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Abstract

Background Post-myocardial infarction (Ml) remodeling involves various structural and functional changes, such as
inflammation and fibrosis. Upregulation of G protein-coupled receptor kinase 2 (GRK2) is linked to the progression of
cardiovascular diseases, including myocardial infarction. The inhibitory effects of paroxetine on GRK2 are recognized,
yet its protective effect on post-Ml remodeling has not been elucidated. Here, we investigated the cardioprotective
effect of paroxetine in an animal model of MI, focusing on post-MI cardiac remodeling and comparing its effect to a
B-blocker and an angiotensin receptor antagonist.

Methods Albino Wistar rats were divided into five groups (control; untreated MI; and MI pre-treated with either
paroxetine, metoprolol, or irbesartan). Ml was induced using isoproterenol (100 mg.kg™") on days 16 and 17.
Cardioprotective effects were determined by assessing markers of cardiac injury, histopathology, inflammation,
oxidative stress, and fibrosis. Statistical analysis performed using a one-way analysis of variance, followed by an
appropriate post hoc test, the differences between the groups were considered significant when the (P<0.05).

Results Paroxetine significantly attenuated cardiac injury biomarkers including serum Tn-l and CK-MB levels. In
terms of cardiac remodeling, paroxetine significantly reduced the relative HW/BW index and the plasms FGF23 level.
Furthermore, it modulated markers of fibrosis, inflammation, and oxidative stress.

Conclusion The current findings suggest that pre-treatment with paroxetine may exert a beneficial effect that
protects against post-MI remodeling, including modulating fibrotic, inflammatory, and angiogenesis-related factors.
Therefore, the current findings show the promising role of paroxetine as a cardioprotective that attenuates post-MI
remodeling processes.
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Introduction

Cardiovascular diseases (CVDs) are a major global health
concern, accounting for 17.8 million annual deaths [1].
Over half of CVD-related deaths are attributable to isch-
emic heart diseases such as myocardial infarction (MI)
[2]. The burden of the mortality and morbidity of CVDs
significantly impacts healthcare systems and patients’
quality of life [3]. MI is defined as irreversible cardio-
myocyte damage or loss of myocardial tissue resulting
from acute obstruction of a coronary artery, resulting in
a severe reduction in coronary artery blood flow to the
cardiomyocytes [4]. MI can be diagnosed based on elec-
trocardiography (ECG) and the presence of circulating
cardiac injury biomarkers such as creatine kinase, cardiac
troponins, and lactate dehydrogenase (LDH). These bio-
markers serve as supportive evidence for the diagnosis of
MI [5]. Following MI, the myocardium undergoes a com-
plex process of structural and functional alterations con-
sisting of three main phases—the inflammatory phase,
proliferative/reparative phase, and maturation phase—
collectively defined as cardiac remodeling [6].

The inflammatory phase is accompanied by the activa-
tion of chemokine and cytokine cascades such as TNF-a,
IL-1, IL-6, and IL-18, which leads to local infiltration of
leukocytes such as macrophages, monocytes, and neu-
trophils into the infarct area. The proliferative/reparative
phase comes next. It is characterized by producing profi-
brotic and inflammatory cytokines, including TGF-f and
IL-10, that promote tissue repair and decrease inflamma-
tion [6, 7]. After the inflammatory phase, the prolifera-
tive/reparative phase begins. Myofibroblasts and vascular
cells are primarily recruited and activated, while proin-
flammatory mediators are inhibited by the production
of cytokines and growth factors [8]. Vascular endothe-
lial growth factor (VEGEF), a growth factor with signifi-
cant pro-angiogenic activity, is upregulated during the
proliferative/reparative phase post-MI. It promotes the
formation of new blood vessels to supply the infarcted
cardiomyocytes with oxygenated blood, compensat-
ing for the hypoxia [9]. The final phase is the matura-
tion phase, where the scar formed in the infarcted area
matures and becomes more stable by producing extracel-
lular matrix proteins such as collagen, resulting in fibro-
sis [8]. Although early cardiac remodeling can initially
restore heart function by maintaining blood flow, excess
or prolonged remodeling might have detrimental conse-
quences, such as ventricular dilation, ventricular hyper-
trophy, and heart failure [10].

Recent studies reported that CVDs have been associ-
ated with changes in the expression and activity of mole-
cules that regulate G protein-coupled receptors (GPCRs),
particularly G protein-coupled receptor kinase 2 (GRK2)
[11]. G protein-coupled receptor kinase 2 (GRK2) is a
serine/threonine kinase that plays a key role in regulating
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the function of GPCRs, including p-adrenergic recep-
tors (B-ARs), that regulate various cellular and physi-
ological responses, such as cardiac contractility, growth,
and metabolism [12, 13]. GRK2 was previously shown to
be a key regulator involved in intracellular B-AR signal-
ing. Furthermore, GRK2 was determined to be the main
kinase involved in cardiac B-AR dysregulation. GRK2
upregulation decreases B-AR responsiveness via chronic
receptor desensitization and downregulation. It is ini-
tially triggered by SNS overstimulation, which causes
diminished sensitivity and reduces the number of func-
tional receptors, contributing to impaired p-adrenergic
signaling and potential cardiac dysfunction [14, 15].
Recent evidence showed that GRK2 is upregulated in
cardiovascular diseases such as heart failure, cardiac
hypertrophy, and hypertension, which have been linked
to elevated GRK2 expression and activity through sev-
eral processes that are connected to its multifunctional
activities. Therefore, GRK2 could be explored as a poten-
tial target for various cardiovascular diseases, including
myocardial infarction, heart failure, and hypertension
[16, 17].

