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a b s t r a c t

Blood pressure responses to intrathecal (i.t.) injection of neurochemicals were examined in the

fructose-fed rat, an experimental model of metabolic syndrome.Sprague-Dawley rats receiving either

tap water or water containing 10% fructose during 8 weeks were anesthetized with sodium

pentobarbital. The endocannabinoid anandamide (100 nmol; i.t.) decreased mean blood pressure in

control rats (�21.276.3 mmHg), but had no effect in fructose-fed animals. Similarly, calcitonin gene-

related peptide (CGRP; 0.125 nmol; i.t.) decreased mean blood pressure in control, but not in treated

rats. The high fructose diet did not cause significant changes in the pressor effects of i.t. administered

noradrenaline (100 nmol) and N-methyl-D-aspartate (30 nmol). The nitric oxide donor sodium nitro-

prusside (500 nmol, i.t.) induced a brief hypotension followed by a sustained increase in mean blood

pressure in control rats; however, this drug only produced pressor effects in fructose-fed animals.

The GABAA-receptor agonist muscimol (8.8 nmol, i.t.) and the GABAB-receptor agonist baclofen

(100 nmol, i.t.) decreased mean blood pressure 30–35 mmHg, both in control and in fructose-fed

rats. Fructose potentiated the pressor effect of i.v. injected noradrenaline, but did not modify the

hypotensive responses to i.v. administered sodium nitroprusside and acetylcholine.These results could

suggest that, in pentobarbital-anesthetized rats, fructose feeding could alter spinal mechanisms of

regulation of preganglionic sympathetic nerve activity. It is proposed that the spinal cord could be

involved in the sympathetic dysfunction associated with the metabolic syndrome.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The metabolic syndrome is a combination of cardiovascular
risk factors such as high blood pressure, hyperglycemia, hyper-
triglyceridemia and obesity. These features, often accompanied by
hyperinsulinemia and insulin resistance, may evolve into type
2 diabetes and myocardial infarction (Reaven, 2002; Basciano
et al., 2005; Després et al., 2008; Deedwania, 2011).

The metabolic syndrome is closely related to autonomic nervous
system dysfunction. In this regard, increased sympathetic nerve
activity was observed in humans diagnosed with the syndrome
(Mancia et al., 2007; Grassi et al., 2009). Evidence of an increased
sympathetic drive was also reported for fructose-fed mice, an
experimental model of the disease (Farah et al., 2006). Furthermore,
it was reported that the hypertensive state and insulin resistance
evidenced in fructose-fed rats are associated with changes in the
interaction between angiotensinergic and noradrenergic nerve path-
ways in the hypothalamus, a major sympathetic nervous system
regulatory center (Mayer et al., 2006, 2008). Moreover, it was found

that obesity-induced hypertension, a condition often observed in
patients with metabolic syndrome, could be related to sympatho
excitation caused by an increase in oxidative stress in cardiovascular
regulatory centers such as hypothalamic nuclei and the rostral
ventrolateral medulla (Nagae et al., 2009; Kishi et al., 2011).

The preganglionic sympathetic neurons in the spinal cord are
the last relay station in the regulation of sympathetic outflow by
the central nervous system. This is accomplished through the
effects of several neurotransmitters and neuromodulators that are
released in the spinal cord from either bulbospinal pathways or
interneurons (Coote, 1988; Tang et al., 2004; Llewellyn-Smith,
2009). In line with this, our previous studies showed that
intrathecal (i.t.) injection of excitatory amino acids and high doses
of catecholamines induce pressor responses, whereas calcitonin
gene related peptide (CGRP), the endocannabinoid anandamide
and low doses of catecholamines, administered in the thoraco-
lumbar spinal cord, induce hypotensive responses in anesthetized
rats (Garcı́a et al., 1996, 2006; Celuch and Garcı́a, 2002). We also
reported that i.t. injection of the nitric oxide donor sodium
nitroprusside produced a biphasic response that consisted
of hypotension followed by hypertension (Garcı́a et al., 1998).

Taking into account that the metabolic syndrome is associated
to sympathetic dysfunction, and that several neurotransmitters

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/ejphar

European Journal of Pharmacology

0014-2999/$ - see front matter & 2013 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.ejphar.2013.02.037

n Corresponding author. Tel.: þ54 11 4961 6784; fax: þ54 11 4963 8593.

