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Abstract: Objective: This study aimed to investigate the effects of amitriptyline (AMI) and paroxetine (PRO) on the 
histo-morphometrical structure of the heart in an ovariectomized (OVX) rat model. Methods: Twenty-four female, 
adult Sprague Dawley rats were randomly divided to four groups (n=6). While Group 1 was used as the control, 
rats in Groups 2, 3 and 4 were exposed to bilateral ovariectomy 7 days before the drug treatment. AMI and PRO 
were given to animals in groups 2, 3 and 4. Following drug administration for 28 days, the hearts of the rats were 
removed and the heart volume, interstitial tissue and micro-vessels, as well as the number of cardiac myocytes were 
evaluated by using the Cavalieri principle and physical dissection methods; histological structure was evaluated un-
der a light microscope and immunohistochemical staining for C-Fos and NF-kB antibodies were performed. Results: 
PRO caused to increase in the volume of the heart and connective tissue. AMI led to increase in the volume of the 
micro vessels. PRO and especially AMI ameliorate the decreased number of the cardiac myocytes due to OVX. The 
histological architecture of myocardium was corrupted in AMI and especially PRO treated groups. Also, AMI and PRO 
induced C-Fos and NF-kb immunoreactivity following OVX procedures in rats. Conclusion: Our study shows that AMI 
and PRO induce myocardial abnormalities and damage cardiac myocytes. Therefore, clinicians should make treat-
ment decisions on a case-by-case basis, considering the detailed anamnesis of each patient with post-menopausal 
depression.
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Introduction

Depression is a major health problem world-
wide, and it is extremely common in women  
of all age groups. Among the female-specific 
reproductive events related to mood disorders, 
the menopausal period is marked by an in- 
creased risk of anxiety and depression. Several 
studies have identified sex hormonal changes 
affecting the neurochemical pathways related 
to depression, but no definitive conclusions 
have been drawn [1, 2]. Furthermore, there 
have been numerous studies suggesting sig- 
nificant associations of demographic and psy-
chosocial features, such as poor sleep, vaso-
motor symptoms, education, stress, and smok-

ing, with menopausal depression, but the evi- 
dence is inconsistent or lacking [3]. The issue 
of menopausal depression is highly important 
due to the increased risk of associated prob-
lems, such as cardiovascular disease, sudden 
cardiac death, and suicide [4, 5]. The declined 
level of estrogen, which has anti-inflammatory 
and cardio-protective effects during the meno-
pausal period, with increased sympathetic and 
decreased parasympathetic activation, the pro-
inflammatory response of menopausal depres-
sion contributes to an increased cardiovascular 
risk accumulation [6, 7].

Since depression is a challenging condition for 
most postmenopausal women, antidepressant 
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drugs alone or combined with hormonal thera-
py can be considered for menopausal depres-
sion and other related problems, including 
vasomotor symptoms and insomnia despite 
reported increased risk of some systemic dis-
eases such as cardiovascular disease. Among 
these medications, selective serotonin reup-
take inhibitors (SSRIs) are first-line treatments 
as they are believed to be safe and effective. 
However, studies have reported possible ad- 
verse cardiovascular effects, including increa- 
sed risk of myocardial infarction in people aged 
65 and over, elevation of blood pressure, QT 
interval prolongation, and arrhythmia [8-10]. 

Previous immunohistochemical research re- 
garding C-Fos proto-oncogene expression, whi- 
ch participates in a variety of physiological pro-
cesses, including signal transduction and plas-
ticity of the nervous system, has also been 
found to be induced in cardiac cells in response 
to stimuli, such as viral infection, norepineph-
rine administration, immobilization, emotional 
stress, or ischemia-reperfusion, most of which 
are present in postmenopausal depression [11-
13]. Additionally, activation of NF-kB signaling 
is important in the acute response to hypoxia 
and reperfusion injury, while prolonged activa-
tion is detrimental to the heart. A recent report 
demonstrated that NF-kB signaling plays a  
pivotal role in arrhythmogenic cardiomyopathy 
(ACM), which is an inherited disease that can 
cause sudden death [14]. In previous research, 
researchers have reported that nuclear factor-
kappa B (NF-kB) signaling functions in myocar-
dial remodeling by regulating inflammation and 
cell death [15]. Interestingly, short-term acti- 
vation of NF-kB has a cardioprotective effect 
against hypoxia and reperfusion injury, while 
elongated activation promotes heart failure 
due to excessive inflammation. In the therapy 
of the post-menopausal depression, tricyclic 
antidepressants (TCAs) can be recommended 
to women with menopausal depression who 
cannot use SSRIs due to side effects. However, 
it should be mentioned that adverse effects, 
such as arrhythmia and bundle branch block, 
have been reported in some studies, while oth-
ers report safety [16, 17]. Although there have 
been several studies regarding the effects of 
TCAs and SSRIs on the cardiovascular system 
in women with depression; there is no study 
comparing their effects on the heart structure 
and morphology and clarifying the effect mech-

