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ABSTRACT

Metabolic syndrome represents one of the major health, social and economic issues nowadays, and affects more than 25% people
worldwide. Being a multifactorial health problem, metabolic syndrome clusters various features, such as obesity, dyslipidemia, hyperg-
lycemia and hypertension. Each of these disturbances represents a risk factor for developing cardiovascular disease. Moreover, patients
with metabolic syndrome are more likely to suffer from depression, thus treatment with antidepressants (e.g. venlafaxine) is often
neccessary. However, many of the antidepressants themselves may contribute to worsening or even development of the metabolic
syndrome, thus creating a "vicious circle". The aim of this work was to investigate on the animal model of metabolic syndrome, i.e. on
hypertriacylglycerolemic rats fed high-fat-fructose diet (HFFD): 1) the effect of a change in diet from HFFD to a standard diet (SD) and
the effect of venlafaxine treatment, 2) during HFFD, 3) as well as during a changed diet to SD. We focused on biometric parameters,
blood pressure and selected ECG parameters. We observed the reversibility of the present metabolic and cardiovascular changes by
switching the HFFD to SD in the last 3 weeks of the experiment. Switch to the standard diet led to decrease of body weight, even in
the presence of venlafaxine. Administration of venlafaxine caused the decrease of heart weight/body weight index in rats fed with
HFFD compared to the untreated group fed with HFFD for 8 weeks. Blood pressure, which was increased in the HFFD group showed
a tendency to decrease to control values after switching to the standard diet . Administration of venlafaxine led to significant increase
in all parameters of blood pressure when rats were fed with HFFD throughout the whole experiment. In untreated rats fed with HFFD
for 8 weeks, we observed a shorter PQ interval and prolonged QRS complex as well as QTc interval compared to untreated rats with
diet switched to SD. This effect was potentiated by venlafaxine administered not only during HFFD but even after switch to SD. Our
results point to the fact that metabolic syndrome is clearly affecting the function of the cardiovascular system by modifying blood
pressure and electrical activity of the heart. Moreover, administration of venlafaxine may lead to worsening of the observed changes,
especially in the presence of high-fat-fructose diet.
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Introduction

Metabolic syndrome (MetS) belongs to the most wide-
spread disorders around the world. Its prevalence is rising
from year to year, currently affecting more than 25% of
the human population and reaching the dimension of
an epidemy. MetS is comprised of several independent
features — central obesity, hypertension, dyslipidemia,
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and hyperglycemia, as the result of insulin resistance
and impaired glucose tolerance (Gancheva et al., 2017).
The pathophysiology of MetS is most likely an interplay
between various factors — genetic, metabolic, and envi-
ronmental (Watanabe et al., 2008; Knezl et al., 2017).
Patients suffering from MetS are at higher risk of devel-
oping cardiovascular diseases (CVD), such as coronary
heart disease, left ventricular dysfunction, myocardial
electrical disturbances or sudden cardiac death, as each
individual sign and symptom of MetS represents a risk
factor for CVD development (Yilmaz et al., 2015; Kurl et
al., 2016; Knezl et al., 2017).

A further global health and socio-economic problem
with rising prevalence are psychiatric disorders, especially



depression. Patients with serious mental illnesses have
2-3 times higher mortality rates and an approximately 30
years shorter life expectancy than the general population.
More than 60% of psychiatric patients die mostly due to
a non-psychiatric disorder, such as CVD (Alosaimi et al.,
2017), which could be, in turn, caused by MetS.

Epidemiological studies have shown an association
between MetS and depression (Simon et al., 2006), the
prevalence of depression among patients with MetS being
as high as 31% (Vancampfort et al., 2014). Obesity is con-
sidered to increase the risk of depression, and depression
is believed to be a predictive factor for the development of
obesity (Gariepy et al., 2010). Various mechanisms have
been proposed to mediate the association between depres-
sion and MetS, including inflammation, leptin resistance,
hypothalamic-pituitary-adrenal (HPA) axis dysregulation,
sympatho-adrenal activation, sleep disturbances and poor
diet that can result in a decrease in physical activity (Pan
et al., 2012). Treatment with antidepressants is therefore
often necessary in these patients. However, there is evi-
dence that antidepressants, including venlafaxine, are
independently associated with the worsening or even
development of MetS, by an increase in systolic and dia-
stolic blood pressure, as well as in LDL cholesterol levels
and body weight (Mclntyre et al., 2010). Moreover, ven-
lafaxine itself may cause cardiac electrical disturbances,
such as QT interval and QRS complex prolongation or
lethal forms of dysrhythmias (Khalifa et al., 1999; Bavle,
2015; Vicen et al., 2016; Sasvariova et al., 2018).