E-mail address: sceluch@ffyb.uba.ar (S. M. Celuch).

European Journal of Pharmacology 706 (2013) 17–24



Author's personal copy

and neuromodulators in the spinal cord are involved in the
regulation of the sympathetic outflow, the aim of the present
study was to examine whether there were changes in blood
pressure responses induced by intrathecally injected neurochem-
icals in rats receiving 10% fructose in the drinking water during
8 weeks.

2. Materials and methods

2.1. Animals and fructose treatment

This study was performed in accordance with the guide for the
Care and Use of Laboratory Animals of the National Research
Council (USA, 1996). It did not imply actual or potential conflicts
of financial, personal and institutional interests.

Male Sprague-Dawley rats (220–240 g at the beginning of
treatment) were maintained in a room with controlled tempera-
ture (19–22 1C) and a 12-h light–dark cycle. The animals were
randomly divided into two groups: control rats received standard
chow and tap water, whereas fructose-fed animals received
standard chow and 10% (w/v) fructose in the drinking water
during 8 weeks.

The daily intake of water was measured at the 8th week of
treatment. The average of the total drinking volume for two
animals housed together in the same cage was considered as a
single data.

2.2. Systolic blood pressure in conscious rats

Systolic blood pressure was measured in the 8th week at
midday, by tail-cuff plethysmography, using a microphone and an
occlusion cuff (Kent Scientific Corporation, USA) connected to an
EKG-pulse sphygmomanometer (Grass, model 7P8F). Animals
were trained in the procedure for three days at the 7th week of
treatment. Systolic blood pressure value for each rat was the
mean of at least 5 consecutive readings.

2.3. Biochemical determinations in overnight fasting animals

Glycemia was measured with an OneTouch UltraMini meter
(Johnson–Johnson, Brazil) in a drop of blood taken from a small
cut on the tail tip. Lidocaine gel was applied to the tail tip to
alleviate pain. Serum triglycerides and total cholesterol were
determined in blood drawn from the tail, with colorimetric assay
kits (Wiener, Rosario, Argentina).

2.4. Glucose tolerance test

Glucose (2 g/kg body weight) dissolved in saline was adminis-
tered by intraperitoneal (i.p.) injection to overnight fasting ani-
mals. Glycemia (mg/dl) was measured prior to injection of
glucose (time 0) and at 15 min, 30 min, 60 min and 90 min
post-injection. For the calculation of the area under the curve
(GraphPad Prism 5 software) baseline glycemia value was sub-
tracted from subsequent readings. The area under the curve was
expressed as D mg glucose/dl in 90 min.

2.5. Lipid peroxidation in the spinal cord

Lipid peroxidation in the spinal cord was estimated by the
measurement of thiobarbituric acid reactive substances using the
procedure described by Rodrigues et al. (2011) with modifica-
tions. The thoraco-lumbar portions of spinal cords of control and
fructose-fed rats were homogenized (100 mg tissue/ml) in 20 mM
potassium phosphate buffer containing 150 mM potassium

chloride (pH 7.40). The homogenates were centrifuged at 4 1C
(1000 g for 10 min) and aliquots of the supernatants (0.5 ml) were
mixed with 4% butylated hydroxytoluene (15 ml) as antioxidant
and 20% trichloroacetic acid (0.5 ml) to precipitate proteins and
acidify the samples. The samples were centrifuged under the
same conditions as before, and the supernatants plus 0.67%
2-thiobarbituric acid (1:1) incubated at 100 1C during 15 min. After
cooling, the absorbance of the samples at 535 nm was determined in
a spectrophotometer (Amersham Ultrospec 1100 Pro). The tissue
levels of thiobarbituric acid reactive substances were calculated
using 1,1,3,3-tetramethoxypropane as standard and expressed as
nmol/mg protein. Total protein concentration in the homogenates
was measured by the method of Bradford (1976).