anism in the light of the molecular findings like 
immunohistochemical data. 

Therefore, the purpose of this study was to 
investigate the cellular effects of Paroxetine 
(PRO), which is one of the first lines of pre-
scribed SSRIs drugs, and amitriptyline (AMI), 
which is another widely prescribed TCA drug for 
the heart, using Cavalieri’s principle and physi-
cal dissection methods, as well as immunohis-
tochemistry analyses of NF-kB and C-Fos ex- 
pressions in the heart for the first time. We aim 
to find the relation between the possible affect 
mechanism of the drugs and the reorganization 
process of the cardiac myocytes in terms of the 
inflammatory pathways and cellular activity fol-
lowing the anti-depressant therapy in post-
menopausal depression.

Material and methods

Animals and experimental protocol

This experiment utilized twenty-four female 
Sprague Dawley rats, aged 9-10 weeks, with a 
weight range of 250-300 g. All animal experi-
ments were conducted in accordance with the 
ethical guidelines and regulations set forth by 
the Ondokuz Mayıs University Ethics Commit- 
tee for Animal Experiments (OMÜ-HADYEK). 
The experimental procedures described in this 
study were reviewed and approved by the com-
mittee under protocol number [2014/02]. All 
animals were obtained from the Experimental 
Animal Research and Application Center of 
Ondokuz Mayıs University and were housed, 
handled, and treated in accordance with na- 
tional and institutional guidelines for the care 
and use of laboratory animals. The rats were 
placed in standard laboratory conditions (22 ± 
1°C, 12-hour light/dark cycle) and provided 
with food at the Ondokuz Mayis University 
Experimental Animal Production and Research 
Center, after obtaining authorization. Both tap 
water and ordinary rat food were supplied. 
Following a one-week acclimation period, the 
animals were randomly divided into four equal 
groups. The control animals, totaling six, were 
assigned to the first group and were not  
subjected to any experimental procedures. 
Eighteen rats underwent a bilateral ovariecto-
my (OVX) surgery, with each in one of the three 
groups consisting of six rats each. The rats 
were anesthetized by intraperitoneal (i.p.) ad- 
ministration of 100 mg/kg ketamine and 0.75 
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mg/kg chlorpromazine for this procedure. The 
ovaries were removed following a surgical pro-
cedure in which a 0.5-1 cm incision was creat-
ed along the midline of the lower abdomen. 
After a week of recovery, the rats were subject-
ed to the following medication administration 
protocol: 1. Control Group: Consisted six heal- 
thy animals that did not receive any specific 
treatment for 28 days. 2. Group 2 (OVX Group): 
Six animals were given 1 ml of distilled water 
through the abdominal cavity every day for 28 
days following the healing period. 3. Group 3 
(AMI Group): Six OVX animals were given a daily 
intraperitoneal injection of 10 mg/1 ml AMI 
from Sigma-Aldrich Chemical Co. (St. Louis, 
Missouri, USA) for 28 days following the healing 
period. 4. Group 4 (PRO Group): Comprised of 
OVX animals who were administered a daily 
intraperitoneal injection of 10 mg/1 ml PRO for 
28 days following the healing period. The PRO 
was supplied by the Ali Raif Pharmaceutical 
Company located in Istanbul, Türkiye. 

