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Summary

Metabolic syndrome (MetS) belongs to the serious health
complications expanding in cardiovascular diseases, obesity,
insulin and hyperglycemia. In this
hypertriacylglycerolemic rats fed a high-fat-fructose diet (HFFD)
were used as an experimental model of MetS to explore the
effect of tested compounds. Effects of a new prospective
pyridoindole derivative coded SMelEC2 and the natural
polyphenol rutin were tested. Endothelial nitric oxide synthase
(NOS3) and nuclear factor kappa B (NF-kB) expression were
assessed in the left ventricle immunohistochemically and left
ventricle activity was monitored in isolated perfused rat hearts.
NOS3 activity in the left ventricle decreased markedly as a result
of aHFFD. NOS3 expression was upregulated by both
substances. NF-kB expression was increased in the MetS group in
comparison to control rats and the expression further increased
in the SMelEC2 treatment. This compound significantly improved
the coronary flow in comparison to the control group during
reperfusion of the heart followed after ischemia. Further, it
tended to increase left ventricular systolic pressure, heart
product, rate of maximal contraction and relaxation, and
coronary flow during baseline assessment. Moreover, the
compound SMelEC2 decreased the sensitivity of hearts to
electrically induced ventricular fibrillation. Contrary to this rutin
decreased coronary flow in reperfusion. Present results suggest
that despite upregulation of NOS3 by both substances tested,

resistance, study,

pyridoindole SMelEC2 rather than rutin could be suitable in
treatment strategies of cardiovascular disorders in MetS-like
conditions.
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Introduction

Diet, rich in fat and sugar, results in an increased
incidence of obesity, cardiovascular diseases (CVD),
2 type diabetes mellitus (DM2T), and metabolic disorders.
Metabolic syndrome (MetS) is defined by the presence of
at least three components from a cluster of risk factors such
as dyslipidemia, hypertension, central obesity, insulin
resistance (Reaven 1988) leading to atherosclerosis and
endothelial dysfunction (ED) (Grundy 2007). There are
biomarkers (LDL- and

traditional  cardiovascular
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HDL-cholesterol,
biomarkers (cardiac troponins, natriuretic peptides, etc.),

glucose, etc.), cardiac-specific
anatomical and electrophysiological cardiac biomarkers
thickness,

calcification, heart rate variability), and gene regulators

(carotid  intima-media coronary  artery
which may provide insight into disease pathogenesis
2020). We wused hereditary
hypertriacylglycerolemic (HTG) rats, a suitable model for
the study of the MetS (Zicha et al. 2006) fed high-fat-
fructose diet (HFFD) when almost complete MetS
expression was achieved (Kaprinay et al. 2016, 2017).
HTG rats fed a high-fat diet (HFD) had been reported to
have elevated levels of triacylglycerols (TG), total
LDL-cholesterol,
decreased HDL-cholesterol level, and impaired glucose
tolerance (Kaprinay et al. 2016, Bezek et al. 2017),
steatotic liver, increased aortal intima-media wall thickness
2018),
inflammatory markers, interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-o) (Bezek et al. 2017), and markers

of oxidative stress (OS) (Kaprinay et al. 2016). Moreover,

(Parsanathan and Jain,

cholesterol, and blood pressure,

(Gasparova et al. increased expression of

HFD combined with fructose potentiated negative effects
on rat heart and vessel function parameters thus a more
appropriate animal model for MetS has been developed,
which has
hypertriacylglycerolemia and the effect of a diet rich in fat

been achieved by acombination of
and fructose (Kaprinay et al. 2017, Michalikova et al.
2019, Liptak et al. 2019). The main mechanism for the
pathogenesis of CVD seems to be ED. This is present in
patients with DM2T, obesity, and MetS. The endothelium
produces vasoactive substances and modulates the
proliferation and injury response of the vascular smooth
muscle layer (Huang 2009). A common feature of ED is
the reduced bioavailability of nitric oxide (NO) in the
vasculature. In hypertension, endothelial nitric oxide
synthase (NOS3) produces less NO and could be one of the
contributing factors to the increased peripheral vascular
resistance. Agonist-induced Ca®" entry is essential for the
activation of NOS3 (Boudaka et al. 2019). A combination
of downregulation of NOS3, changes in the bioavailability
of NO, and the resulting OS of the endothelium represent
a key pathological mechanism in CVD. This can lead to
activation of an inflammatory response and subsequent
negative effect on circulation. NOS3 gene deficiency
results in hypercoagulability, hypertension, and increased
diet-induced atherosclerosis (Huang et al. 1995). Thus OS
and ED may be exacerbated by dietary influences.
Damaged endothelium is associated with increased blood