2.6. Surgical procedures

Evaluation of the cardiovascular effects after either i.t. or
intravenous (i.v.) injection of drugs was as previously described
(Garcı́a et al., 1998, 2006). On the day of the experiment, animals
were anesthetized with sodium pentobarbital. The initial dose
(40 mg/kg, i.p.) was supplemented with 10 mg/kg (i.p.) before
the introduction of the i.t. catheter. Additional doses (2–4 mg/kg
each time) were given during the experiment when necessary.
The depth of anesthesia (surgical plane) was verified by the
absence of the eyelid reflex. A polyethylene catheter was placed
in the right femoral artery for blood pressure recording and, in
some experiments, a femoral vein was cannulated for i.v. injection
of drugs. For i.t. injection, a catheter (outside diameter: 0.65 mm)
was inserted into the subarachnoid space at T1–T2 vertebrae level,
and gently pushed downward 5.0 cm. The tip of the cannula was
positioned at T12–L1 intervertebral space level. The position of the
cannula was verified post-mortem by direct observation after
opening the ventral aspect of the vertebrae. The body tempera-
ture was kept at 37–38 1C by a heating lamp.

2.7. Blood pressure recording and heart rate calculation

Blood pressure was measured at the right femoral artery via a
Becton Dickinson transducer (model P23XL-1) and recorded on a
Grass 7B polygraph. Baseline values were recorded for at least
30 min before starting the experiment. Mean blood pressure was
calculated from the following formula: diastolic pressure þ1/3
(systolic pressure–diastolic pressure). Heart rate was calculated
from the blood pressure record. Changes in mean blood pressure
and heart rate induced by i.t. injection of drugs refer to differences
between values obtained just before the beginning of drug
injection and values at a given time.

2.8. Experimental protocols

Intrathecal injections were administered with a Hamilton syringe,
and consisted of 10 ml of one of the following drugs: anandamide
(100 nmol), CGRP (0.125 nmol), noradrenaline (100 nmol); N-methyl-
D-aspartate (NMDA; 30 nmol), sodium nitroprusside (500 nmol),
muscimol (8.8 nmol), baclofen (100 nmol) or the corresponding
vehicles. Additional saline (10 ml) was injected to wash the drug
solutions from the catheter. The solutions (total volume 20 ml) were
loaded into the syringe immediately before injection and were
administered within 1 min. Blood pressure was recorded just before
(time 0) and at the following time points after beginning i.t. injection
of drugs: 1 min, 2 min, 4 min, 6 min, 8 min, 10 min, 15 min, 20 min,
25 min and 30 min. Doses of i.t. administered drugs were selected on
the basis of previous studies (Garcı́a et al., 1996, 1998, 2006; Celuch
and Garcı́a, 2002).

In an effort to reduce the number of animals used in the
present study, blood pressure responses to i.v. injection of either
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noradrenaline, acetylcholine or sodium nitroprusside were mea-
sured in animals previously used for i.t. injection of either vehicles
or pressor compounds (i.e. noradrenaline and NMDA).

At the end of the experiments the animals were killed by
cervical dislocation. The epididymal fat pads, one of the major
visceral fat depots in rodents (Cinti, 2005), were excised from
some animals and weighted.

2.9. Drugs

Anandamide was obtained from Cayman Chemical Co. (USA).
Calcitonin gene-related peptide (CGRP), muscimol, sodium nitro-
prusside, N-methyl-D-aspartate (NMDA), noradrenaline bitartrate,
acetylcholine bromide, butylated hydroxytoluene, 2-thiobarbituric
acid and 1,1,3,3-tetramethoxypropane were obtained from Sigma
Chemical Co. (USA). Baclofen was kindly donated by Ciba Geigy
(Argentina).

Anandamide was supplied as ethanol solution and diluted with
saline just before the injection. The final solution contained 14%
ethanol (v/v). CGRP was dissolved in water. Lyophilized aliquots
were stored at �20 1C and dissolved in saline before use. Other i.t.
injected compounds were dissolved in saline, and aliquots were
stored at �20 1C. Stock solution of butylated hydroxytoluene (4%
in ethanol) was stored at 4 1C. 2-Thiobarbituric acid solution (0.67%
in water) was prepared before use.

2.10. Statistics

All values represent mean7S.E.M. Statistical differences
between mean values at a given time were assessed by unpaired
Student’s t-test, or one-way ANOVA followed by Dunnett post-hoc

test. P values smaller than 0.05 were regarded as significant.