Following the 28-day experiment, at the end of 
the experiment, animals were deeply anesthe-
tized with an intraperitoneal injection of ket-
amine (80-100 mg/kg) and xylazine (10-15 
mg/kg). The depth of anesthesia was con-
firmed by the absence of pedal withdrawal and 
corneal reflexes. Once a surgical plane of anes-
thesia was reached, a thoracotomy was per-
formed to expose the heart. Trans-cardiac per-
fusion was then carried out by inserting a 
cannula into the left ventricle. The right atrium 
was incised to allow efflux. Perfusion was  
initiated with cold phosphate-buffered saline 
(PBS, pH 7.4) for approximately 5 minutes to 
flush out the blood, followed by cold 4% para-
formaldehyde (PFA) in PBS for 10-15 minutes  
to achieve tissue fixation. As a result of the  
perfusion procedure, the animals were consid-
ered deceased by exsanguination. Then, hearts 
were carefully excised, post-fixed in 4% PFA at 
4°C for 24 hours, and then transferred to a 
30% sucrose solution in PBS for cryoprotection 
prior to embedding and sectioning. All efforts 
were made to minimize animal suffering and 
reduce the number of animals used in accor-
dance with the principles of the 3Rs (Replac- 
ement, Reduction, Refinement).

Routine tissue process for light microscopy

Tissue processing for stereological and light 
microscopic studies includes the meticulous 

preparation of biological samples for inspec-
tion utilizing sophisticated techniques and 
state-of-the-art equipment. 

The removed hearts were placed in a solution 
of 10% phosphate buffered formalin for dura-
tion of 48-55 hours. Afterwards, they under-
went a sequence of graded alcohol and xylol 
solutions prior to being embedded in paraffin. 
The blocks were sliced into serial sections with 
a thickness of 5 μm using a Leica RM2125RT 
microtome (Leica Microsystems in Istanbul, 
Türkiye). The sections were stained with He- 
matoxylin-eosin for conventional histological 
examination, Masson’s thrichrome was used 
for assessment of connective tissue and colla-
gen fiber levels, and C-Fos and NF-Kb antibod-
ies for targeted analyses of specific regions. 
The sections were evaluated using stereologi-
cal and immunohistochemical techniques, with 
observations conducted under a light micro-
scope (Olympus BX43; Tokyo, Japan). All imag-
es for histochemical and stereological analys- 
es were taken by ×4 and ×40 objectives  
for general structural view and details of the 
heart, respectively. Moreover, ocular and cam-
era magnifications were ×10, additionally.

Stereological analysis

The volumes of the heart, connective tissue, 
and micro-vessels: ����������������������������The unbiased Cavalieri prin-
ciple was applied to microscopic images to esti-
mate the total volume of cardiac components 
using the point-counting technique [18]. This 
method involves the random placement of a 
point-counting grid on tissue sections prepared 
through systematic random sampling. Points 
intersecting the regions of interest are counted, 
and the surface area is calculated by multipl-
ying the number of intersecting points by the 
area represented by each point, based on the 
known grid point size.

An appropriate point density for the counting 
grid was determined to ensure acceptable 
levels of the coefficient of error (CE) and coeffi-
cient of variation (CV) for the regions of inte-
rest. The volumetric measurements of cardiac 
components such as the myocardium, endocar-
dium, epicardium, and total heart volume (ΣV) 
were calculated using the following formula:

ΣV=t·ΣAΣV=t·ΣA.

Here, t represents the total thickness of the 
sampled sections (including the interval betwe-
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en them), and ΣA is the total cross-sectional 
area of the cardiac tissue of interest. This area 
is calculated using:

ΣA=a(p) ·ΣPΣA=a(p) ·ΣP.

In this formula, a(p) is the area associated with 
each point on the grid, and ΣP is the total num-
ber of points that intersect the target cardiac 
regions in the sections.

Quantification of cardiac myocytes

The selection of the physical dissector pairings 
was conducted following the methods estab-
lished by Sterio in 1894. Based on data ob- 
tained from an initial investigation, pairings 
were chosen randomly from every 5th section. 
As a result of this approach, around 15-20 pairs 
of sections were generated, which were subse-
quently examined. Dissection pairs were sys-
tematically taken from the tissue at regular 
intervals until the entire tissue sample was 
depleted. Each slide consisted of two conse- 

cutive segments. The digital camera captured 
images of neighboring sections at a magnifica-
tion of ×400. The nuclei of myocytes that were 
observable in the reference section but not in 
the look-up area were counted. To increase the 
quantity of measurable particles, such as nu- 
clei, we altered the operation of sections in the 
second stage. An unbiased counting frame was 
placed on both the reference and lookup sec-
tions of the computer screen to perform count-
ing utilizing the dissector counting method. The 
lower and left borders of the counting frame 
are identified as the forbidden (exclusion) lines, 
along with the extension lines. The remaining 
edges of the frame, as well as the upper-right 
corner, were identified as inclusion sites. Any 
particle that came into contact with these lin- 
es or was located within the frame was docu-
mented as a dissector particle [18] (Refer to 
Figure 1, specifically Figure 1D, 1E). The dimen-
sions of the unbiased counting device were 
adjusted to include approximately 600 myo-
cytes from each specimen. The dimensions of 

