. The regular protein diet
contained 15% protein while the low-protein diet contained 6%
protein. The diets were isocaloric (422 kcal/100 g of diet) and
the salts and vitamins were at similar concentrations in both
diets.
Malnutrition protocol

Two female per male Fischer rats (four months old) were
maintained in plastic cages (47×33×15 cm) for mating. After
10 days, the animals were separated and kept in individual
cages. During pregnancy and weaning periods, the females
received regular rat chow and filtered water ad libitum. After
the puppies were born, they were handled randomly, keeping
eight puppies per mother, and the weaning period was set to
28 days. After the weaning period, the male rats were separated
in individual cages and divided into four groups according to
diet and ligature surgery: 1) control intact (n=8); 2) control
ligated (n=8); 3) malnourished intact (n=8) and 4) malnour-
ished ligated (n=8). The animals were maintained on these diet
protocols for 35 days and carotid body artery ligation was
conducted 1 day prior to the experiments. The experiments were
conducted on the 36th day after weaning.

Blood measurements

Blood samples were collected and subsequent measurements
of biochemical parameters (glucose, total proteins and albumin
concentration) were performed before and after carotid body
artery ligature. The blood samples were centrifuged at 4000 rpm
for 10 min and the serum was kept in sterile centrifuge tubes and
stored at −20 °C until the colorimetric analysis. For glucose
measurements, the blood was centrifuged for 10 min at
2000 rpm. All measurements were performed using an
automated system (Wiener Lab, Germany).

Catheterization of the femoral and artery vein

One day prior to the cardiovascular recordings, animals
received polyethylene catheters into the femoral artery (for
cardiovascular measurements) and vein (for systemic drug
administration) under tribromoethanol (2.5%, Merck, Darm-
stadt, Germany) anesthesia. The catheters were tunneled
through the subcutaneous and exteriorized on the back of the
neck. The animals were maintained in individual cages in the
experimental room until the next day to recover from anesthesia
and adapt to the experimental room.

Ligature of the carotid body artery

We performed carotid body artery ligation to promote the
degeneration of chemosensitive cells in the carotid body
resulting in impairment of chemoreflex activation on two
groups (normal protein diet fed and one low-protein diet fed)
1 day prior to experimentation, as described by Franchini and
Krieger (1992).

Cardiovascular measurements

On the experimental day, the arterial catheter was connected
to a pressure transducer MLT0699 (ADInstruments, Australia)
and connected to a signal amplifier ETH-400 (CB Sciences Inc.
USA). The pulsatile arterial pressure was recorded through a



Table 1
Biochemical parameters of glucose (mg/dL), total protein content (g/dL),
albumin (g/dL) and body weight (g) in control (intacts and ligated) and
malnourished (intact and ligated) animals

Control
intact

Control
ligated

Malnourished
intact

Malnourished
ligated

Reference
values

Body
weight (g)

204±3 – 68±1 ⁎ – –

Glucose
(mg/dL)

119.2±15.1 115.7±
10.10

95.0±7.10 ⁎ 88.0±3.90 ⁎ 50–135

Total protein
(g/dL)

7.1±0.02 7.0±
0.36

6.0±0.90 ⁎ 5.7±0.04 ⁎ 4.7–8.2

Albumin
(g/dL)

4.0±0.37 4.0±
0.37

2.6±0.03 ⁎ 2.4±0.03 ⁎ 2.7–5.1

⁎ Different from control group (pb0.05).

Fig. 1. A— Baseline mean arterial pressure in control (n=8) and malnourished
animals (n=8) before (intact) and after (ligated) bilateral ligation of the carotid
body artery. B — Basal heart rate in control (n=8) and malnourished animals
(n=8) before (intact) and after (ligated) bilateral ligation of the carotid body
artery. ⁎ = Different from control group (pb0.05).
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digital acquisition system (PowerLab/400, ADInstruments,
Australia) in a 200-Hz sample frequency. Mean arterial pressure
and heart rate were derived on-line from the pulsatile arterial
pressure using Chart4 software (ADInstruments, Australia).