Since MetS is a disorder characterized by the dysbal-
ance in energy storage and utilization (Gancheva et al.,
2017), one of the most important factors playing a role in
the development of MetS is diet. The rising prevalence
of MetS may be caused by the general change of lifestyle
and eating habits in the modern society, with the trend of
high caloric, carbohydrate and fat intake, together with
avoidance of physical activity (Finucane et al., 2011), often
connected with increased risk of CVD and mortality
(Flegal et al., 2007). For experimental observations of the
impact of MetS on the cardiovascular system, it is neces-
sary to develop a suitable animal model that would be reli-
able and would combine as much risk factors of MetS as
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Figure 1. Scheme of the experimental protocol.
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possible. In the present work, we used as an animal model
of MetS hereditary hypertriacylglycerolemic (hHTG)
rats fed high-fat-fructose diet (HFFD). Our aim was to
investigate 1) the effect of a change in the diet from HFFD
to a healthy/standard diet (SD), 2) further the effect of
venlafaxine treatment during HFFD, or during achanged
diet to SD. We focused on biometric parameters, blood
pressure and selected ECG parameters. According to
available scientific literature, we expect that we are the
first who investigated the effect of venlafaxine treatment
in relation to the intake of different dietary composition.
We focused on the possibility to reverse the changes by
switching HFFD to the standard diet, thus simulating the
change of regimen in patients diagnosed with MetS.

Materials and methods

In our 8-week lasting experiment male hereditary hyper-
triacylglycerolemic rats (hHTG; age: 12 weeks, n=38)
were divided into: group HFFD 8 — rats fed 8 weeks with
high-fat-fructose diet (HFFD); group HFFD 5+3 — rats fed
5 weeks with HFFD followed by 3 weeks of standard diet
(SD); group HFFD 8+VE — rats fed 8 weeks with HFFD and
within the last 3 weeks of experiment under the HFFD
treated with venlafaxine; group HFFD 5+3+VE — rats fed 5
weeks HFFD, then 3 weeks SD and treated with venlafaxine
during the switched diet (Figure 1). HFFD was enriched
with 10% of fructose, 7.5% of lard and 1% of cholesterol.
The experimental model of metabolic syndrome was
designed and prepared at the Institute of Experimental
Pharmacology and Toxicology, Centre of Experimental
Medicine of the Slovak Academy of Sciences (Kaprinay et
al., 2016; 2017).

All of the procedures with animals were performed
according to the Principles of Laboratory Animal Care
executed by the Ethical Committee of the Institute of
Experimental Pharmacology and Toxicology, CEM SAS
and by the State Veterinary and Food Administration of
Slovak Republic (No. 3635/14-221).

Blood pressure was measured by non-invasive tail-cuff
method on the dorsolateral tail artery of a rat, with the
MLT125/R cuff (Pulse transducer pressure cuff for rats),
using NIBP Controller and Powerlab 8/30 (equipments
used were from ADInstruments, Spechbach, Germany)
using a rat-friendly procedure (Liptak et al. 2017a). Blood
pressure, as well as standard ECG were monitored in
conscious rats, using Seiva EKG Praktik Veterinary (Seiva
s.r.o., Prague, Czech Republic) (Kralova et al., 2008).
ECG recordings were analyzed offline (Seiva Database
Veterinary, Prague, Czech Republic) and we focused
on the duration of PQ interval, QTc interval and of the
QRS complex. Corrected QT (QTc) interval was used for
elimination of the variability in heart rate and calculated
according to the following formula:

QTc=(QT)/(V(RR/200))
where QT - duration of QT interval, RR — the time
(ms) between two consecutive R peaks, 200 — physiological

Copyright © 2019 SETOX & Institute of Experimental Pharmacology and Toxicology, CEM SASc.
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heart rate in isolated spontaneously beating rat heart. The
susceptibility of the heart to the development of sustained
ventricular tachycardia and ventricular fibrillation was
evaluated under conditions of isolated spontaneously
beating heart perfused according to Langendorff.