Figure 1. The views of the heart sections, the sections are superimposed point counting grids for estimating the 
cardiac volume (A), interstitial tissue volume (B) and micro-vessel volume, respectively (C) location of the grid in 
order to calculate the heart wall (Scale bar is 200 µm). In (D and E), the same area is seen in two adjacent sections, 
separated by 5 µm, respectively. (D) Reference section, (E) look-up section. Nuclei located inside the circle in (D) 
were considered as dissection particles if their profiles are not seen in the look-up section (E). Scale bar is 50 µm.
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the counting frame depicted on the PC screen 
in this investigation were 10 cm × 10 cm. The 
precise measurements of the counting frame, 
which were 6.250 × 10-5 cm2, were determined 
using a specific mathematical formula:

The real dimension is calculated by dividing the 
screen size of the frame by the total magnifica-
tion of the microscope. The given method was 
employed to quantify the average numerical 
density (NV) of cardiac myocytes (CM), repre-
sented as Nv (CM), per cubic millimeter (mm3). 
The formula for net volume flow rate (Nv) in 
terms of cumulative mass flow rate (CM), time 
(t), and cross-sectional area (A) is given by: 

Nv(CM)=ΣQ-(CM)/t·A.

The equation calculates ΣQ-myocyte, which 
corresponds to the total count of nuclei ob- 
served in the reference section. The average 
thickness of the section, which is 5 µm, is rep-
resented by the variable t. The area of the 
counting frame without any bias is designated 
by A.

The equation was utilized to approximate the 
overall quantity of cardiac myocytes (TN (CM)) 
in the rat heart is as follows: The total number 
of cases (TN) in a certain country is equal to 
the number of new cases (Nv) in that country 
multiplied by the case velocity (CV). The abb- 
reviation “Nv(CM)” denotes the numerical den-
sity of cardiac myocytes in cubic millimeters 
(mm3), while “CV” signifies the heart volume 
measured through the application of the 
Cavalieri principle.

Immunohistochemistry

Immunohistochemical assays were performed 
to evaluate the expression of the C-Fos protein 
in 5-μm sections obtained from each animal. 
The deparaffinization and rehydration opera-

tions were performed accurately utilizing a 
series of alcohol and xylene solvents. The stain-
ing method was performed using an HRP/AEC 
detection IHC kit (Catalog Number: ab97- 
080, Abcam, Istanbul, Türkiye). Prior to immu-
nostaining, the slices underwent incubation at 
650 W for 10 minutes in citrate buffer (pH 6.0) 
to enhance epitope recovery. The immunohisto-
chemical labeling was performed using a pri-
mary mouse monoclonal antibody that specifi-
cally targets C-Fos (CN: SAB5700610, Sigma; 
Istanbul, Türkiye) and NF-kB (for P65 domain 
CN: ab16502, Abcam, Istanbul, Türkiye) anti-
bodies. The antibodies were diluted in antibody 
diluents at a ratio of 1:250. The specimens 
underwent overnight treatment at a tempera-
ture of 4°C. After being washed three times 
with phosphate buffer (pH 7.4), the sections 
were treated with a peroxidase-labeled dext- 
ran polymer that was linked to goat anti-mou- 
se and anti-rabbit immunoglobulins. The color 
was produced using Diamidine-2’-phenylindole 
dihydrochloride (DAPI, Sigma Aldrich; Istanbul, 
Türkiye). Mayer’s hematoxylin was used as a 
counterstain, and Kaiser’s glycerol gelatin from 
Merck AG in Istanbul, Türkiye, was used to 
mount the cover slips. The stained slices were 
analyzed using light microscopy. An analysis 
was conducted on the tissues to ascertain the 
existence of antibodies that bind to the cellular 
and matrix components. The immunohisto-
chemistry score was adapted from the previ- 
ous study reported by Ceccarelli et al. [19], pos-
itively stained cells were quantified using NIH 
ImageJ Software (version 2; National Institutes 
of Health, Bethesda, MD). Staining intensity of 
the cells was assessed on a scale from 0 to 3: 
a score of 0 was assigned to completely nega-
tive samples, while weak, moderate, and strong 
staining corresponded to scores of 1, 2, and 3, 
respectively. The final immunohistochemical 
(IHC) score for each sample group was calcu-
lated by multiplying the staining intensity score 
by the percentage of the positive stained cells. 
Based on the final score, samples were catego-
rized into four groups: negative, weakly posi-
tive, moderately positive, and strongly positive 
(see Table 1).