Chemoreflex activation

After a 30-minute stabilization period, the arterial chemore-
flex was activated by intravenous administration of KCN in
doses ranging from 5 to 40 μg/kg. The pressor and bradycardic
responses were recorded and a dose–response curve to KCN
injection was established. To verify that the baroreflex was not
affected by the carotid body ligature, we performed injections of
phenylephrine (PHE — 1.5 μg/kg) and Sodium Nitroprusside
(SNP — 0.5 μg/kg).

Statistical analysis

The data were expressed as mean±mean standard error. The
statistical test used was one-way ANOVA for repeated measures
followed by Tukey post-test or Student's t-test, where
appropriate. The significance level was fixed at 5%.

Experimental protocol

Evaluation of the cardiovascular responses to chemoreflex in
normal and malnourished rats

We evaluated cardiovascular responses (hypertension and
bradycardic responses) to chemoreflex activation in normal
protein diet or low-protein-diet-fed animals by the intravenous
administration of KCN. This protocol allowed us to evaluate the
chemoreflex function in normal and malnourished animals.

Results

Effects of the malnutrition on biochemical parameters

The malnutrition (n=4) protocol significantly reduced the
measured biochemical parameters (glucose, total protein and
albumin) in comparison to normal diet-fed rats (n=4). We also
observed that ligation of the carotid body artery had no
additional effects on these biochemical parameters in normal or
low-protein-diet animals. Furthermore, we observed that the
malnutrition protocol reduced body weight in low-protein-diet-
fed animals (n=18) in comparison to normal diet rats [(n=18)
(Table 1)].

Effect of the malnutrition on the basal mean arterial pressure
(MAP) and heart rate (HR) before and after the bilateral
ligature of the carotid body artery

The basal levels of MAP (panel A, Fig. 1) and HR (panel B,
Fig. 1) were evaluated in malnourished and control animals,
before and after the bilateral ligature of the carotid body artery.
We observed that the malnourished intact group exhibited
higher levels of baseline mean arterial pressure and heart
rate relative to the control intact group (134±2 mm Hg; n=8 vs
115±2 mm Hg; n=8 and 448±16 bpm; n=8 vs 416±8 bpm;
n=8, respectively) and the bilateral ligature surgery increased



Fig. 2. Changes in the mean arterial pressure (ΔMAP, mm Hg, n=8) and heart
rate (ΔHR, bpm, n=8) in response to an i.v. bolus injection of KCN at 5, 10, 15,
20 and 40 μg/kg doses in control (black columns) and malnourished (gray
columns) animals. ⁎ = Different from control group (pb0.05).
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baseline mean arterial pressure and heart rate in the malnour-
ished group relative to the control ligated group [(156±4 mm
Hg, n=8 vs 104±7 mm Hg, n=8 and 531±19 bpm, n=8 vs
450±11 bpm, n=8, respectively) (F=3.466 and p=0.023 for
heart rate comparisons; F=27.668 and pb0.001 for arterial
pressure comparisons)].

Cardiovascular responses to chemoreflex activation in
malnourished and control animals, before and after the
bilateral ligature of the carotid body arteries