After the isolation, hearts were perfused retrogradely
through the aorta at constant pressure (80 mmHg). For
the assessment of basal diastolic pressure, water-filled
latex balloon (size 5; 0.1 ml volume) was inserted into
the left ventricle and adjusted to diastolic pressure
8-10mmHg. The threshold for the development of
sustained fibrillation or tachycardia was detected by
stimulation (Electrostimulator ST-3, Medicor, Budapest,
Hungary) with the pair of electrodes attached to the right
ventricle and ECG-like recording was monitored, by pair
of eletrodes positioned on the wall of left ventricle. The
current intensity was increasing by 5mA/30s from 10 mA
to 50mA until the induction of 2 minutes lasting ventric-
ular tachycardia (VT) or fibrillation (VF). Consequently,
the flow of the perfusion medium was stopped and
time needed for the restoration of the sinus rhythm was
recorded (Tribulova et al., 2002; Knezl et al., 2017; Liptak
et al., 2017b). The basic parameters of stimulation used
were: 10mA, train duration: 2 s, stimulation rate: 100 pps,
delay: 0.1 ms, duration: 0.2 ms. The system BioLab F ver.1
(Institute of Measurement Science, Slovak Academy of
Sciences, Bratislava, Slovakia) was used for data collection
and offline analysis.

Solutions and chemicals

Composition of the Krebs-Henseleit solution used for
isolated heart perfusion was (in mmol/1): NaCl, 118; KCl,
4.75; CaCly x 2H0, 2.5; MgSO4 x 7H0, 1.2; KHoPOy,
1.18; NaHCOs3, 20.0; glucose, 11.1; saturated by the
mixture of 95% Og + 5% CO,, pH=7.4, temperature 37°C.
The chemicals used were from Centralchem (Bratislava,
Slovakia) and mikroCHEM (Pezinok, Slovakia).
Venlafaxine administered p.o. in dose 10mg/kg/day was
from Chemos (Regenstauf, Germany).
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Figure 2. Final body weight of rats fed high-fat-fructose diet and
treated by venlafaxine. HFFD 8 (n=10), HFFD 8+VE (n=9), HFFD
5+3 (n=10), HFFD 5+3+VE (n=9). Values are expressed as mean *
SEM, #p<0.05 for HFFD 5+3+VE vs. HFFD 8+VE.

U /

Data analysis

All of the obtained data were statistically analyzed in Excel
(Microsoft Excel 2016) with standard statistical functions
(mean + SEM) and one-way analysis of variance (ANOVA)
was used to evaluate the difference among all experimen-
tal groups (SPSS 16.0), using the LSD, Bonferroni and
Tukey post-hoc tests. The level of p<0.05 was considered
as a statistically significant difference.

Results

hHTG rats fed with HFFD for 8 weeks had the highest
body weight among all of the tested groups. Switch of the
HFFD to standard diet caused a decrease in body weight,
and moreover, administration of venlafaxine together with
standard diet caused a significant lowering of body weight
compared to HFFD 8 group (Figure 2). We observed the
same trend also in heart weight, when switch to standard
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Figure 3. (A) Absolute heart weight isolated from rats fed high-fat-fructose diet and treated by venlafaxine. (B) Heart weight/body weight
index of rats fed high-fat-fructose diet and treated by venlafaxine. Legend as in Figure 2. *p<0.05 for HFFD 5+3 vs. HFFD 8.
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Table 1. Effect of venlafaxine administered during HFFD or standard diet in tested rats on blood pressure parameters.

sBP

baseline 5th week 8th week baseline 5th week 8th week
HFFD 8 119.66+6.24 133.17£3.16 t 125.88+3.52 75.14+2.06 81.98+4.22 77.54+4.18
HFFD 8+VE 116.27+4.29 125.27+4.3 £ 132.34+3.32 % 77.36%2.2 82.38+2.03 £ 84.46+1.35 %
HFFD 5+3 124.3£10.36 143.6+3.29 129.46+4.19 € 73.18+6.09 86.24+1.91 78.48+8.05
HFFD 5+3+VE 122.22+5.96 139.73+6.44 126.18+5.47 # 79.94+2.79 88.7+3.02 80.92+2.72 %