Statistical analysis

The data obtained was subjected to statistical 
analysis using Microsoft® SPSS version 21.0 
for Windows (SPSS, Inc., Chicago, Illinois, USA). 

Table 1. Assignment of immunohistochemical 
score according to staining intensity and per-
centage of positively stained cardiomyocytes
Score Positive cell (%) Intensity
0 0-15 Negative
1 16-30 Weak positive
2 30-60 Moderate positive
3 > 61 Strong positive
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A one-way analysis of variance, specifically the 
Bonferroni post hoc test, was used to compare 
the groups and determine any variations in vol-
umetric data and estimations of the cardiac 
myocyte number. Values are measured using 
the mean and standard error means (SEM), and 

other hand, the rats that had AMI and PRO 
treatment showed evident signs of harm to the 
structure of the heart muscle cells. This was 
marked by the disruption of cellular arrange-
ment and the presence of inflammatory cells 
distributed or concentrated in certain areas. 

Figure 2. (IA-D) respectively shows the mean cardiac volume, mean volume 
of the interstitial connective tissue, mean volume of the microvessels, mean 
number of myocyte nuclei in all groups. **P value that is significant at the 
0.01 level. (IIA-F) shows the histological structure of heart muscle by Hema-
toxylin and Eosin staining. (IIA) and (IIB) control rat’s heart tissue with nor-
mal morphology; (IIC) and (IID) AMI-treated rats; (IIE) and (IIF) PRO-treated 
rats; asterisks, damaged myocytes; arrowheads, enlarged connective tissue 
sheets; circled areas, inflammatory cell infiltrates and insets show hyper-
tophic myocytes with enlarged or hyperchromatic nuclei. Scale bars are 20 
μm.

any statistical values less 
than 0.05 were considered 
significant.

Results

Findings from stereological 
analysis

There were notable variations 
in the average heart volume 
between the AMI and PRO 
groups, as well as between 
the Control and AMI groups  
(P < 0.01) (Figure 2IA). The 
analysis of interstitial connec-
tive tissue volume showed  
a significant difference be- 
tween the AMI and PRO 
groups (P < 0.01), the PRO 
and OVX groups, and the PRO 
and Control groups (P < 0.01) 
(Figure 2IB). When calculating 
the volume of micro-vessels, 
there was a noticeable differ-
ence between the AMI group 
and all other groups (P <  
0.01) (Figure 2IC). The AMI 
group displayed the highest 
vessel volume. When compar-
ing the total number of myo-
cyte nuclei, there was no sta-
tistically significant difference 
between the AMI and PRO 
groups (P > 0.05). Neverthe- 
less, notable distinctions we- 
re observed between the AMI 
and OVX groups, as well as 
between the AMI and CONT 
groups (P < 0.01) (Figure 2ID).

Histopathological view

During the categorization pro-
cess for conventional light mi- 
croscopy, the histological ex- 
amination showed that cardi-
ac muscle samples from the 
control rats exhibited a char-
acteristic and healthy struc-
ture (Figure 2IIA, 2IIB). On the 
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The infiltrates were composed primarily of  
lymphocytes, histiocytes, and plasma cells, 
with minimal presence of eosinophils and neu-
trophils. During the microscopic examination, 
we noticed enlarged myocytes with larger or 
more intensely stained nuclei in both groups 
(Figure 2IIC-F and insets). In the animals that 
received AMI treatment, multiple locations dis-
played enlarged connective tissue sheets 
(Figure 2IID). The heart tissues in the AMI-

C-Fos in the heart exhibited non-uniformity. The 
ventricular myocardium exhibited a higher level 
of expression compared to the atrium. Within 
the ventricular region, the levels of C-Fos 
expression were significantly elevated in both 
the AMI and PRO groups compared to the 
Control and OVX groups, as demonstrated in 
Figure 4IC, 4ID. The control group did not exhib-
it any expression of C-Fos, as shown in Figure 
4IA. Immunohistochemical scoring results  