levels of free fatty acids, inflammatory cytokines IL-6 and

TNF-a (Deanfield et al. 2007), and nuclear factor kappa B
(NF-kB) activation in patients with DM2T (Bierhaus
et al. 2001). OS in the presence of risk factors increases
activation of redox-dependent transcriptional factors such
as NF-xB, promoting the development of cardiac
dysfunction and remodeling. However, NF-«kB also acts as
a protective factor against programmed cell death by
inducing anti-apoptotic genes (Beg and Baltimore 1996).
The cellular

underlying the pathogenesis of the MetS are not

and molecular mechanisms
completely understood. A recent search for new potential
drugs in the treatment of MetS includes synthetic and
natural substances with multiple beneficial effects. We
investigated an effect of a synthetic pyridoindole coded
SMelEC2, (2-ethoxy carbonyl-8-methoxy-2,3,4,4a,5,9b-
hexahydro-1H-pyrido[4,3-b]indole),
described
lipoperoxidation effects (Stolc er al. 2006). Modification
of the parent molecule stobadine by aromatic electron

selected on its

antioxidant, cardioprotective, and anti-

donor substitution as in the compound SMelEC2
increases the intrinsic free radical scavenging activity
(Juranek et al. 2010). Natural compound rutin was
selected based on its TG lowering, antioxidant and anti-
inflammatory effects in animal models of DM2T (Prince
and Kamalakkannan 2006). Increasing evidence indicates
that flavonoid-rich foods exert beneficial effects in MetS.
Rutin attenuated cardiac remodeling and left ventricular
and myocardial dysfunction in streptozotocin-induced
diabetes mellitus (Guimaraes et al. 2015). Rutin lowered
serum cholesterol level and myocardial necrosis in
a diabetes model associated with hyperlipidemia (Krishna
et al. 2005), it reduced the infarct size of the myocardium
through extracellular signal-regulated kinase 1/2 and
protein kinase B signaling pathways in a porcine model
of coronary heart disease (Lv et al. 2018). In our previous
experiments, rutin improved an aorta relaxation and
tended to reduce TG levels in HTG rats fed HFFD
(Michalikova et al. 2019). In present work, 1) the impact
of diet was investigated on biometric data (body, liver,
kidney, and heart weights), 2) heart dysfunctions and
3) change of expression of NOS3 and NF-kB, the key
regulators of cardiac function, were determined, and
4) the impact of treatment by two selected substances was
investigated in HTG rats fed HFFD.

Methods

Animals, diets, compounds
The experiments were under the Guide for the
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care and use of laboratory animals and they were
approved by the State Veterinary and Food
Administration of the Slovak Republic (No. 3635/14-
221) and by the Ethical Committee of the Centre of
Experimental Medicine, Slovak Academy of Sciences
(CEM SAS), Bratislava. The design of the experiment is
shown in Fig. 1. Hereditary HTG male rats from the
Department of Toxicology and Breeding of Laboratory
Animals of CEM SAS were used. HTG rats were fed
HFFD (enriched with 1 % cholesterol, 7.5 % pork lard,
and 10 % fructose). Wistar male rats (n = 10), 4 weeks
old, fed standard pellets for rodents, served as a healthy
negative control group (C), as the HTG rats were selected
from the Wistar stem line. HTG rats (n = 30), 4 weeks
old, were randomly divided into three groups (n = 10)
and fed a modified diet from weaning. After 13 weeks,
HTG rats in all three groups had changed the HFFD to
a normal diet and two groups of them received the drug
treatment for the next 5 weeks. One group of HTG rats
fed HFFD for 13 weeks was untreated over the next
5 weeks and received only a vehicle, serving as a positive
control (HFFD). The animals had a 12 h light/12 h dark
cycle and food and water ad libitum. They were weighed
once a week and consumption of pellets was recorded
daily. The animals were anesthetized with diethyl ether
and decapitated at the age of 22 weeks. Hearts, livers, and
kidneys were weighed.

c | |
HFFD | | |
HFFD-S | | smetec2 ]
HFFDR | | RUTIN |

13 weeks 5 weeks

|:| High-fat-fructose diet

|:| Standard diet

Fig. 1. Design of experiment. Four experimental groups of rats,
number per group n = 10, C - control group of Wistar rats fed
standard diet during 18 weeks, HFFD - untreated group of
hypertriacylglycerolemic (HTG) rats fed 13 weeks with high-fat-
fructose diet (HFFD) followed by 5 weeks on standard diet,
HFFD-S - group of HTG rats fed 13 weeks HFFD followed by
5 weeks on standard diet and treated daily with the compound
SMelEC2 (10 mg/kg), HFFD-R - group of HTG rats fed 13 weeks
HFFD followed by 5 weeks on standard diet and treated daily
with rutin (100 mg/kg).