Paroxetine belongs to a class of medications called
selective serotonin reuptake inhibitors (SSRIs), which are
used clinically in the treatment of depression and anxiety
disorders [18]. Recent evidence showed that paroxetine
exerts an inhibitory effect on GRK?2, as it enhanced -AR-
dependent cardiomyocyte responses in both in vitro and
in vivo studies [19, 20]. In 2015, Schumacher S. M et al.
investigated the effect of paroxetine in a post-MI mouse
model. They showed that paroxetine can significantly
improve left ventricular structure and function and can
diminish adrenergic overstimulation [21]. The published
reports suggest that paroxetine might have a cardiopro-
tective effect [22—-24]. However, its protective effect on
MlI-induced cardiac remodeling has not been elucidated.

Multiple pharmaceutical approaches have been shown
to be effective in reducing MI outcomes, such as target-
ing the B-adrenergic system. In clinical settings, a two-
year follow-up study in Korean MI patients showed that
B-blockers reduce risks by almost 40% [25]. Another
strategy targets the angiotensin II type 1 (AT-1) recep-
tor [26]. In spite of pharmacological advances, the rate of
mortality associated with MI outcomes is elevated. The
need to understand the MlI-related pathophysiological
mechanisms and find an optimal therapeutic interven-
tion is unmet [27]. Here, we aimed to investigate the car-
dioprotective effect of paroxetine, as a GRK2 inhibitor, on
the progression of MI-associated remodeling, including
inflammation, angiogenesis, oxidative stress, and fibrosis.
Furthermore, this study compared its effects to those of a
B-blocker and an AT1 receptor antagonist.
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Materials and methods

Animals

Forty adult male albino Wistar rats were carefully
obtained from The Animal Care Centre at the College
of Pharmacy of King Saud University (KSU) in Riyadh,
Saudi Arabia. These rats were maintained in controlled
conditions with a temperature of 25+1 °C, a 12-hour
light/dark cycle, and a humidity level of 60%. To ensure
their well-being, they had access to tap water and con-
sumed food ad libitum. This research followed the ethi-
cal guidelines set by the KSU Experimental Animals
Ethics Committee, guaranteeing that the rats received
ethical treatment throughout the study (Reference: KSU-
SE-23-41 (16th May 2023)).

Induction of experimental myocardial infarction

After allowing the rats to acclimate to their environ-
ment for one week, they were divided into five groups
(eight rats each) (Fig. 1). Experimental myocardial infarc-
tions were induced in the rats using Isoproterenol (ISO)
according to a previously published protocol [28]. ISO
was dissolved in normal saline and injected into the rats
(100 mg/kg) intraperitoneally (i.p.) on two consecutive
days (days 16 and 17) at an interval of 24 h. The control
animals received normal saline (0.9% NaCl), while the
other rats were pre-treated as follows:

Group 1 (C): the normal control rats received normal
saline throughout the experiment.
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Group 2 (MI): These rats received normal saline for
two weeks and then received ISO (100 mg/kg i.p.)
[29] on two consecutive days (days 16 and 17).

Group 3 (P + MI): these rats were pre-treated with
paroxetine (5 mg/kg/day) [30] for two weeks,
and then received ISO (100 mg/kg i.p.) on two
consecutive days (days 16 and 17).

Group 4 (M + MI): these rats were pre-treated with
metoprolol (10 mg/kg/day) [31] for two weeks,
and then received ISO (100 mg/kg i.p.) on two
consecutive days (days 16 and 17).

Group 5 (R + MI): these rats were pre-treated with
irbesartan (50 mg/kg/day) [32] for two weeks,
and then received ISO (100 mg/kg i.p.) on two
consecutive days (days 16 and 17).

On day 20, at the end of the experiment, after overnight
fasting, all rats were weighed and euthanized using car-
bon dioxide gas, and we verified their death by the
absence of reflexes. Trunk blood samples were collected
for biochemical analysis. The heart tissue was excised,
weighed to obtain the heart weight to body weight ratio,
quickly frozen in liquid nitrogen, and stored at -80 °C for
the required analysis.

Evaluating heart weight/body weight ratio (HW/BW)

The HW/BW ratio was assessed as an index of the devel-
opment of cardiac structural remodeling. Once the heart
tissues were isolated, they were washed with normal
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Fig. 1 Schematic of the experimental design
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saline and weighed. The HW/BW ratio was then deter-
mined by dividing the heart weight (mg) by the final body
weight (g) [33].