Figure 3. (IA-D) shows representative photomicrographs of the heart sec-
tions (left ventricular wall) on the transfers plan. Arrows show blood vessels 
in all groups. In the evaluation of vessel distributions, the AMI group has 
more and larger blood vessels when comparing with the other groups: (IA) 
Control. (IB) OVX. (IC) AMI. (ID) PRO. Stain: H&E; Scale bar, 200 μm. (IIA-D) 
also show photomicrographs of the heart sections (left ventricular wall) on 
the transfer plan. In the evaluation of interstitial connective tissue amounts 
by Masson’s tricrome stain, the PRO group has more and larger interstitial 
connective tissue sheets when comparing with the other groups: (IIA) Con-
trol. (IIB) OVX. (IIC) AMI. (IID) PRO. Scale bar is 20 µm.

treated group displayed a 
more advanced histological 
structure in comparison to the 
rats treated with PRO. The 
group treated with AMI had  
a higher quantity of regions  
displaying cellular breakdown 
and a higher concentration  
of inflammatory infiltration 
foci, as depicted in Figure  
2IIE and 2IIF. When evalua- 
ting the small blood vessels  
in the heart wall, the group 
with acute myocardial infarc-
tion (AMI) shows a higher 
quantity and larger dimen-
sions of blood vessels (Figure 
3IC) compared to the other 
groups (Figure 3IA, 3IB, and 
3ID). When analyzing the lev-
els of interstitial connective 
tissue using Masson’s tri-
chrome stain, the PRO group 
showed higher amounts and 
wider areas of interstitial  
connective tissue compared 
to the other groups (Figure 
3IID), as depicted in Figure 
3IIA-C.

Expression of the C-Fos pro-
tein in the wall of the heart

The positivity of C-Fos in all 
groups was assessed by im- 
munohistochemistry. Admini- 
strations of AMI and espe- 
cially PRO to OVX rats led to 
an increase in C-Fos expres-
sion in the ventricle wall, as 
seen in Figure 4IB, 4ID. 
Prominent signals were also 
identified in the ventricular 
septum and ventricular myo-
cardium. The distribution of 
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also confirmed the significant difference  
among the groups about C-Fos positivity; par-
ticularly in the ventricular region, C-Fos ex- 
pression scores were significantly higher in the 
OVX, AMI and PRO groups, while no or minimal 
positive staining was observed in the control 
group. AMI and PRo groups shoved more pos-
tivity than OVX group (Figure 4IE).

Myocardial NF-kB expression

In order to identify possible inflammatory alter-
ations in the heart wall, we assessed the level 
of NF-kB expression in cardiac myocytes from 
all heart samples (Figure 4IIA-D). Significant 

NF-kB expression was seen in both the cytosol 
and nucleus of many cardiomyocytes and  
nerve cells in cardiac samples from the PRO 
group (Figure 4IID, inset). Figure 4IIA-C de- 
monstrates that a few cardiomyocytes in both 
the Control and AMI groups exhibited nuclei 
that were positive for NF-kB. Furthermore, the 
perivascular tissue of heart samples from rats 
in the OVX group exhibited NF-kB staining, as 
shown in Figure 4IIB. According to immunohis-
tochemical scoring, NF-kB expression levels 
were significantly higher in the PRO group com-
pared to the other groups. Also NF-kB positivity 
is higher in OVX, AMI and PRO groups then the 
CONT group (Figure 4IIE).

Figure 4. (IA-D) photomicrographs of c-fos immunoreactivity in the heart (left ventricular wall). Arrowheads show c-
fos positive cells in each group. (IA) Control. (IB) OVX. (IC) AMI. (ID) PRO. Scale bar, 20 μm. (IIA-D) photomicrographs 
of NF-kB (P65) immunoreactivity in the heart (left ventricular wall). Thick arrows, thin arrows and white filled ar-
rows show negative cells, weak positive cells and strong positive cells, respectively. Circled area indicates positive 
stained cells in the perivascular area and arrowhead in inset of (IID) shows positive stained nerve cell in the heart 
wall. (IIA) Control. (IIB) OVX. (IIC) AMI. (IID) PRO. Scale bars are 20 μm. (IE and IIE) exhibit immunohistochemical 
scoring tables of the groups for C-FOS and NF-kB antibodies respectively.
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Discussion