The compound SMelEC2 (CEM SAS,
Bratislava, Slovakia) was administered at the dose of
10 mg/kg (HFFD-S), and rutin (Rutin hydrate, Sigma-
Aldrich, Slovakia) at the dose of 100 mg/kg (HFFD-R).

The doses of the substances were based on the literary
data. Drugs were dissolved in methylcellulose and
administered once a day by gastric gavage in the volume
0of 0.2 ml/100 g of body weight.

Langendorff apparatus and experimental setting

The heart was isolated and perfused according to
Langendorff and it was under constant perfusion
pressure, 80 mm Hg (Knezl ef al. 2017). Krebs-Henseleit
bicarbonate perfusion solution was equilibrated with
a gas mixture of 95 % O, and 5 % CO, at 37 °C, pH 7.4.
A latex balloon (Hugo Sachs Elektronik, Germany) was
inserted into the left ventricle filled with water and
connected to the pressure transducer (Tesla Electro-
Manometer, LDP 186, Czechoslovakia) and pressure
head (Tesla, LMP 160, Czechoslovakia) to monitor left
ventricular pressure. The stimulation electrodes were put
on the left ventricle. Heart rate (HR), left ventricular
systolic pressure (LVSP), end-diastolic left ventricular
pressure (EDLVP), heart product (HP), rate of maximal
contraction (+dP/dt;,.y),
(-dP/dt..x), and coronary flow (CF) were evaluated.

rate of maximal relaxation

Electrocardiograph (ECG) recording electrodes
(Hugo Sachs Elektronik, Germany) were put on the right
atrium and apex of the left heart ventricle. ECG was
analyzed by BioLab-F (Institute of Measurements, SAS,
Slovakia). The electrical activity of the heart was
evaluated by PQ, RR, QRS, and QT intervals according
to Kralova et al. (2008), QTc interval was calculated
(2010).
consequent recordings of ECG parameters were taken and

according to Kmecova and Klimas Five
means were calculated.

The heart was adapted for 15 min than 20 min
lasting global ischemia was induced (stop-flow), followed
by 20-min reperfusion. Functional parameters of the hearts
were measured at the end of stabilization and during
reperfusion. The electrical activity of the hearts was
measured at the end of stabilization, ischemia, and
reperfusion. The meantime of ventricular fibrillation (VF)
and ventricular tachycardia (VT) was analyzed and the
time to restoration of normal sinus rhythm was monitored.

Immunohistochemistry of NOS3 and NF-xB

The hearts subjected to ischemia/reperfusion (I/R)
in all experimental groups were collected to study the
possible association between the cardioprotective effect of
the compound SMelEC2 and rutin and changes in the
expression of NOS3 and NF-kB. The heart was immersed
in the ice-cold Krebs-Henseleit solution and the right
left ventricle.

ventricle was separated from the
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Subsequently, two parallel transverse incisions were made
through the left ventricle by a razor to obtain a 1-2 mm
thick slice of the left ventricle. This slice was fixed in 1 ml
of 10 % buffered formalin, embedded in paraffin, and cut
into slices (5 pm). After the revitalization of heart tissue
sections in a citrate epitope retrieval solution (10mM,
pH 6,0) using a water bath with Dako PT Link (Agilent,
Santa Clara, California), samples were stained immuno-
histochemically with murine monoclonal antibody anti-
NOS3 (Santa Cruz Biotechnology, Dallas, TX) diluted
1:100, and with murine monoclonal antibody anti-NF-xB
(Santa Cruz Biotechnology, Dallas, TX) diluted 1:50, then
with (DAB) and
counterstained with hematoxylin. The slices

visualized diaminobenzidine
were
photographed by a light microscope (Leica DM 2000,
Wetzlar, Germany) on 5 random areas for each preparation
and the DAB intensity of positivity was evaluated using
the computer aided IHC evaluation method as described by
Cizkova et al. (2021) using the Fiji (Schindelin et al. 2012)
based on ImageJ software (1.51p, National Institutes of
Health, USA). The DAB staining intensity was measured
as “mean gray value”, wherein O represents the darkest
shade and 255 represents the lightest shade of the colour
and was displayed as reciprocal staining intensity (RSI,
RSI = 255 — mean gray value). The NOS3 and NF-xB
positivity was expressed by semi-quantitative scoring
system based on DAB RSI intensity as follows: negative
(0) for measured intensities ranking from 0 to 74, weak (1)
for intensities ranking from 75 to 134, moderate (2) for
intensities ranking from 135 to 194, and strong (3) for
intensities higher than 195.