3. Results

Rats maintained for 8 weeks with 10% fructose added to the
drinking water showed a higher water intake than aged-matched
control animals. Fructose feeding did not modify total body
weight, but increased the epididymal fat weight (Table 1).

Blood concentration of glucose and serum levels of triglycer-
ides were higher in fructose-fed than in control rats, whereas
total serum cholesterol values were not altered by treatment.
The area under curve value for the time-course of glycemia after
an overload of glucose (2 g/kg, i.p.) was greater in fructose-fed
than in control animals. Systolic blood pressure was moderately
higher in conscious fructose-fed than in control animals, but
no differences in either systolic or mean blood pressure were
observed between groups during pentobarbital-induced anesthe-
sia. Fructose treatment did not alter heart rate (Table 1).

3.1. Cardiovascular responses to drugs in fructose-fed and control

animals

3.1.1. Intrathecal injections

Intrathecal injection of either the endocannabinoid anandamide
(100 nmol) or the peptide CGRP (0.125 nmol) produced hypoten-
sive effects in pentobarbital-anesthetized control rats (Fig. 1A and
B), but did not modify the blood pressure in fructose-fed animals
(Fig. 1C and D). On the other hand, fructose treatment did not alter
the pressor response induced by i.t. injection of the adrenergic
neurotransmitter noradrenaline (100 nmol) (Fig. 2A and C).
Moreover, the pressor response to the excitatory amino acid NMDA
(30 nmol) was slightly lower in fructose-fed rats than in control
animals (Fig. 2B and D), but the difference between groups was not

statistically significant (one-way ANOVA followed by Newman–
Keuls post-hoc test).

The nitric oxide donor sodium nitroprusside (500 nmol, i.t.)
induced a brief hypotension followed by a sustained increase in
blood pressure in control rats (Fig. 3A); however, only the hyper-
tensive effect was observed in fructose-fed animals (Fig. 3B). For a
better comparison, Fig. 3C shows the early effects (from t¼0 to
t¼6 min) of sodium nitroprusside in fructose treated vs. control rats.

As shown in Fig. 4, the GABAA-receptor agonist muscimol
(8.8 nmol, i.t.) and the GABAB-receptor agonist baclofen
(100 nmol, i.t.) decreased mean blood pressure 30–35 mmHg,
both in control and in fructose-fed rats.

Table 2 shows changes in heart rate measured 2 min and 25 min
after i.t. injection of drugs. Except for NMDA, which produced
tachycardia in control as well as in treated rats, and for noradrena-
line, which produced bradycardia in control animals during the first
minutes post-injection, the rest of the drugs did not produce
significant changes in heart rate.

3.1.2. Intravenous injections

Fructose treatment potentiated the pressor effect of i.v.
injected noradrenaline, but did not modify the hypotensive
responses to either sodium nitroprusside or acetylcholine (Fig. 5).

3.2. Lipid peroxidation in the spinal cord of fructose-fed and control

animals

Tissue levels of thiobarbituric acid reactive substances, an
index of lipid peroxidation and oxidative stress, were about 30%
higher in spinal cords of fructose-fed animals than in the controls
(Fig. 6).

4. Discussion

In agreement with previous studies that investigated the effect
of high fructose diets in rodents (Renna et al., 2005; Takatori et al.,
2006), we found that Sprague-Dawley rats receiving 10% fructose
in the drinking water had lower glucose tolerance, higher daily
water intake and higher glycemia and triglyceridemia values than
those observed in control animals. Moreover, as reported pre-
viously (Renna et al., 2005; D’Angelo et al., 2005; Bi et al., 2008),
no changes in serum total cholesterol levels were observed. Even
if fructose feeding did not alter total body weight, the observation
of heavier epididymal fat depots suggests that the treatment
increased the body adipose tissue mass, probably due to hyper-
trophy of the adipocytes (Soria et al., 2001; Nagai et al., 2009).
Although blood pressure in conscious fructose-fed rats was
significantly higher than in control animals, no differences were
found in pentobarbital-anesthetized animals. A possible explana-
tion is that, as suggested by D’Angelo et al. (2005), the moderate
hypertension registered in conscious fructose-fed rats by the tail-
cuff plethysmography method may be related to an exaggerated
stress response, or an impaired control of vascular resistance due
to an increased basal sympathetic nerve activity.