Pulse pressure Mean arterial pressure

HFFD 8 44.52+4.56 51.19+2.86 48.32+3 89.98+3.34 99.04+3.65 t 93.67+3.71
HFFD 8+VE 39.52+2.36 42.88+2.62 47.88+2.1 90.53+2.85 96.67+2.72 £ 100.42+1.98 *
HFFD 5+3 51.12+4.73 57.36£2.95 50.98+3.17 90.22+7.45 105.36+2.03 95.47+2.94 €
HFFD 5+3+VE 42.28+3.26 51.04+3.57 § 45.26+2.98 94.04+3.83 105.71+4.13 § 96+3.59 #

Values of systolic (sBP), diastolic (dBP) blood pressure, pulse pressure and mean arterial pressure at the beginning of the experiment (“baseline”), after 5 weeks
of HFFD (5th week) and after 3 weeks of venlafaxine administration (8th week). HFFD 8 (n=10), HFFD 8+VE (n=9), HFFD 5+3 (n=10), HFFD 54+3+VE (n=9). Values are
expressed as mean + SEM, Tp<0.05 for HFFD 8; 5th week vs. 8th week; £p<0.05 for HFFD 8+VE, 5th week vs. 8th week; *p<0.05 for HFFD 8+VE, 8th week vs. base-
line; €p<0.05 for HFFD 5+3, 8th week vs. 5th week; p<0.05 for HFFD 5+3, 5th week vs. baseline; $p<0.05 for HFFD 5+3+VE, 5th week vs. baseline; #p<0.05 for HFFD
5434VE, 5th week vs. 8th week.
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weeks in rats fed HFFD or SD. Legend as in Figure 2. 5p<0.05 for HFFD 5+3+VE, 5th week after the switch to standard diet.
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Venlafaxine non-significantly poten-
tiated the effect of 5-week lasting
HFFD on QRS complex duration,
independently from the diet
applied during its administration
in the following 3 weeks (Figure 5).
Significant prolongation of QTc
interval was induced by five weeks
lasting HFFD in almost all of the
groups tested (except HFFD 5+3+VE
group). This change was not modi-
fied by the switch to standard diet.
Moreover, longer duration of HFFD
either without or with venlafaxine
administration led to further QTc
interval prolongation (Figure 6).
Detection of the threshold
for the development of sustained
ventricular tachycardia or fibrilla-
tion showed that administration of
venlafaxine to rats fed HFFD for 8
weeks led to higher susceptibility
to life-threatening dysrhythmias
(Figure 7A). However, the proar-
rhythmogenic potential of venlafax-
ine was not observed in the group
where HFFD was changed for the
last 3 weeks to standard diet. On the
other hand, administration of ven-
lafaxine shortened the time needed
for the recovery of the sinus rhythm
after VI/VF and consequent ,stop-
flow* (discontinuation of the flow
of perfusion medium), compared to
HFFD 8 group (Figure 7B). Return
to the standard diet led to shorten-
ing of the ,stop-flow“ time, even
in the presence of venlafaxine, in
comparison with rats fed with the
high-fat-fructose diet for 8 weeks.

Discussion

Hereditary hypertriacylglycerolemic rats fed with a high-fat diet were previ-
ously defined by our colleagues as a non-obese animal model of metabolic
syndrome (MetS). The model was characterized by disturbance in glucose and
lipid metabolism, hepatic steatosis, oxidative stress and endothelial damage
(Kaprinay et al., 2016). In this study, it has been proposed that addition of fruc-
tose to the diet could better simulate the western-type diet and lead to major
changes not only in biochemical parameters but also in biometric parameters
of the heart, blood pressure, and cardiac electrical activity. Moreover, foras-
much as patients with MetS are more likely to suffer from depression and take
antidepressants, it is necessary to know if the antidepressants (e.g. venlafaxine)
could work as protection or potentiate the changes caused by MetS, or if the
changes could be attenuated by turning back to the standard diet.