Statistical analysis

The data were statistically evaluated using
Statistica 10, the GraphPad Prism, and the GraphPad
InStat software. Data were expressed as means +S.E.M.
One-way ANOVA was used and the evaluation of
differences among experimental groups was done by
Bonferroni comparison test. The Kruskal-Wallis non-
parametric test followed by Dunn multiple comparisons
test was used for the evaluation of differences among
experimental groups in immunohistochemistry. The value
p<0.05 was considered statistically significant.

Results

Basic biometric data and food consumption of rats
exposed to HFFD during 13 weeks and the impact of
5-week-lasted treatment with the compound SMelEC2 and

rutin are given in Table 1. Rats of all groups consumed
similar amounts of pellets in g/rat/day. Rats fed HFFD
had increased energy intake in kJ/rat/day compared to
rats fed a normal diet due to the higher energy content in
HFFD pellets. Increased energy intake was associated
with markedly increased liver weight and liver
weight/body weight ratio compared to rats fed a normal
diet. The impact of HFFD was accompanied by a marked
decrease in kidney weight/body weight ratio compared to
the control group fed a normal diet. Untreated rats fed
HFFD expressed mentioned liver and kidney weight
changes, although their body weight gain did not differ
compared to the control group. Bodyweight gain
increased in both treated groups compared to the control
group and compared to HFFD untreated group. The
highest increase of body weight gain was found in rats
treated with rutin. Cardiac hypertrophy was not found in
any group, as the heart weight/body weight ratio was not
increased and did not differ among groups.

Functional parameters of isolated and perfused rat
hearts were monitored at the end of 15-min stabilization and
the end of 20-min reperfusion followed after 20-min
ischemia: HR, LVSP, EDLVP, +dP/dt,,,,, -dP/dt,..., HP, and
CF (Table 2). Thirteen-week lasting HFFD followed by
5-weeks of the normal diet without treatment did not affect
markedly the function of the heart neither at stabilization
(baseline values) nor during reperfusion (values referred to
I/R injury) in comparison to the control group fed a normal
diet. Five-weeks administration of the compounds tested
affected the
spontaneously beating rat hearts. The compound SMelEC2
tended to increase HR, LVSP, HP, and CF baseline values in
comparison to the control group fed a standard diet.

During stabilization, EDLVP tended to decrease

in HFFD fed group compared to the control group fed

functional parameters measured of the

a standard diet, and in the rutin treated group it was
significantly increased in comparison to HFFD. Rutin
tended to increase the EDLVP also throughout the
reperfusion comparing to both HFFD untreated and
HFFD-S rats.
relaxation, and their ratio, were not significantly affected

The maximal rate of contraction and

by the diet or by treatment. HP tended to be increased at
stabilization in the HFFD-S group comparing control and
HFFD group. It was however decreased during the whole
reperfusion in the HFFD-R group (Fig. 2A). CF was not
affected in any experimental group at stabilization,
however, it significantly increased at reperfusion (5%
15", and 20™ min) in the HFFD-S in comparison to the
C group fed a standard diet (Fig. 2B).
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Table 1. Basic biometric data and food consumption of rats exposed to high-fat-fructose diet during a 13 weeks and impact of 5-week-
lasted treatment with the compound SMelEC2 (S) and rutin (R)

Parameter C HFFD HFFD-S HFFD-R
Body weight

At onset, rats 4 w old (g) 49.92+5.81 48.43+4.30 44.344+2.63 41.50+5.44
At the end, rats 21 w old (g) 366.42+10.60 381.71+7.32 386.02+4.82 387.01+8.40
Body weight gain (g) 316.50 £10.61 333.30+7.25 341.70+4.76 345.50+8.43

ok
H

Body weight gain (%) 634.27421.25  688.64+14.98  771.33+10.75 832.53420.31"

Food consumption

Pellets intake (g/rat/day) 20.90+0.95 21.72+0.81 22.20+0.80 21.90+0.81
Energy intake (kJ/rat/day) 299.50+13.81  352.38+12.68°  360.04+12.37" 356.49+12.20"
Liver

Liver weight (g) 9.66+0.51 14.03£0.46™" 14.29+0.39™" 15.05£0.64""
Liver weight / Body weight (%) 2.63+0.11 3.68+0.13" 3.70£0.08"" 3.88+0.13"
Heart

Heart weight (g) 1.14+0.01 1.234+0.02 1.1940.02 1.1540.03
Heart weight / Body weight (%) 0.3120.01 0.3240.01 0.3120.01 0.30+0.01
Kidney

Kidneys weight (g) 2.15+0.06 1.95+0.04" 1.94+0.03" 1.95+0.05"
Kidneys weight / Body weight (%) 0.59+0.01 0.51+0.02"" 0.50+0.01""" 0.50+0.01""

All values are expressed as mean £ SEM. Number of rats per group, n = 10. Experimental group abbreviations explained in Fig. 1.,
w - week, statistical difference vs. control group *p < 0.05, *** p < 0.001, statistical difference vs. HFFD group *p < 0.05,
###p < 0.001. Statistical significance was determined by ANOVA, Bonferroni comparison test.