Fig. 2 represents changes in arterial pressure and heart rate
due to chemoreflex activation by the intravenous injection of
several doses of KCN (from 5 to 40 μg/kg) in malnourished
(gray columns) and control (black columns) animals. The
malnourished group exhibited an enhanced pressor response at
doses of 5, 10 and 15 μg/kg (10±2 mmHg, n=8; 16±1 mmHg,
n=8 and 21±2 mm Hg, n=8, respectively; p=0.034; pb0.001
and p=0.002, respectively) in comparison to the control group
(6±1 mm Hg, n=8; 8±1 mm Hg, n=8 and 14±2 mm Hg, n=8,
respectively). The doses of 20 and 40 μg/kg elicited pressor
responses in malnourished (26±1 mm Hg, n=8 and 33±2 mm
Hg, n=8, respectively; p=0.138 and p=0.585 respectively) and
control (23±2 mm Hg, n=8 and 31±2 mm Hg, n=8,
respectively) animals that were not different between the groups.
Also, the bradycardic responses to chemoreflex activation by the
injection of 5, 10, 15, 20 and 40 μg/kg were significantly greater
in malnourished rats (−45±7 bpm, n=8; −70±9 bpm, n=8;
−86±10 bpm, n=8; −118±11 bpm, n=8 and −150±13 bpm,
n=8, respectively; pb0.001 for 5, 10, 15, 20 mg/kg and
p=0.004 for 40 mg/kg) than in control animals (−8±2 bpm,
n=8; −20±4 bpm, n=8, −30±5 bpm, n=8; −59±10 bpm,
n=8 and −92±13 bpm, n=8). We also observed that
chemoreflex activation after bilateral ligature of the carotid
body arteries in malnourished and normal animals produced
negligible effects on heart rate or arterial pressure indicating that
ligature surgeries were effective (data not shown). It is important
to point out that, in ligatedmalnourished and control animals, we
tested the cardiovascular responses to baroreflex activation by
PHE intravenous injection (1.5 μg/kg) or deactivation by SNP
intravenous injection (0.5 μg/kg) and we observed that both
groups had intact functional baroreflex mechanisms indicating
that bilateral ligature of the carotid body arteries did not affect
baroreflex afferent pathways.

Discussion

Several studies have shown that the arterial chemoreflex
plays an important role on cardiovascular homeostasis (Gonza-
lez et al., 1995; Haibara et al., 1999; Marshall, 1994).
Chemoreflex activation is dependent on glomus cell activation
since bilateral ligature of the carotid body arteries virtually
abolished the cardiovascular responses to chemoreflex activa-
tion in this and other studies (Barros et al., 2002; Franchini and
Krieger, 1992, 1993; Haibara et al., 1995, 1999). It is important
to note that, at least in the rat, carotid chemoreceptors seem to be
more important than aortic ones for cardiovascular responses to
chemoreflex activation and, therefore, to cardiovascular ho-
meostasis (Sapru and Krieger, 1977). Evidence suggests that
chronic chemoreceptor activation has been implicated in the
development of hypertension: in rats subjected to chronic
intermittent hypoxia resulting in increases in baseline mean
arterial pressure and basal sympathetic efferent activity (Dick et
al., 2007; Fletcher, 2000, 2001; Fletcher et al., 2002; Prabhakar
et al., 2007; Tahawi et al., 2001). With respect to hypertension
mechanisms, it is imperative that we understand the cardiovas-
cular chemoreceptive mechanisms in health and disease since
chronic increases in the sympathetic efferent activity constitute
a risk for several cardiovascular diseases (Mancia, 1997; Sinski
et al., 2006; Vasquez et al., 1997).