The finding that i.t. injected anandamide, CGRP and sodium
nitroprusside decreased the blood pressure in control rats but not
in fructose-fed animals suggests that fructose treatment would be
interfering with spinal mechanisms involved in the hypotensive
responses to those compounds. We have previously shown that
the hypotensive effects of i.t. injected anandamide and CGRP, as
well as the short-lasting hypotensive response to i.t. administered
sodium nitroprusside in anesthetized rats were prevented by
either GABAA- or GABAB-receptor blockade in the spinal cord.
Those findings lead us to suggest that the hypotensive responses
observed would involve the release of GABA in the spinal cord
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(Garcı́a et al., 1998, 2006). In this regard, it is well documented
that GABA is a major inhibitory neurotransmitter for sympathetic
preganglionic neurons in the spinal cord (Wu and Dun, 1992;
Deuchars et al., 1997, 2005; Llewellyn-Smith, 2009; Wang et al.,

2010). In the present study, treatment with fructose abolished the
hypotensive responses to compounds that appear to produce
their effects through spinal GABA release, but did not modify
the hypotensive responses induced by either a GABAA or a GABAB

Table 1
Physiological parameters in control rats and in fructose-fed animals in animals treated for 8 weeks with 10% fructose in the drinking water.

Control n 10 % Fructose n

Water intake (ml/day)a 48.272.2 20 130.174.1d 20

Body weight (g) 514.3712.9 20 542.7713.8 20

Epididymal fat (g) 7.270.5 20 10.570.6c 20

Epididymal fat (% body weight) 1.470.1 20 1.970.1c 20

Triglyceridemia (mg/dl) 85.6377.80 20 161.80714.57d 20

Total serum cholesterol (mg/dl) 66.9873.79 20 62.6473.59 20

Glycemia (mg/dl) 114.2873.28 20 142.2274.50d 20

Area under curve (D mg glucose/dl in 90 min) 77447630 7 1339471921b 7

Heart rate (beats/min) in conscious animals 35279 16 374710 16

Systolic blood pressure (mmHg) in conscious animals 136.172.7 16 162.973.9d 16

Systolic blood pressure (mmHg) in anesthetized animals 123.873.9 20 125.874.8 20

Mean blood pressure (mmHg) in anesthetized animals 97.574.7 20 97.774.9 20

Shown are mean values7S.E.M.; n¼number of animals.
a In this particular case, n is the number of data (see Section 2.1 in Materials and methods).
b Po0.05.
c Po0.001.
d Po0.0001 vs. the corresponding control value (unpaired Student’s t-test with Welch’s correction).
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Fig. 1. Changes in mean blood pressure (DMBP; mmHg) induced by i.t. injection of anandamide (100 nmol) and CGRP (0.125 nmol) in control rats ((A), (B); open symbols)

and in animals treated for 8 weeks with 10% fructose in the drinking water ((C), (D); filled symbols). Anandamide, CGRP, anandamide vehicle (14% ethanol in saline) and

saline were injected at time 0. Shown are mean values7S.E.M. Numbers in parenthesis indicate the number of animals per group. nPo0.05; nnPo0.005 vs. the

corresponding value in either the anandamide vehicle or the saline group (unpaired Student’s t-test with Welch’s correction).
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Fig. 2. Changes in mean blood pressure (DMBP; mmHg) induced by i.t. injection of noradrenaline (100 nmol) and NMDA (30 nmol) in control rats ((A), (B); open symbols)

and in animals treated for 8 weeks with 10% fructose in the drinking water ((C), (D); filled symbols). Noradrenaline, NMDA and saline were injected at time 0. Shown are
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receptor agonist (Fig. 4). It is thus proposed that fructose feeding
may alter some spinal inhibitory mechanism, at a stage prior to
the activation of GABA receptors involved in the modulation of
sympathetic preganglionic neuron activity.