Obesity is one of the key symptoms of MetS. Even though the experimen-
tal model used by us is considered as a non-obese, animals fed with HFFD
for 8 weeks had the highest body weight and by switching to the standard
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Figure 6. Changes in QTc interval duration, measured at the beginning of the experi-
ment, after 5 weeks of HFFD and after venlafaxine administration during the following 3
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diet, we observed a decrease in body weight. According
to Alosaimi et al. (2017), administration of venlafaxine
and mirtazapine lead to the development of central
obesity, and together with high correlation with other
independent symptoms of MetS, represents a potential
cardiometabolic risk factor for depressive patients. In our
study, administration of venlafaxine led to a decrease in
body weight, slightly in rats fed with HFFD for 8 weeks
(HFFD 8+VE group) and significantly in the group fed for
the last 3 weeks with the standard diet (HFFD 5+3+VE).

Lower heart weight/body weight index was observed
in group HFFD 5+3, and the administration of venlafax-
ine caused a decrease in heart weight independently from
the length of HFFD. Other studies showed that in animal
models of metabolic syndrome, with a high fructose diet,
abnormalities in myocardial structure (Cheng et al,
2014) and cardiac hypertrophy were present (Delbosc et
al., 2005; Jover et al., 2017). Due to a high intake of fat
and fructose, hepatic and intracardial lipid accumulation
was previously observed, which could affect not only mor-
phology but also the function of the organs. On the other
hand, antidepressant paroxetine was shown to decrease
the heart weight by reduction of myocyte size (Toscano
et al., 2008).

In the present work, analysis of blood pressure showed
a significant increase of blood pressure already after 5
weeks of HFFD compared to baseline values, however,
further 3 weeks of modified diet resulted in a decrease in
blood pressure in the HFFD 8 group, what may be a sign
of some kind of adaptation. The development of prehy-
pertension or even hypertension is consistent with other
studies using similar models. Wong et al. (2018) used a
special diet consisting of fructose, sweetened condensed
milk, Hubble Mendel and Wakeman salt mixture, ghee
and powdered rat chow. After 8 weeks, they observed a
significant increase in blood pressure and the develop-
ment of MetS. Combination of high fat and high fructose
diet caused an increase in systolic blood pressure after 28
weeks in male Sprague-Dawley rats (Gradel et al., 2018).
On the other hand, change of a lifestyle could reverse
individual components of MetS, as well as hypertension.
Hinderliter et al. (2014) examined overweight hyperten-
sive or prehypertensive patients who underwent interven-
tion on their lifestyle. Only the change of the diet caused a
decrease in blood pressure by 11.2 mmHg after 16 weeks,
and together with weight management intervention led
to weight loss about 8.7 kg. This is in agreement with
our results when blood pressure, which was increased
in HFED group, showed a tendency to decrease after
switching to the standard diet. We observed a decrease
in systolic, diastolic, mean arterial pressure and pulse
pressure after the switch to the standard diet.

Venlafaxine has been reported to accelerate hyperten-
sion (Kivrak et al., 2014) or even lead to the development
of hypertension in previously healthy patients (Mbaya et
al., 2007), and in the worst cases it resulted in a hyper-
tensive crisis (Khurana et al., 2003). Hypertensive effect
of venlafaxine is connected mainly with higher doses or
overdose, hypertensive effect in lower doses is rare. This
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could be explained by the character of venlafaxine, which
is an antidepressant with a dual mechanism of action — it
inhibits the reuptake of both serotonin and noradrena-
line. However, the affinity of venlafaxine to serotonin
receptors is 30-fold higher than to noradrenaline recep-
tors in therapeutic doses, and its adrenergic effect could
be observed mainly in higher doses (Harvey et al., 2000).
Some studies evaluated the association between various
antidepressants and MetS in depressive patients, but
the majority of them are focused on selective serotonin
reuptake inhibitors (citalopram, paroxetine) or tricyclic
antidepressants (imipramine, clomipramine). This study
showed that even though venlafaxine did not cause weight
gain, it aggravated the effect of the modified diet and had
a hypertensive effect only in the presence of HFFD (HFFD
8+VE group).

HFFD caused also changes in cardiac electrical activ-
ity. We observed PQ interval shortening after 5 weeks of
HFFD in all groups (except HFFD 5+3 group), but there
were no further changes either after another 3 weeks of
the diet or after venlafaxine administration. Even though
PQ interval prolongation is considered a risk factor for
the development of atrial fibrillation (Schumacher et al.,
2018), short PQ interval may be observed due to conduc-
tion abnormalities in the atrioventricular node and/or
His-Purkyne network and may predispose the individuals
to dysrhythmias (Moro & Cosio, 1980). PQ interval was
found to be shortened in obese patients with no cardio-
vascular disease (Bilora et al., 1999).