Table 2. Functional parameters of isolated rat hearts measured at the end of stabilization (STAB) and at the end of reperfusion (REP)
followed after ischemia

Parameter C HFFD HFFD-S HFFD-R
Heart rate (HR) STAB 285.45+26.12 279.77+15.42 302.18+27.7 289.44+12.04
(beats/min) REP 254.40+21.49 272.74+12.20 286.08+9.13 250.45422.67
fyeﬁovhe:z ;Z:‘SIZ: . ST4B 9.85+1.41 10.32+1.59 12.53+1.00 10.82+1.43
.65£0. J74+1. . + 1. 67£2.

LVSP) (kPa) REP 11.65+0.31 11.74+1.02 12.6 5+ 1.33 10.67+2.54
End diastolic left
ventricular STAB 0.62+0.30 0.33+0.11 0.52+0.21 1.28+0.27 *
pressure (EDLVP) ~ REP 0.91+0.30 0.38+0.20 0.2240.12 1.1240.67
(kPa)

STAB 168.33+29.33 189.71+33.45 227.56+18.66 216.30+39.43
“AP/dbnes (KPa/s) - ppp 124.15+57.21 217.92420.94 186.85+27.26 160.69+37.54

STAB 249.74+46.69 271.83+47.28 316.96+27.05 267.84+43.93
FdP/dbnex (KPa/S) o pp 178.63+78.94 313.16+30.66 271.99+37.4 237.16+52.02
-dP/dt,,. / STAB 0.68+0.02 0.68+0.03 0.72+0.02 0.77+0.11
+dP/dt,, REP 0.65+0.06 0.72+0.01 0.68+0.02 0.640.04
Zj;)” Product STAB  2603.07+399.26  2947.42+538.78  3821.26+459.65 3214.54+507.63

. REP 2968.86+307.59  3176.444277.93  3614.64+222.88 2512.15+579.64

(kPa x beats/min)
Coronary flow STAB 9.51+1.22 10.22+1.25 12.84+1.78 11.22+0.65
(CF) (ml/min) REP 9.34+0.57 11.16£0.72 14.43+1.89 " 12.00+1.28

All values are means £ SEM. Number of rats per group, n = 10. Experimental group abbreviations explained in Fig. 1, significant
difference in EDLVP at the end of stabilization *p < 0.05 HFFD vs. HFFD-R, in CF at reperfusion *p < 0.05 HFFD-S vs. C, ANOVA,
Bonferroni comparison test.
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The electrical activity of hearts determined at
stabilization, ischemia, and reperfusion is presented in
Table 3. PQ interval was the only one to be significantly
affected (shortened) by HFFD in untreated as well as in
treated rats at the end of ischemia in comparison to the
C group. The PQ interval was found to be longer at the
end of reperfusion only in the HFFD-R group in
comparison to the C group. The QRS complex was
significantly shortened at the end of stabilization in the

HFFD-S group in comparison to HFFD fed rats. The
HFFD-S group expressed prolonged duration of the
QT interval at the end of stabilization in comparison to
the C group, while markedly shortened duration of the
QT interval was observed in the HFFD-R group in
comparison to the C group at the end of ischemia.
QTc interval duration was longer in both treatments in
comparison to the C group, but only mildly prolonged in
the HFFD untreated group at the end of stabilization.

8000
15 min stabilization 20-min izchemia 20-min reperfusion
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Fig. 2. The heart product (A) and coronary flow (B) course during the whole experiment on rat isolated and perfused hearts exposed
to ischemia/reperfusion. The values are means+SEM. A number of rats per group, n = 10. Experimental group abbreviations are
explained in Fig. 1. (A) Significant difference at 2" and 15" min of reperfusion *p < 0.05 HFFD-R vs. HFFD, Sp < 0.05 HFFD-R vs,
HFFD-S. (B) Significant difference at 5%, 15" and 20™ min of reperfusion “p < 0.05 vs. C vs. HFFD-S, ANOVA, Bonferroni comparison

test.
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Table 3. Rat heart electrical activity determined at stabilization, ischemia, and reperfusion