Diabetic neuropathies are associated to an increase in oxida-
tive/nitrosative stress in the spinal cord as well as in dorsal
ganglia and nerves (Vareniuk et al., 2007; Ismael et al., 2008).
Furthermore, it has been reported that reactive oxygen species
contribute to neuropathic pain by reducing spinal GABA release
(Yowtak et al., 2011). Therefore, since sugar rich diets produce
oxidative stress (Renna et al., 2005; Ismael et al., 2008; Oudot
et al., 2009), the possibility exists that the lack of hypotensive
effect of anandamide, CGRP and nitroprusside in fructose-fed rats
could be related to some impairment in spinal GABAergic neuro-
transmission, due to the presence of oxidative species. In fact, this
study shows that fructose feeding enhanced the production of
thiobarbituric acid reactive substances in the spinal cord. In this
regard, it will be of interest to analyze in the future whether
fructose feeding modifies GABA tissue content or its release in
animals treated for 8 weeks with 10% fructose in the drinking

water and whether the blood pressure responses to i.t. injected
compounds in control and fructose treated rats are modified by
acutely or chronically administered antioxidants and free radical
scavengers and donors.

In contrast to the findings with anandamide, CGRP and the
early effect of sodium nitroprusside, fructose treatment did not
cause significant changes in the pressor responses to i.t. adminis-
tered substances that exert excitatory effects at sympathetic
preganglionic neurons, such as noradrenaline, NMDA and gluta-
mate. The latter excitatory amino acid is involved, according to a
previous study (Garcı́a et al., 1998), in the hypertensive response
to i.t. injected sodium nitroprusside in anesthetized rats. Given
that the pressor responses to i.t. injected compounds are a
consequence of the release of catecholamines from perivascular
sympathetic nerve endings and adrenal medulla, and since it was
found that fructose treatment enhanced the vasoconstrictor
effects of noradrenaline (Fig. 5A), we suggest that the pressor
responses to i.t. injected noradrenaline and excitatory amino
acids could be, in fact, attenuated by the treatment, and that
the higher vascular reactivity to catecholamines counterbalanced
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Fig. 4. Changes in mean blood pressure (DMBP; mmHg) induced by i.t. injection of muscimol (8.8 nmol) and baclofen (100 nmol) in control rats ((A); open symbols) and in

animals treated for 8 weeks with 10% fructose in the drinking water ((C); filled symbols). Muscimol, baclofen and saline were injected at time 0. Shown are mean

values7S.E.M. Numbers in parenthesis indicate the number of animals per group. *Po0.05 vs. the corresponding saline value (one way ANOVA followed by Dunnett

post-hoc test).

Table 2
Effects of i.t. administered compounds on the heart rate of control rats and animals receiving 10% fructose in the drinking water during 8 weeks.

Compound Control 10% Fructose

Baseline HRa

(beats/min)
DHR 2 minb

(beats/min)
DHR 25 minc

(beats/min)

n Baseline HRa

(beats/min)
DHR 2 minb

(beats/min)
DHR 25 minc

(beats/min)

n

Anandamide vehicle 396712 373 373 5 360714 �1676 �1379 6

Anandamide 399723 �1676 1179 7 390716 375 �776 7

saline 416712 �776 �177 7 347740 �175 176 8

CGRP 370718 �277 8717 6 370718 �678 10714 7

Muscimol 348713 277 �40718 6 370716 �23713 �35717 6

Baclofen 37678 �674 �30717 8 394713 �677 �36714 9

Noradrenaline 360716 �53714d
�24728 7 362712 �30720 1077 6

NMDA 387720 20713 43711d 10 399715 50716d 58721d 10

Sodium nitroprusside 41079 1877 �18719 5 346720 1879 40717 5

a Heart rate (HR) just prior to i.t. injection of the following drugs or the corresponding vehicles: 100 nmol anadamide ; 0.125 nmol CGRP; 8.8 nmol muscimol, 100 nmol

baclofen; 100 nmol noradrenaline, 30 nmol NMDA; 500 nmol sodium nitroprusside. Changes in HR (DHR) were measured 2 min.
b 25 min.
c Post-injection. Shown are mean values7S.E.M.; n¼number of observations per group.
d Po0.05 vs. saline (one way ANOVA followed by Dunnett post-hoc test).
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this decrease. As proposed above, it could be interesting to
investigate whether this is related to oxidative stress.