Since postmenopausal depression is associat-
ed with reduced quality of life, impaired physi-
cal functioning, and increased suicidal idea- 
tion, it has become a major global public health 
concern. Therefore, determining the optimal 
treatment strategy is essential, taking into ac- 
count both the risks of untreated depression 
and the potential benefits of therapy. Among 
cardiovascular risks, menopausal depression 
has been linked to increased severity of athero-
sclerosis [20]. Additionally, patients with de- 
pressive symptoms exhibit a higher risk of car-
diovascular events and mortality from cardio-
vascular disease, independent of other estab-
lished risk factors [21].

The menopausal period is characterized by  
distinct physiological changes, including an 
enhanced pro-inflammatory state, elevated in- 
flammatory markers such as CRP and IL-8, and 
a decline in estrogen levels. Estrogen normally 
exerts cardioprotective and anti-inflammatory 
effects; thus, its reduction contributes to 
increased cardiovascular risk. Although contin-
uous hormone therapy may be effective in 
managing menopausal depression, its use is 
limited due to elevated risks of venous throm-
boembolism, stroke, and breast cancer. Con- 
sequently, antidepressants with broad usage 
and favorable safety profiles have emerged as 
attractive alternatives. However, various stud-
ies have reported potential adverse effects of 
these agents, particularly in relation to cardiac 
function [9, 22].

While the cardiovascular and autonomic ef- 
fects of SSRIs and TCAs at therapeutic doses 
have been widely explored, limited studies have 
assessed the morphological effects of amitrip-
tyline (AMI, a TCA) and paroxetine (PRO, an 
SSRI) on cardiac tissue [23]. In the present 
study, we aimed to comparatively evaluate the 
potential cardiotoxic effects of these com- 
monly prescribed antidepressants in an ovari-
ectomized (OVX) rat model mimicking meno-
pause. These findings are of particular rele-
vance, as clinicians must consider cardiova- 
scular risk profiles when selecting appropriate 
antidepressant therapy for postmenopausal 
patients. Furthermore, considering the elevat-
ed risk of sudden cardiac death or suicide in 
this population, histopathological data on anti-
depressant effects may also provide valuable 

information in forensic evaluations during au- 
topsy.

This study is the first to investigate the histo-
morphometric and immunohistochemical eff- 
ects of AMI and PRO on cardiac tissue in an 
OVX-induced menopausal model using the 
Cavalieri principle, physical dissection method, 
and immunohistochemical analysis of NF-κB 
and C-Fos expression. Stereological results 
demonstrated that PRO significantly increased 
total cardiac volume, primarily due to expan-
sion of the interstitial connective tissue. The 
highest microvascular volume was observed in 
the AMI group. Both PRO and especially AMI 
reduced OVX-induced cardiomyocyte loss and 
increased cellular C-Fos immunoreactivity. His- 
tological evaluation confirmed the stereological 
findings. AMI and PRO administration led to 
prominent myocardial architectural disturbanc-
es and cardiomyocyte damage, suggesting that 
long-term use of these antidepressants may 
impair cardiac function, possibly due to single-
cell contractile dysfunction. PRO, in particular, 
caused more severe disruption in cellular archi-
tecture compared to AMI. Contrary to our re- 
sults, several studies have reported cardiopro-
tective effects of PRO. For example, PRO was 
found to attenuate cardiac injury biomarkers 
such as serum troponin I (Tn-I) and creatine 
kinase-MB (CK-MB), and to modulate markers 
of fibrosis, inflammation, and oxidative stress 
[24]. In another study, PRO enhanced β1-ad- 
renergic receptor (ADRB1) sensitivity and atten-
uated cardiac hypertrophy by inhibiting GRK2 
(G protein-coupled receptor kinase 2)-mediat-
ed ADRB1 desensitization and internalization 
in hypertensive models [25]. Similarly, AMI has 
been shown to exert beneficial effects on car-
diac function in experimental settings, includ-
ing reductions in left ventricular developed 
pressure (LVDP), dp/dt_max, and heart rate 
(HR), as well as a significant prolongation of the 
QRS interval [26]. In addition, AMI has been 
suggested to mediate cardioprotection through 
activation of the p38 MAPK signaling pathway 
[27].