Parameter (ms) C HFFD HFFD-S HFFD-R
PQ STAB 45.87+4.06 50.63+2.43 45.3242.69 45.48+4.29
ISCH 671.62+146.28 376.14+102.16 ©  259.68+21.01 346.86+33.35 "
REP 43.2+1.56 49.89+2.52 49.8842.97 54.00£6.12
ORS STAB 17.31+1.48 19.98+3.91 13.56+1.07 # 15.58+1.06
ISCH 35.43+3.35 42.29+7.55 34.43+5.35 31.14+5.36
REP 13.61+1.21 13.2241.02 12.00+1.35 13.43+2.91
RR STAB 231.09+18.03 217.73+10.73 218.7249.41 208.23+7.21
ISCH 5531.25£1597.16  2805.53+483.52  3224.00+1026.03  3523.14+1435.07
REP 273.63+41.08 223.22+11.78 231.88+13.43 238.14+11.57
oT STAB 65.86+7.17 71.03+6.12 79.54+2.44 " 75.67+2.71
ISCH 163.61+13.91 139.03+21.9 121.7146.25 110.04+8.23
REP 61.02+3.89 53.02+3.91 57.63+£2.58 57.17+4.91
OTc STAB 53.27+5.33 60.47+4.37 66.53+2.26 " 64.74+2.75 "
ISCH 26.55+2.03 31.34+12.32 32.74+5.12 31.05+2.22
REP 46.76+4.42 43.843.32 46.58+2.13 45.44+4 38

The values are means = SEM. Number of rats per group n = 10. Experimental group abbreviations explained in Fig. 1, significant
differences vs. C are marked *, significant differences vs. HFFD are marked #, for end of stabilization (STAB): QRS #p < 0.05 HFFD vs.

HFFD-S, QT *p < 0.05 C vs. HFFD-S, QTc “p < 0.05 C vs. HFFD-S, HFFD-R, for end of ischemia (ISCH): PQ “p < 0.05 C vs. HFFD,
*p < 0.005 C vs. HFFD-S, HFFD-R, for end of reperfusion (REP): PQ “p < 0.05 C vs. HFFD-R, ANOVA, Bonferroni comparison test.

NOS3
A
200-
Rk #
* R
180 T
3 |—|
; 160
[a]
140 1
120 . . . .
c HFFD HFFD-S HFFD-R

NF-kB
B
125+
* *kk

1154
g E—
3

105

95 _|_ T T T

c HFFD HFFD-S HFFD-R

Fig. 3. Immunohistochemical positivity of NOS3 (A) NF-kB (B) in the left heart ventricle. Effect of the treatment with the compound
SMelEC2 and rutin. The values represent 25th to 75th percentile, the whiskers min to max values. A number of rats per group, n = 10.
DAB RSI - diaminobenzidine reciprocal staining intensity. Experimental group abbreviations are explained in Fig. 1. Significant difference
at (A) ***p < 0.001 for C vs. HFFD, *p < 0.05 for C vs. HFFD-S, **p < 0.01 for HFFD-R vs. HFFD, at (B) *p < 0.05 for C vs. HFFD,

*** p<0.001 for C vs. HFFD-S. Kruskal-Wallis test with Dunn multiple comparison test.

Duration of VT did not differ among the positive
control HFFD group (78.18+£22.29 s) and treated groups
(HFFD-S 58.84+32.86 s, HFFD-R 59.66+17.52
Duration of VF was most pronounced in the HFFD-R
group (514.33£163.44 s) in comparison to the HFFD
group (140.12+77.18 s). The compound SMelEC2

s).

significantly

lowered the

rhythm restoration.

sensitivity of hearts
ventricular arrhythmia induction by electrical stimulation
(30.00+£5.01 mA) in comparison to the untreated HFFD
group (19.00+1.80 mA). No differences among the
groups were observed in the time needed for normal sinus
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Fig. 4. of NOS3 and NF-kB

Representative
immunoreactivity in the left heart ventricle tissue. NOS3 in
a) C group, b) HFFD, c) HFFD-S, d) HFFD-R, NF-kB in
e) C group, f) HFFD, g) HFFD-S, h) HFFD-R. Experimental group
abbreviations are explained in Fig. 1. Scale bar: 100 pm.

images

The left ventricle tissue showed moderate
cytoplasmic NOS3 and weak NF-«kB positivity in the
C group. Significant decreased NOS3 positivity was
observed in rats fed with HFFD without treatment
compared to the C group (Fig. 3A, Fig. 4). The
compound SMelEC2 improved NOS3 positivity, and in
HFFD-R group it did not differ from rats fed a normal
diet. Compared to the controls, increased intensity of
NF-kB positivity was found in untreated rats fed HFFD
(Fig. 3B, Fig. 4). Treatment with SMelEC2 resulted in
a further increase in the intensity of NF-kB positivity.
The HFFD-R group did not differ from the untreated
group under HFFD.