Examination of myocardial infarction biomarkers

To confirm MI induction, cardiac injury biomarkers were
evaluated. The serum levels of cardiac injury biomarkers,
including troponin 1 (Tn-I), creatine kinase myocardial
band (CK-MB), and lactate dehydrogenase (LDH), were
investigated using either an enzyme-linked immunosor-
bent assay (ELISA) or a colorimetric method according to
the manufacturer’s instructions. Briefly, serum Tn-I and
CK-MB levels were examined using specific rat ELISA
kits (Solarbio Life Sciences, Tongzhou District, Beijing,
China) according to the manufacturer’s instructions. The
standard curve detected the cTnl and CK-MB concen-
trations in an unknown sample. Absorbance outcomes
were read using a BioTek Microplate Reader (BioTek
Instruments, Winooski, VT, USA) at a specified wave-
length (A=450 nm). The total levels of ¢cTn-I (pg/ml) and
CK-MB (ng/mL) were determined via linear regression
analysis and compared with the known concentrations of
standards. Furthermore, LDH was evaluated as a marker
of ischemia. The serum LDH level was measured using
a spectrophotometer activity assay kit (RANDOX Labo-
ratories Ltd, Largy Rd, Gorthnagallon, Crumlin, UK).
Briefly, serum samples from different rats in each group
were used for the detection of LDH and to generate a
standard curve according to the manufacturer’s instruc-
tions. LDH was quantitatively determined in serum using
a lactate-to-pyruvate kinetic method. The rate of NADH
formation was indicated by an increase in absorbance at
A=340 nm and was directly proportional to the serum
LDH activity.

Histopathological examination of the heart for cardiac
remodeling

Cardiac samples were excised and fixed in 10% neutral
buffered formalin (4% formaldehyde solution) for 24 h.
Afterward, they underwent standard overnight process-
ing, including dehydration, clearing, and infiltration,
and were then embedded in paraffin. Thin Sect. (25 um)
were prepared from the samples and stained with
hematoxylin and eosin (H&E) to investigate the mor-
phological structure of the myocardium. Additionally,
we utilized Masson’s trichrome stain to identify heart
fibrosis and the deposition of extracellular collagen. A
Periodic Acid—-Schiff stain (PAS) was also used to fur-
ther investigate the changes in the heart sections. The
sections from each group were examined under a light
microscope (Olympus 51 microscope, Shinjuku, Tokyo,
Japan) at 10X magnification (25 um) by a certified surgi-
cal pathologist.
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Evaluating plasma FGF23 as a marker of ventricular
remodeling

The plasma levels of FGF23 were investigated using
ELISA kits (Solarbio Life Sciences, Tongzhou District,
Beijing, China) according to the manufacturer’s instruc-
tions. Briefly, plasma samples from at least six rats per
group were investigated. The standard curve was used
to detect the FGF23 concentration in an unknown sam-
ple, and the absorbance results were read using a BioTek
Microplate Reader (BioTek Instruments, Winooski, VT,
USA) at a specified wavelength (A=450 nm). The total
plasma level of FGF23 (pg/ml) was determined via linear
regression analysis and compared with the known con-
centrations of standards.

Evaluating hydroxyproline (HYP), TGF-B1, VEGF, and TNF-a
in cardiac tissue

HYP is one of the main components of collagen. Thus,
its content is an important index that reflects the degree
of fibrosis and collagen accumulation in tissue [34]. An
HYP activity assay kit (Solarbio Life Sciences, Tongzhou
District, Beijing, China) was used to determine the HYP
levels in the heart tissues according to the manufactur-
er’s instructions. Briefly, equal amounts (about 0.25 g) of
cardiac ventricle tissue were homogenized from different
rats (n=6) in each group. The samples were hydrolyzed
to produce free HYP, which was further oxidized by chlo-
ramine T. The oxidized product reacted with p-Dimeth-
ylaminobenzaldehyde to produce a red compound with a
characteristic absorption peak at A=560 nm. The colori-
metric results were measured using a BioTek Microplate
Reader. The total levels of HYP (pg/g) were determined
via linear regression analysis and compared with the
known concentrations of standards. On the other hand,
the protein levels of TGF-f1, VEGF, and TNF-a were
determined using ELISA Kkits (Solarbio life sciences,
Tongzhou District, Beijing, China) according to the man-
ufacturer’s instructions. Heart tissue homogenates were
used to examine the target proteins, and the absorbance
was read for each target at a specified wavelength using a
BioTek Microplate Reader.

Characterization of the activity of oxidative stress
biomarkers

Glutathione Reductase (GSH) testing was performed
according to a method previously reported by Moron
et al. [35], with sight modification. Briefly, a heart tis-
sue homogenate was mixed with 25% trichloroace-
tic acid and centrifuged for 10 min at 3000 rpm. Then,
the supernatant was treated with Ellman’s reagent. The
resulting yellow product indicated the amount of GSH
in the sample, as calculated using a spectrophotometer
at 412 nm as units per mg of protein in the heart tissue.
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Spectrophotometric measurements of SOD activity were
carried out at 430 nm to ensure its creation. In addi-
tion, SOD activity was measured according to Delides
et al. [36] to define the inhibition of this reaction using
a nitro blue tetrazolium method. In this analysis, a single
unit of SOD referred to the quantity of enzyme required
to neutralize half of the superoxide radicals through dis-
mutation, which was expressed as U.mg™! protein in the
heart tissue. Lipid peroxidation (LPO) was quantified
using the thiobarbituric acid (TBA)-reactive substances
(TBARSS) assay described by Ohkawa et al. [37]. Treated
heart tissue was centrifuged at 3,000 rpm for 10 min and
sonicated to make a uniform solution. After centrifuga-
tion, the supernatant was collected, and about 500 pL
was reacted with 1 mL of TBA and 2.5 ml of 20% trichlo-
roacetic acid. This solution was incubated at 100 °C for
15 min in a water bath. It was then cooled and centri-
fuged for 2 min at 13,000xg. The resulting solution was
separated, and the absorbance of the fluorescent adduct
was recorded at 535 nm. The TBARSs were represented
as minimum detectable activity (MDA) equivalents (units
per mg of protein).