Significant prolongation of the QRS complex was
present only in the group exposed to HFFD during whole
experiment (HFFD 8 rats). This is consistent with the
study by Axelsen et al. (2015), who observed prolongation
of the QRS complex in rats fed with high fructose diet
(FFFR), used as a model of diet-induced pre-diabetes.
QRS complex widening has been previously seen also
in other studies focused on experimental diabetes, such
as ZDF rats (Howarth et al., 2008) or type 2 diabetic
Goto-Kazaki rats (Yang et al., 1990). Cardiac electro-
physiological abnormalities found in FFFR and ZDF rats
may be caused by intramyocardial lipid accumulation
found in these two models. Ectopic lipid accumulation
could lead to lipotoxicity and cardiac energy alterations
together with morphological and functional mitochon-
drial disturbances, as well as arrhythmogenesis due to
abnormal cardiac conduction (van de Weijer et al., 2011;
Elezaby et al., 2015). Khalifa et al. (1999) have shown, that
venlafaxine blocks the fast inward sodium current (/) in
guinea pig ventricular myocytes, which would explain the
prolongation in QRS complex, however, in our experiment
the duration of QRS complex was not further significantly
increased in other experimental groups.

ECG analysis showed significant prolongation of QTc
interval as soon as after 5 weeks of HFFD and the values
were even higher after further 3 weeks in the group fed
HFFD during the whole experiment (HFFD 8). Moreover,
switch to the standard diet and also venlafaxine admin-
istration did not reverse the effect of HFFD and the QTc
interval duration was still increased. This points to the
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fact, that administration of HFFD to hHTG rats leads to
irreversible prolongation of ventricular repolarization,
representing a risk factor for the development of ventricu-
lar dysrhythmias and sudden cardiac death. Patients with
MetS are more likely to have a prolonged QTc interval,
which increases the risk of cardiovascular mortality (Li
et al., 2009). Additionally, venlafaxine may increase the
duration of QTc interval in therapeutic doses, which could
occur due to inhibition of the outward delayed rectifier
potassium current (/x;) in ventricular myocytes (Lestas et
al., 2005; Bavle, 2015).

A long QTc interval represents a risk factor for the
development of dysrhythmias, especially life-threatening
ventricular tachycardia (VT) or fibrillation (VF). By
electrical stimulation, we evaluated the threshold for the
development of sustained VT/VF (i.e. lasting more than 2
minutes). The lower the intensity of the impulse needed,
the more susceptible is the heart for VI/VF occurrence.
Our results showed that venlafaxine lowered the fibrilla-
tion threshold, but also shortened the time needed for the
restoration of the sinus rhythm in the presence of high-fat
fructose diet, in comparison to the HFFD 8 group. On
the other hand, after the switch to the standard diet, the
threshold for sustained VT/VF was markedly higher and
the restoration of the sinus rhythm was more rapid. Vicen
et al. (2016) showed that venlafaxine administered in a
single dose to Wistar rats caused a significantly higher
incidence of life-threatening dysrhythmias, compared to
the control group. In clinical practice, venlafaxine showed
a potential to induce tachycardia in a dose-dependent
manner (Abozguia et al., 2006). Moreover, administra-
tion of high-fat diet even without fructose significantly
decreased the fibrillation threshold in hHTG rats (Knezl
et al., 2017).

Conclusions

From our present results, we could conclude that the
administration of high-fat-fructose diet to hHTG rats
led to the development of MetS symptoms and altered
the cardiac electrical function. Switch to the standard
diet, as a non-pharmacological way of alleviating the
manifestations of metabolic syndrome, was partly able
to reverse the cardiovascular alterations of animal MetS,
however, some of them, such as QTc interval prolonga-
tion, persisted. Venlafaxine mostly potentiated changes
caused by the modified diet, especially in the presence of
8-week HFFD and seems to be potent in the progression
of MetS. Improvement of a life-style, at least by modifi-
cation of diet, may decrease the cardiometabolic risk of
venlafaxine, nevertheless clinicians should be aware of
the potential danger.
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