Discussion

Feeding hypertriacylglycerolemic rats a high-fat-
fructose diet deepens the pathological status of animals
(Kaprinay et al. 2017, Michalikova et al. 2019, Liptak
et al. 2019) and allows the study of the pharmacological
possibilities of the individual pathological sign influence.

As OS plays an important role in MetS (Roberts and
Sindhu 2009), natural flavonoid rutin and synthetic
antioxidant SMelEC2 were used as potential drugs in the
treatment of MetS.

Here, several biometric parameters were affected
by HFFD with the impact on liver and kidney weight
especially. The increased energy intake induced
significant enhancement of the body weight gain and the
liver weight /body weight ratio of HTG compared to
Wistar rats. We expected that rutin would reduce these
parameters because polyphenols generally have a body
weight-reducing effect (Boccellino and D"Andelo 2020).
In our experiments, however, rutin rather increased the
body weight of rats. Similarly, Peng and co-workers
(2020) found that rutin had little effect on attenuating
obesity, in contrast with its very effective metabolite
quercetin. We suppose that the inconsistent effects of
rutin result from a different experimental designs used as
the rodent species and strain, the composition of dietary
fat, the duration of treatment, etc. Among others, the
pharmacokinetics of drugs can be changed in HTG rats
thereby influencing their effect, these questions need to
be studied further. In our experiments, neither the
compound SMelEC2 (10 mg/kg) depressed the body
Treatment

triacylglycerolemia and high-fat-fructose diet in our

weight gain. in combination with the
animal model may affect the rate of metabolism, water
retention, efc. which could cause an increase in weight
gain, these questions need to be elucidated and studied
further. We suppose that the dose may be also a reason
for different body weight reducing effects.

One of the key components of MetS is ED which
decreased NO
bioavailability. There are multiple mechanisms for ED

is induced predominantly by
when impaired NO availability includes a reduction in
NOS3 mRNA or protein expression levels. The function
of NOS3 can be affected by altered metabolism due to the
MetS (Huang 2009). Decreased NOS3 expression and
increased endothelin-1 mRNA expression were reported
in the abdominal aorta of rats on a high-fructose diet
(Yoo et al. 2017). Indeed, we also observed a large
decrease in NOS3 expression in the left ventricle tissue of
HTG rats under HFFD.

Both drugs tested significantly upregulated
NOS3 expression in the left ventricle tissue. This is under
data where rutin promoted NO production in vitro in
endothelial cells of the human umbilical vein by inducing
NOS3 gene expression, NOS3 protein synthesis, and
NOS3 activity (Ugusman et al. 2014). NO itself protects
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the heart against I/R injury, however, in the right
ventricle, Boehm and co-authors (2019) demonstrated
a profibrotic role for NOS2 induction in the pressure-
overload right ventricle and link NOS2-derived excessive
NO with right
promotion of collagen deposition from cardiac fibroblast

ventricle fibrotic remodeling and
in mice. It was reported that rutin improved endothelium
function through restoring impaired NO generation and
ameliorated endothelium contraction/relaxation response
in thoracic aorta of rats with a high-glucose diet (Wang
et al. 2017). Improvement of endothelial function in
experimental models of civilization diseases was
observed also by the compound SMelEC2 previously
(Sotnikova et al. 2011, Knezl ef al. 2017) which is related
to increased NOS3 expression presented here.

Endothelial cells in the heart, present at the
endocardium and in the myocardial capillaries, where
endothelial with

cardiomyocytes, play an important role in regulating and

cells directly interact adjacent
maintaining cardiac function (Brutsaert 2003). Besides
ED, the release of ROS, activation of mitochondrial
apoptosis and necrosis, together with chronic low-grade
inflammation are the factors contributing to myocardial
I/R (Hausenloy and Yellon 2011). These factors are
common in the pathology of MetS as well. Present work
determined cardiac function in ex vivo induced
myocardial I/R injury in MetS rats. Here, the heart
functions before ischemia and at the end of reperfusion in
rats fed HFFD showed a trend towards increased strength
of ventricle contractibility due to the pyridoindole
SMelEC2 (10 mg/kg/5 weeks). However, in the previous
study on 8 weeks lasting HFFD, a significant increase in
LVSP baseline values was observed by the dose of
25 mg/kg during 3 weeks treatment (Liptak et al. 2019).
It seems that the effect of SMelEC2 depends not only on
the dose but also on the length of the diet vs. the length of
treatment. During ischemia and inflammation, various
endothelium-mediated mediators can cause leukocyte
adhesion to the endothelial wall, thereby immobilizing
and stimulating neutrophil degranulation. As a result,
oxidants and inflammatory mediators are released,
leading to tissue damage. Thus it is not surprising that
several natural polyphenols have been documented to
exert beneficial effects in CVD, including cardiac I/R
injury (Ferenczyova et al., 2020). Rutin was reported to
have a positive effect on the function of the diabetic
myocardium (Guimaraes et al. 2015) and to protect the
myocardium from the I/R injury by restoring LVSP,