Immunoblotting

Heart ventricular tissue samples lysate was prepared
according to the previously published protocol using
RIPA buffer and protease inhibitors. Then, lysate sam-
ples (equal amount) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
at 120 V for 120 min. Then, transferred onto the PVDF
membrane. After that, nonspecific binding sites were
blocked by non-fat dry milk (5%) for one hour at room
temperature. Blots were then incubated over night at 4'C
with a primary antibody: anti-iNOS (1:1000), anti-GRK2
(1:1000), anti-B-actin (1:3000) and anti-GAPDH (1:3000)
as a loading control. Next, the blots were incubated with
secondary antibodies IRDye® 680RD Goat anti-Mouse
IgG Secondary Antibody and IRDye® 800CW Goat anti-
Rabbit IgG (1:15000). Band near-infrared fluorescent
signals were visualized using the Odyssey® CLx Imaging
System. Densitometrical analyses were performed for the
detected protein bands using Image J (1.51) software.

Statistical analysis

Data were expressed as means*SEM. To determine the
differences between the groups, statistical analysis using
a one-way analysis of variance (ANOVA), followed by
Dunnett’s post hoc test, was applied using GraphPad
Prism 9. The differences between the groups were con-
sidered significant when the P-values were less than 0.05
(P<0.05).
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Results

Paroxetine reduced I1SO-induced cardiac injury,
remodeling, and morphology

To interpret the effect of paroxetine in cardiac remod-
eling, the HW/BW ratio and cardiac injury biomark-
ers were evaluated. As expected, the HW/BW ratio was
significantly enhanced in the infarcted hearts (Fig. 2A).
Pre-treatment with paroxetine decreased the HW/BW
ratio compared to the untreated group (5.4311+0.2103
vs. 4.461+0.3056 mg/g, P<0.01). Cardiac injury bio-
markers such as Troponin I, CK-MB, and LDH were also
evaluated (Fig. 2). The cardiac serum LDH level showed
a non-significant increase in the untreated infarction
group, and pre-treatment with paroxetine reduced this
level compared to the untreated group (Fig. 2B). Serum
Troponin I was significantly increased in the infarcted
hearts (P<0.0001), and pre-treatment with paroxetine
decreased Troponin I compared to the untreated group
(7.265£0.2685 vs. 4.052%£0.1915 pg/ml, P<0.0001)
(Fig. 2C). Similarly, serum CK-MB was significantly
enhanced in the infarcted hearts (P<0.0001), and pre-
treatment with paroxetine decreased CK-MB compared
to the untreated infarction group (5.248%0.7906 vs.
2.485+0.03560 ng/ml, P<0.0001) (Fig. 2D). The effects of
paroxetine on ISO-induced plasma FGF23 were also eval-
uated as markers of ventricular remodeling. As shown in
Fig. 2F, the plasma level of FGF23 showed a non-signifi-
cant increase in the infarcted hearts. Pre-treatment with
paroxetine significantly decreased the FGF23 levels com-
pared to the untreated infarction group (626.2+79.32
vs. 310.3+44.43 pg/ml, P<0.05) (Fig. 2E). The series of
histological images presented in Fig. 2F demonstrates
the diverse pathological changes observed in the rat
cardiac muscle tissues across the different experimen-
tal groups. Following H&E staining, the normal control
group illustrated a baseline healthy cardiac muscle archi-
tecture devoid of any significant pathological features. In
contrast, the MI group showcased a compromised mus-
cular structure with prominent infiltration by inflamma-
tory cells, predominantly histiocytes and lymphocytes,
coupled with noteworthy interstitial fibrosis. Interest-
ingly, the P+MI and R+MI treatment groups exhibited
reduced fibrosis and inflammatory cell presence, respec-
tively. On the other hand, the M+MI treatment group
demonstrated a varied pattern of small, localized areas
of inflammatory infiltration and mild fibrosis, as further
highlighted by the trichrome stains in Fig. 4C.

Effect of paroxetine GRK2 protein level

The level of GRK2 protein expression was noticeably ele-
vated in myocardium tissues of MI-untreated group. As
shown in Fig. 3, pre-treatment with paroxetine resulted
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(See figure on previous page.)