We also examined C-Fos expression, an imme-
diate-early gene upregulated in various patho-
physiological processes, including drug expo-
sure and inflammation. Although the mechan- 
ism underlying AMI- and PRO-induced C-Fos 
expression remained unclear, it is postulated 
that the abundance of catecholaminergic neu-
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rons and noradrenergic innervation in the heart 
may lead to increased myocardial C-Fos ex- 
pression following antidepressant administra-
tion [28]. This is consistent with previous find-
ings showing rapid C-Fos upregulation in re- 
sponse to norepinephrine administration [29]. 
In our study, C-Fos immunoreactivity was ob- 
served in cardiomyocyte nuclei in both AMI- 
and PRO-treated OVX rats, while no C-Fos 
expression was detected in control group 
hearts, indicating that the observed response 
was specific to antidepressant treatment. C- 
Fos has commonly been used as a marker of 
neuronal activation [30], and PRO was previ-
ously shown to induce widespread Fos expres-
sion in adolescent and young adult rats [31]. 
Given the electrophysiological similarities be- 
tween neurons and cardiomyocytes, immedi-
ate-early genes like C-Fos may serve as indi- 
cators of cardiac activity. Indeed, such genes 
are rapidly upregulated in response to stimuli 
such as ischemia-reperfusion injury, emotional 
stress, noradrenaline administration, immobili-
zation, and drug exposure, all of which may be 
relevant in postmenopausal depression [12, 
13].

In the current literature, some antidepressants 
have demonstrated protective effects against 
oxidative stress and redox imbalance beyond 
their pharmacological actions. In alignment 
with this, a gene expression study reported that 
PRO reduced β-myosin heavy chain (β-MyHC) 
and its associated myomiRs (miR-208 and  
miR-499) in a rat model of aortic regurgitation. 
PRO also downregulated the expression of  
BNP, a key biomarker of cardiac hypertrophy 
[32]. Additionally, AMI has been shown to acti- 
vate TrkA/Akt phosphorylation and promote 
TrkA signaling, which protected cardiomyocytes 
against hypoxia/reoxygenation-induced apop-
tosis [33]. Although we did not directly investi-
gate this mechanism in our study, it is plausible 
that AMI-induced increases in cardiomyocyte 
number and density occurred via TrkA/Akt 
pathway activation.

Furthermore, we assessed NF-κB expression, a 
protein complex that regulates the transcrip-
tion of genes involved in immune and inflam- 
matory responses. Upon activation, NF-κB trig-
gers a cascade involving cytokines such as 
TNF-α, IL-1β, and IL-6 [34]. In this study, PRO 
administration led to increased NF-κB expres-
sion, particularly in the perivascular regions of 

the myocardium, indicating an inflammatory 
response. Conversely, some studies have sh- 
own that PRO attenuates IL-1β-induced pyrop-
totic activation and suppresses extracellular 
matrix catabolism via inhibition of NF-κB signal-
ing. PRO has also been shown to downregu- 
late RANKL-induced osteoclastogenesis [35]. 
Similarly, AMI was reported to suppress NF-κB-
mediated cytokine expression, offering thera-
peutic potential for neuropathic pain [36].

The strength of the present study lies in the 
comprehensive evaluation of AMI and PRO on 
the heart using both stereological (Cavalieri 
and physical dissection methods) and immuno-
histochemical (NF-κB and C-Fos expression) 
techniques - performed for the first time in this 
context. However, the study has several limi- 
tations. First, we did not assess cardiac func-
tion through echocardiography, electrocardiog-
raphy, or Holter monitoring following antide-
pressant treatment. Second, we were unable  
to measure biochemical or inflammatory mark-
ers indicative of cardiac stress or dysfunction. 
Third, while we analyzed C-Fos expression, we 
did not examine other immediate-early genes 
or signaling molecules relevant to the pathways 
affected by AMI and PRO.

Conclusion

It is clear from the findings in previous studies 
that menopausal depression and antidepres-
sant therapies have a broad influence on the 
cardiovascular system. Therefore, when choos-
ing an optimal treatment, the clinician must 
consider the risk-benefit ratio of any interven-
tion. The results of this stereological and immu-
nohistochemical study regarding the effects of 
SSRI and TCA drugs on the heart suggest that 
TCAs are safer than SSRIs in treatments. Thus, 
the undesirable outcomes of depression, such 
as systemic disorders and suicide, can be pre-
vented through more confident therapies. 
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