The present study examined cardiovascular changes ob-
served in malnourished rats and the role of carotid chemoreflex
on cardiovascular regulation in these animals. Initially, we
observed that the animals maintained on a low-protein diet
presented a body weight that was 67% lower than that observed
in normal protein diet-fed animals. Also, we observed lower
serum glucose, lower serum albumin and lower serum total
protein levels. These results were completely in accordance with
previous studies from our lab (Oliveira et al., 2004). These results
confirm the development of malnutrition status and validate our
animalmodel. In the present study,malnourished animals presented
significant higher levels of baseline mean arterial pressure in
comparison to the control animals. Interestingly, bilateral ligature
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of the carotid body artery further increased baseline mean
arterial pressure and basal heart rate in malnourished animals.
The explanation for this observation could rely on the central
interplay between neural pathways, the arterial baroreflex and
carotid chemoreflex: Franchini and Krieger (Franchini and
Krieger, 1992, 1993) observed that, in normotensive rats,
bilateral ligature of the carotid body artery reduced the baseline
mean arterial pressure, which disclosed the inhibitory influence
of the chemoreflex response on the baroreflex pathways.
However, malnourished animals often present an autonomic
imbalance that lead to increased sympathetic and reduced
parasympathetic efferent activity (Barker et al., 1993; Benabe et
al., 1993a,b; Benabe and Martinez-Maldonado, 1993; Langley-
Evans et al., 1996, 2003; Plagemann et al., 2000). For example,
studies from our lab have shown that malnourished animals
present impaired baroreflex function (Tropia et al., 2001). This
central autonomic imbalance could lead to changes in the central
interplay between the baroreflex and chemoreflex responses
(Vasquez et al., 1997). Therefore, in malnourished animals, it
seems that the carotid chemoreflex has a stimulatory effect on
the baroceptive activity and the ligature of the carotid body
arteries further increased the baseline mean arterial pressure and
heart rate. Still, further investigations are required to prove these
hypothesis and clarify the underlying mechanisms, but the data
presented here is unique in that a model in which the removal of
the chemoreflex response led to an increase in blood pressure. It
should be observed that changes in the arterial pressure and heart
rate observed in malnourished ligated animals were not
dependent on afferent baroreflex denervation (as an artifact
from the ligature surgery), since baroreflex activation with PHE
or deactivation with SNP produced cardiovascular responses
that were not changed after bilateral ligature of the carotid body
arteries.

With respect to cardiovascular responses to chemoreflex
response activation, the intravenous injection of KCN in doses
that ranged from 5 to 40 μg/kg produced pressor and
bradycardic responses that were dose-related and completely
abolished by the bilateral ligature of the carotid body arteries.
We observed that at all KCN doses, bradycardic responses were
significantly increased in malnourished relative to control
animals suggesting increased basal efferent sympathetic tonus
in malnourished animals. Moreover, following KCN injection at
doses of 5, 10 and 15 μg/kg, we observed that malnourished
animals exhibited significantly greater pressor responses when
compared to those observed in control animals suggesting the
enhancement of efferent sympathetic activity. Several possible
mechanisms could be involved in these autonomic changes:
Efron and Barbul (1999) suggested that malnutrition could lead
to reduced nitric oxide synthesis and therefore could account
for increased sympathetic efferent activity; malnutrition can
increase tissue and plasma levels of angiotensin, as well
angiotensin II mRNA expression, and could be responsible for
autonomic changes observed in malnourished animals (Benabe
et al., 1993a,b; Benabe and Martinez-Maldonado, 1993;
Tonkiss et al., 1998). Also, it is possible that malnutrition
affects the neurotransmitter content in the chemoreflexes
synapses and affects neurotransmission of the cardiovascular
responses to chemoreflex activation or increased central and/or
peripheral chemosensitive mechanisms (Agarwal et al., 1981).
Doses of 20 and 40 μg/kg failed to promote different pressor
responses in malnourished and control animals. The latter effect
is probably associated with maximal increases in sympathetic
efferent activity or with a maximal constriction level of the
vasculature in response to chemoreflex activation (Pimentel
et al., 2003). The plateau observed in the pressor response to
chemoreflex activation was also reported by others (Haibara
et al., 1999).

The results of the present study raise important questions that
should be addressed in further studies: 1) the identification of
central and/or peripheral mechanisms involved in the increased
sympathetic efferent activity observed in malnourished animals
could reveal extremely important data that would help to
understand the development of essential hypertension; 2)
malnutrition is a health problem that affects individuals in
several countries around the world and knowledge surrounding
the potential risks for the cardiovascular system of malnour-
ished individuals could suggest new medical treatments, as well
as new prophylactic procedures.

In conclusion, the findings of the present study suggest that
malnutrition status leads to an autonomic imbalance, which
affects the neural pathways of the chemoreflex response.
Moreover, this autonomic change alters the interplay between
baro- and chemoreflex central mechanisms leading to increased
sympathetic efferent activity and, therefore, serves as a risk factor
and imposes deleterious effects on the cardiovascular system.
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