Fig. 2 Effects of paroxetine on markers of Ml-induced cardiac injury. HW/BW ratio (A) as an indicator of cardiac hypertrophy. Serum levels of the cardiac
injury biomarkers LDH (B), Tn-I (C), and CK-MB (D). Serum level of FGF23 as an indicator of cardiac remodeling (E). F H&E staining for cardiac muscle fas-
cicles and fibers in the normal control group shows no inflammatory cell infiltration. The untreated (M) group shows inflammatory cell infiltration, mainly
histiocytes, with a few lymphocytes (black arrow) (20X power field). All data are expressed as means + SEM. Differences between groups were determined
using a one-way ANOVA followed by Dunnett’s post hoc test. The total number of biological and technical replicates is 6 per group. Statistically significant
changes compared to the untreated Ml rats are indicated with * (P<0.05), ** (P<0.01), *** (P<0.001). Abbreviations C control, MI untreated myocardial
infarction, P+ MI myocardial infarction pre-treated with paroxetine, M + Ml myocardial infarction pre-treated with metoprolol, R + MI myocardial infarction

pre-treated with irbesartan

in a significant decrease in the GRK2 levels (P<0.05).
Similarly, pre-treatment with metoprolol decreased the
GRK2 levels significantly (P<0.001) compared to the
untreated infarction group.

Effect of paroxetine on 1SO-induced cardiac fibrosis
HYP was significantly enhanced in the infarcted
hearts (P<0.0001), and pre-treatment with paroxetine
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Fig. 3 Effect of paroxetine on GRK2 expression. Upper panel show a rep-
resentative immunoblot of the GRK2 protein levels in the tissue homog-
enates of the left ventricle. Lower panel show the quantitative results of
the immunoblot analysis. The GRK2 protein expression was normalized to
B-actin and the band densities were quantified using ImageJ software. All
data are expressed as means+SEM (n=4). Differences between groups
were determined using a one-way ANOVA followed by Dunnett's post hoc
test. Statistically significant changes compared to the untreated MI rats
are indicated with * (P<0.05), or *** (P<0.001). Abbreviations C control, Ml
untreated myocardial infarction, P+ M/ myocardial infarction pre-treated
with paroxetine, M + Ml myocardial infarction pre-treated with metoprolol,
R+ Ml myocardial infarction pre-treated with irbesartan

decreased HYP compared to the untreated infarction
group (4.857%0.2142 vs. 3.858+0.1971 mcg/g, P<0.01)
(Fig. 4A). Similarly, TGF-P1 was significantly increased in
the infarcted hearts (P<0.0001) and was decreased signif-
icantly by the paroxetine pre-treatment (104.71+14.9 vs.
205.2%13.9 pg/ml, P<0.001) compared to the untreated
infarction group (Fig. 4B). Additionally, Fig. 4C further
corroborates these observations with trichrome staining
(MT), vividly illustrating the extent of fibrosis through
differential staining patterns.

Effect of paroxetine on ISO-induced inflammation

Tissue TNF-a levels and serum CRP were evaluated
as indicators of inflammation. TNF-a was significantly
increased in the infarcted hearts (P<0.0001). Pre-
treatment with paroxetine significantly reduced the
TNF-a levels compared to the untreated infarction
group (503.4+96.48 vs. 123.3+31.16 pg/ml, P<0.0001)
(Fig. 5A). Similarly, CRP was significantly enhanced in
the MI group (P<0.0001). Pre-treatment with paroxetine
significantly reduced the TNF-a levels compared to the
untreated infarction group (45.71+£6.01 vs. 107.9£10.65
pg/ml, P<0.001) (Fig. 5B). Additionally, Fig. 5C provides
further insights with PAS staining, and PAS-positive
macrophages are identified by black arrows. Notably, in
all examined groups, no necrotic lesions, granulomas,
eosinophilic infiltration, or multinucleated giant cells
were detected, which would have indicated more severe
or distinct chronic inflammatory states.

Effect of paroxetine on VEGF and iNOS expression

As shown in Fig. 6A, the VEGF levels were significantly
enhanced in the infarcted hearts (P<0.0001). Pre-treat-
ment with paroxetine decreased the VEGF levels sig-
nificantly compared to the untreated infarction group
(324.5+£46.92 vs. 115.1£10.44 pg/ml, P<0.0001). Simi-
larly, the iNOS protein levels were upregulated in the
rats with MI. Pre-treatment with paroxetine resulted in
a non-significant decrease in the iNOS levels, while pre-
treatment with metoprolol decreased the iNOS levels
significantly compared to the untreated infarction group
(Fig. 6B).

Effects of paroxetine on oxidative stress biomarkers
Figure 7 shows the effects of paroxetine on the catalase,
GSH, SOD, LPO, and total nitrate in the cardiac tissue.
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Fig. 4 Effects of paroxetine on heart fibrosis. HYP (A) and TGF-31 (B) as indicators of cardiac fibrosis. C Cardiac muscle with Masson’s trichrome staining:
no fibrosis was seen in the normal control group, and moderate fibrosis (highlighted by blue stain) was seen in the Ml group (20X power field). All data
are expressed as means + SEM of 6 animals per group. Differences between groups were determined using a one-way ANOVA followed by Dunnett’s post
hoc test. The total number of biological and technical replicates is 6 per group. Statistically significant changes compared to the untreated Ml rats are
indicated with * (P<0.05), ** (P<0.01), *** (P<0.001). Abbreviations C control, Ml untreated myocardial infarction, P+ M/ myocardial infarction pre-treated
with paroxetine, M+ M/ myocardial infarction pre-treated with metoprolol, R+ M/ myocardial infarction pre-treated with irbesartan