improve the rate of contraction and relaxation, and reduce

LVEDP (Bhandary et al. 2012). However, here, whereas
rutin increased EDLVP it did not affect LVSP.

NF-«B is found to be chronically active in many
inflammatory diseases including also MetS. Elevation of
some NF-kB activators, such as osteoprotegerin, is
associated with increased mortality, especially from CVD
(Venuraju et al. 2010). Production of NO and NF-kB
activity interact with each other in endothelial cells.
Activation of NF-kB reduces NOS3 expression, resulting
in decreased NO production and a subsequent increase in
NF-«B activity and OS (Hasegawa et al. 2012). Increased
NF-kB expression was reported under pro-inflammatory
conditions, such as hyperglycemia (Nishikawa et al.
2000), atherosclerosis (Burcier et al. 1997), and MetS
(Itani et al. 2002). It is under our results where HFFD
enhanced expression of NF-kB. As OS is positively
correlated with the activation of the NF-kB signaling
pathway (Liu et al. 2016), the reduction of oxidative
stress can lead to the inhibition of NF-kB upregulation.
On the other hand, NF-kB has divergent functions and
can contribute to pathogenesis or protect cardiovascular
tissues from injury depending on the cellular and
physiological condition (Van der Heiden et al., 2010).
Inhibition of NF-kB activity significantly improved heart
failure through remodeling the left ventricle, suppressing
the expression of the pro-inflammatory cytokines in the
infarcted myocardium and contributing to the reduction
of fibrosis (Onai et al., 2007). In our results, NF-xB
expression was increased due to the compound SMelEC2
administration and rutin treated group did not differ from
the untreated group under HFFD.

In the present work, despite upregulation of
NOS3 expression in rutin treated group, the heart
function was not significantly affected, and HP showed
decreased performance of the isolated perfused heart
during reperfusion. A similar observation was reported
when a derivative of rutin, quercetin, was inefficient in
preventing myocardial I/R injury and worsened vessel
relaxation in 1-year-old obese Zucker diabetic fatty rats
2020). HP slight
improvement in the HFFD-S group at reperfusion and

(Ferenczyova et al. showed a
also CF was significantly increased at the beginning of
reperfusion. This suggests a better supply of the
myocardium and it is an important result suggesting
a mechanism of cardiac protection in reperfusion. The
13-week HFFD followed by a 5-week normal diet did not
affect the speed of contraction and relaxation, and the
impact of change to a normal diet is considered. The
important finding is that the compound SMelEC2
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increased the threshold for VF induction during electrical
stimulation. This is following studies confirming its
cardioprotective action by reduction of arrhythmia
occurrence (Liptak et al. 2019) and a blood pressure
decrease of HTG rats under MetS-like condition (Bezek
etal 2017).

Many of the rutin protective effects correlate
with its anti-oxidative and anti-inflammatory properties.
Quercetin, a derivate of rutin, inhibited xanthine oxidase
activity, leading to reduced oxidative damage (Shoskes
1998). Supplementation of 8 weeks by quercetin induced
a structural and functional remodeling of resistance
coronary artery segments, increased dilatory reserve and
augmented NO-mediated endothelial dilation, as well as
lowered elastic stress of the rat vessel wall (Monori-Kiss
et al., 2017). Administration of the purified flavonoid
fraction has been reported to reduce the number of
immobilized leukocytes during reperfusion, which may
be related to a protective mechanism against
inflammatory conditions associated with reperfusion
injury (Friesenecker et al. 1994). Another mechanism of
endothelium protection is the flavonoid inhibitory effect
on LDL oxidation in vitro, thus flavonoids may have
a preventive effect against atherosclerosis (Kerry and
Abbey 1997).

Administration of HFFD induced a change of the
heart electrical activity, which resulted in unexpectedly
accelerated signal transmission (PQ interval) and also in
both treatments in ischemia, while QT interval was
shortened in the HFFD-R group in ischemia, suggesting
cardioprotective action. The baseline value of the QTc
interval was prolonged in both treatments in comparison
to the C group. Prolonged QTc can be put in correlation
to the duration of VF, known as a risk factor for starting
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