Taken together, the results obtained herein with i.t. injected
compounds in pentobarbital-anesthetized rats suggest that fructose
feeding produces alterations in the spinal mechanisms of regulation
of preganglionic sympathetic nerve activity that might contribute to
sympathetic dysfunction in this model of metabolic syndrome.

It is a well-established fact that anesthetics affect cardiovascular
functions (Fluckiger et al., 1985, Shimokawa et al., 1998; Kurz et al.,
2009). Therefore, at the present, it cannot be assessed whether the
results observed in pentobarbital-anesthetized rats could be also
obtained in conscious animals or with a different anesthetic.

The observation that the pressor responses to i.v. administered
noradrenaline were greater in fructose-fed rats is in agreement with
previous studies, which suggest that the higher vascular reactivity is
related to either an increase in circulating insulin (Takatori et al.,
2003, 2006) or an increase in the production of vasoconstrictor
prostanoids (Oudot et al., 2009). On the other hand, fructose treat-
ment did not appear to alter either the endothelium-dependent

or endothelium-independent vasorelaxation as the hypotensive
responses induced by acetylcholine and sodium nitroprusside, respec-
tively, remained unaltered. The result obtained with acetylcholine is
in contradiction with a number of studies that reported impaired
endothelial-dependent vasorelaxation associated with metabolic syn-
drome and type 2 diabetes, both in humans (Hamburg et al., 2008;
Bai et al., 2012) and in experimental animal models, including the
fructose-fed rat (Bartuś et al., 2005; Romanko et al., 2009; Zhong
et al., 2012). Nevertheless, our observation is in agreement with other
reports showing that endothelium-dependent vasorelaxation induced
by acetylcholine remained unchanged either in fructose-fed (Takatori
et al., 2003, 2006, Patel et al., 2009) or in Zucker diabetic fatty rats
(Pamarthi et al., 2002). The reasons for the discrepancies between
studies are not clear, but might be related to several factors such as
rat strain and breeding, daily ingestion of fructose and other nutrients,
duration of the treatment and other experimental conditions such as
the use of anesthetics and whether the assay was performed on either
the whole animal or isolated arteries. Interestingly, Oudot et al.
(2009) suggested that the unaltered vasorelaxing effect of acetylcho-
line in fructose treated rats could be the result of an enhanced
production of endothelial vasodilator prostanoids that masked the
decreased production of other endothelial vasodilators, such as
nitric oxide.

The observation that most of the i.t. injected substances
produced no consistent changes in heart rate suggests that there
was no significant diffusion of compounds from the injection site
at T12–L1 up to the T1–T3 level, where the preganglionic sympa-
thetic neurons that innervate the heart are localized (Sundaram
et al., 1989). In fact, very low radioactivity was found in the T1–T3

segment after i.t. injection of either tritiated anandamide (Garcı́a
et al., 2009) or tritiated glutamate (Celuch, S.M.; unpublished
observation) at the thoraco-lumbar level of the spinal cord. Even
so, the increase of heart rate obtained with NMDA suggests that
this potent excitatory amino acid reach the T1–T3 level at
concentrations high enough as to stimulate preganglionic sympa-
thetic neurons involved in cardiac innervation. The slight but
significant bradycardia produced by 100 nmol noradrenaline in
control rats might be a reflex response to baroreceptor activation,
although it is to be noted that this compensatory mechanism was
probably attenuated by the anesthetic (Fluckiger et al., 1985;
Barringer and Buñag, 1990; Shimokawa et al., 1998).

In conclusion, the present study suggests that in pentobarbital-
anesthetized rats fructose feeding could alter spinal mechanisms of
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Fig. 5. Changes in mean blood pressure (DMBP; mmHg) induced by i.v. injection of increasing doses of (A) noradrenaline, (B) sodium nitroprusside and (C) acethylcholine

in control rats (open symbols) and in animals treated for 8 weeks with 10% fructose in the drinking water (filled symbols). Shown are mean values7S.E.M. Numbers in

parenthesis indicate the number of animals per group. nPo0.05 vs. the corresponding control value. (unpaired Student’s t-test with Welch’s correction).
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regulation of preganglionic sympathetic nerve activity. It is pro-
posed that the spinal cord could be involved in the sympathetic
dysfunction associated with the metabolic syndrome.
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