As shown in Fig. 7A-C, antioxidant activity was inhib-
ited significantly, including catalase (P<0.01), GSH
(P<0.01), and SOD (P<0.001), in the MI group com-
pared to the control rats. Pre-treatment with paroxetine
increased antioxidant activity significantly, including
GSH (P<0.01) and SOD (P<0.001), compared to the rats
with untreated MI. Similarly, pre-treatment with either
metoprolol or irbesartan significantly restored the anti-
oxidant activity levels. On the other hand, the LPO levels
and total nitrite (Fig. 7D-E) increased significantly in the
MI group (P<0.001) compared with the control group.
Pre-treatment with paroxetine, metoprolol, or irbesartan

significantly decreased LPO and total nitrite (P<0.001)
compared to the untreated MI group.

Discussion

GRK2 upregulation is linked to the progression of car-
diovascular diseases. Enhanced GRK2 levels could be
involved in post-MI cardiac remodeling [14, 38]. In
the current study, paroxetine inhibited GRK2 activ-
ity, representing a significant advance in cardiovascu-
lar research. Paroxetine is an FDA-approved SSRI and
has been shown to inhibit GRK2 activation in previous
studies [21]. Published reports suggest that paroxetine
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pre-treated with irbesartan

might have a cardioprotective effect. However, its pro-
tective effect on MI-induced cardiac remodeling has
yet to be elucidated. Thus, the current study was con-
ducted to determine the potential protective effect of
paroxetine, as a GRK2 inhibitor, on the progression of
Ml-associated remodeling. Furthermore, its effect was
compared to those of a B-blocker and an AT1 receptor
antagonist. The current findings suggest that pre-treat-
ment with paroxetine may exert a beneficial effect that
protects against post-MI cardiac remodeling, including
modulating fibrosis, inflammation, and angiogenesis-
related factors, similar to the effects of p-blockers and
AT1 receptor antagonists (Table 1). This suggests a pos-
sible role for paroxetine as a cardioprotective treatment
that attenuates the remodeling processes induced by
myocardial infarction.

The current study used ISO to induce MI in an animal
model. This model is commonly used to induce MI in
animals and to investigate post-MI cardiac remodeling
[8]. Various parameters confirmed MI induction. Firstly,
the HW/BW ratio was increased in ISO-treated rats
(MI). Additionally, the histopathological investigation
showed morphological changes and increased serum lev-
els of cTn-I, CK-MB, and LDH, confirming MI induction.
These findings are consistent with those of previous stud-
ies, which found that cardiac injury biomarkers increased
due to ISO-induced MI [39, 40].

Paroxetine was found to decrease the HW/BW ratio,
cardiac troponin, and CK-MB, in agreement with previ-
ous studies showing that paroxetine treatment reduced
heart enlargement (lower HW/BW ratio) and markers
of cardiac injury (troponin and CK-MB levels) due to



Alonazi et al. BMC Pharmacology and Toxicology (2024) 25:99
A)
* ok %k k
3k 3k %k K
ok %k %k %k %k %k %k
400
~ 300+
E
&
E’ 200
Q
=
100
0-
D NS N\
C eSS
T S

B)

Page 10 of 14

s & &
C & FEL
iNOS o ¥4 | 130 kDa
GAPDH |8 g () S 8 55 \Da
1.5 *
=
S
S
%1 1.0 p=—
(SR
=S
&£ 05-
35
4
0.0
NS >
C eSS
AR 2

Fig. 6 Effect of paroxetine on VEGF and iNOS expression. The VEGF (A) and iNOS protein levels (B) (upper panel) and a representative immunoblot of
the iNOS protein levels in the tissue homogenates of the left ventricle (lower panel) show the quantitative results of the immunoblot analysis. The iINOS
protein expression was normalized to GAPDH, and the band densities were quantified using ImageJ software. The relative quantities are expressed in
terms of the induced fold change. All data are expressed as means + SEM (n=4). Differences between groups were determined using a one-way ANOVA
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infarction pre-treated with metoprolol, R+ Ml myocardial infarction pre-treated with irbesartan

hypertension-induced hypertrophy and ISO-induced
MI, respectively [30]. Additionally, to the best of our
knowledge, no studies have investigated the effects of
paroxetine on LDH levels in CVDs. FGF23 is a crucial
regulator of mineral metabolism that is known to be
associated with myocardial remodeling, including the
development of left ventricular (LV) hypertrophy and
myocardial fibrosis [41].

Our findings show that FGF23 was slightly increased
in rats with MI, confirming cardiac remodeling, which
was consistent with previous reports that demonstrated
a positive correlation between FGF23 and MI [42, 43].
Remarkably, we observed that pre-treatment with parox-
etine attenuated the FGF23 levels, suggesting a potential
protective effect against cardiac remodeling. To the best
of our knowledge, no published study has investigated
the effect of paroxetine on the MI-induced increase
in the circulatory level of FGF23. Moreover, our find-
ings show that treatment with metoprolol or irbesartan
decreased plasma FGF23 levels. This outcome was con-
sistent with those of previous studies, which showed that
the use of B-adrenergic blockers or AT1 receptor antago-
nists decreased FGF23 levels [44, 45].

Post-MI fibrosis was evaluated by examining hydroxy-
proline, TGF-B1, and collagen deposition via Masson
trichome staining. Hydroxyproline, a component of col-
lagen, has been widely used as a marker of fibrosis in

various studies investigating MI and related cardiac con-
ditions [46, 47]. In the context of ISO-induced MI in rats,
it has been observed that the TGF-p1 and hydroxypro-
line contents in rat hearts increase significantly, indicat-
ing increased collagen deposition and fibrosis [34, 48].
Pre-treatment with paroxetine results in a reduction in
hydroxyproline levels, as evidenced by our investigation.
This result aligns with an existing study showing that a
paroxetine treatment reduced hydroxyproline levels,
indicating potential reductions in collagen deposition
and fibrosis in the heart [24]. Our investigation demon-
strated that pre-treatment with metoprolol or irbesartan
resulted in consistent reductions in hydroxyproline levels.
We noticed similarities between our findings and a pre-
vious report, where metoprolol and carvedilol reduced
the hydroxyproline content and the myocardial inter-
stitial collagen volume fraction (ICVF) in a rat model of
MI [49]. Further, a study investigating irbesartan effects
on myocardial fibrosis in rats with diabetic cardiomyopa-
thy demonstrated a decrease in the hydroxyproline level,
suggesting a reduction in fibrosis [50]. These reports sup-
port our findings of pharmacological administration of
both AT-1 and beta blockers.

The TNF-a is a key inflammatory marker that is closely
associated with MI. TNF-a contributes to the injury pro-
cesses and is mainly involved in the inflammatory phase
of ventricular remodeling after MI [51]. In our results,
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Fig. 7 Effects of paroxetine on oxidative stress biomarkers. Effects of paroxetine on catalase (A), GSH (B), SOD (C), LPO (D), and total nitrate (E) in cardiac
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the rats with MI exhibited increased TNF-a levels, con-
sistent with previous reports that linked inflammatory
responses to post-MI [52—54]. Pre-treatment with parox-
etine reduced the TNF-« level, which was consistent with
previous reports that showed the relationship between
paroxetine and inflammatory markers and indicated
that paroxetine has anti-inflammatory properties [55,
56]. Our findings suggest that pre-treatment with either
metoprolol or irbesartan reduced TNF-a in rats with ML
The effects of metoprolol and irbesartan on TNF-a levels
have been studied in animal models of MI. Early treat-
ment with metoprolol has been shown to reduce TNF-a
levels and can potentially mitigate MI by enhancing heart
function and modulating the production of inflammatory
cytokines. Irbesartan has been shown to reduce TNF-a
and improve cardiac function in animal models of MI
[57, 58].

Moreover, paroxetine pre-treatment attenuated CRP,
which was consistent with previous studies reporting that
paroxetine affects CRP serum levels in depressed patients

pre-treated with irbesartan

[59]. CRP was also attenuated by [B-blockers, in agree-
ment with Yuji et al. (2007), who showed that a $-blocker
treatment was associated with reducing an inflammatory
marker in certain patients with congestive heart failure
[60].

VEGF is an important marker of angiogenesis, which
plays a crucial role in the context of MI [61]. A previous
study showed that VEGEF-A levels peaked within the first
24 h after MI, indicating a transient response that was
crucial for initiating angiogenesis. Increased expression
of VEGFRs was observed in the border zone, suggest-
ing their involvement in mediating the pro-angiogenic
effects of VEGEF-A. Another study successfully used posi-
tron emission tomography (PET) imaging to confirm the
presence of VEGFRs in the hearts of rats after MI. They
developed a specific tracer, 64Cu-DOTA-VEGF121, that
binds to VEGFRs [62, 63]. These two studies were consis-
tent with our findings regarding the elevation of VEGF in
rats with MI. Our study demonstrated that pre-treatment
with paroxetine reduced the VEGF levels in rats with ML
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Table 1 Comparative summary of the effects of paroxetine,
metoprolol, and irbesartan on post-Ml cardiac remodeling in ISO-
induced cardiac injury animal model

Groups (pre-treatment)  Paroxetine  Metoprolol  Irbesartan
HW/BW ratio w o e
CTH*| *%¥% *%¥% *¥%
C K_M B *X¥ *%¥% *%
LDH n/s * **
FGF23 o n/s n/s
HYP * n/s **
TN F’Q *X¥% *%¥% *%%
CRP ok n/s %%
Catalase n/s ** **
GSH *% *%% *%
SOD *X¥ *X¥ *X¥
Total Nitrite e * wa

Note (*) represent differences in comparison to Ml-untreated rats, were
*(P<0.05), ** (P<0.01), *** (P<0.001)

Abbreviations HW/BW ratio heart weight/body weight ratio, c/n-/ cardiac troponin
I, CK-MB creatine kinase myocardial band, LDH lactate dehydrogenase, FGF23
fibroblast growth factor 23, HYP hydroxyproline, TGF-A1 transforming growth
factor-1, TNF-a tumor necrosis factor a, CRP C reactive protein, GSH Glutathione
Reductase, LPO lipid peroxidation, SOD Superoxide dismutase

This finding suggests a potential role for paroxetine in
modulating post-MI angiogenesis.

A limited body of research currently investigates the
interaction between paroxetine and VEGF in the context
of MI. Notably, a single study found that four weeks of
paroxetine treatment in patients with major depression
did not alter plasma VEGF levels. Additionally, no cor-
relation was observed between changes in VEGF and
the clinical response to paroxetine [64]. In contrast, our
findings suggest that pre-treatment with metoprolol
decreased VEGF levels. On the other hand, a previous
study demonstrated that carvedilol, a beta-blocker used
in patients with chronic heart failure, led to increased
plasma VEGEF levels [65]. Besides, another study demon-
strated that metoprolol, when employed as a therapeu-
tic agent, did not significantly influence the VEGF levels
within the ischemic myocardium in a rat model [66];
these controversial effects could be driven by the fact
that beta-blocker cardioprotective modulations could be
affected by disease-based pathological mechanism.

Our investigation revealed that irbesartan reduced the
VEGF levels in our rat model of MI. This finding aligns
with a previous report demonstrating irbesartan’s ability
to decrease VEGF expression in response to lipopolysac-
charide (LPS)-induced cardiotoxicity. In that study, LPS
exposure elevated VEGF levels in both the heart and
aorta, while irbesartan treatment reversed this increase
[67]. Cardiac myocytes have been shown to produce
iNOS, and this expression is augmented in the myocar-
dium of failing hearts and results in increased circulating
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NO levels [68]. Even though increased NO production
from iINOS may have a beneficial effect via reducing
vascular resistance, high levels of NO production might
reduce the contractility of the myocardium and may pro-
duce myocardial damage [69]. Furthermore, enhanced
NO production due to iNOS expression contributes to
myocardial dysfunction and mortality after infarction
in a mouse model of MI [70]. This is consistent with the
findings of the current study, where the iNOS protein
level was enhanced after MI.

Other important markers of post-MI injury include
oxidative stress markers and antioxidants such as cata-
lase, GSH, and SOD, which limit ROS production and
protect damaged cellular components [71]. Our investi-
gation revealed that the levels of these antioxidants were
reduced in rats with untreated myocardial infarctions,
which agrees with a previous study [72]. Similarly, Aladag
etal. (2021) reported that catalase and SOD were reduced
in a patient with a myocardial infarction [73]. In terms of
the effect of paroxetine, the current findings show that
pre-treatment with paroxetine restores the antioxidant
activity of catalase, SOD, and GSH. Moreover, it attenu-
ates the LPO and total nitrate levels. In agreement with
our findings, Lassen et al. (2017) reported that paroxetine
treatment reduced ROS production in the myocardium
within the first week after MI and eventually reduced left
ventricular remodeling following MI [74]. Further inves-
tigations could be conducted as future directions such as
verify these findings by examining the biomarkers at the
mRNA level, investigation them on clinical levels, also
validate them by utilizing another model of MI such as
ligation induced infraction.

Collectively, these evaluations of the main endpoints
for fibrosis, inflammation, oxidative stress, and angiogen-
esis, as well as histological and morphological changes,
reveal significant insights into therapeutic impacts
across different experimental treatments, highlighting
the nuanced effects of various treatments on the pro-
gression of post-MI remodeling in cardiac muscle in
rats. In conclusion, we have shown that pre-treatment
with paroxetine protects the myocardium during the
early stage of pathological cardiac remodeling. Further-
more, we observed effects similar to those observed
with p-blockers or angiotensin receptor antagonists.
However, clinical studies of paroxetine must be carried
out to determine whether GRK2 inhibition can prevent
post-MI cardiac remodeling. Compared to p-blockers,
the additive beneficial effect of paroxetine in the stan-
dard therapy, which includes p-blockers, is expected to
be limited. On the other hand, paroxetine becomes par-
ticularly promising when a patient requires an SSRI to
treat another disease or when other medications, such as
B-blockers or angiotensin receptor antagonists, are not
tolerated or recommended. Further studies are needed to
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investigate the effect of paroxetine-mediated GRK2 inhi-
bition on possible GRK2-mediated molecular signaling
mechanisms in cardiac remodeling processes.

Abbreviations
CRP C-reactive protein

CK-MB Creatine kinase MB
ELISA Enzyme-linked immunosorbent assay
FGF23 Fibroblast growth factor 23

GSH Glutathione Reductase

GPCR G-protein coupled receptor

GRK2 G protein-coupled receptor kinase 2
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
HYP Hydroxyproline

ISO Isoproterenol

IP Intraperitoneal

LDH Lactate dehydrogenase

LPO Lipid peroxidation

MI Myocardial infarction

MT Masson trichrome stain

Tn-l Troponin 1

TGF-B1 Transforming growth factor-31

TNFa Tumor necrosis factor-a
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SSRI Selective Serotonin Reuptake Inhibitor
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