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Abstract. We aimed to investigate whether pulsed magnetic fields (PMFs) (1 mT) may have preventive 
effects on myocardial damage and apoptosis in rats with sepsis. Twenty-eight adult Wistar albino rats 
were evenly distributed among four experimental groups, each consisting of seven rats: SH, LF-PMF, 
HF-PMF, and CLP. Sepsis induction was carried out via the cecal ligation and puncture (CLP) method, 
while rats in the LF-PMF and HF-PMF groups were exposed to 7.5 Hz and 15 Hz PMF, respectively, 
for duration of 24 hours. Following the removal of heart tissue, histological techniques were employed 
for the analysis. Histological scoring of apoptosis-related Bax, Bcl-2, and Acas-3 proteins as well as 
cTnI were performed in the heart tissue. The myocardial damage score significantly increased in the 
CLP group compared to the SH group (p < 0.05). Significant decreases were observed in Bcl-2 and 
cTnI protein levels in the CLP group, while significant increases were detected in the PMF groups 
(p < 0.05). An increase in Bax and Acas-3 protein levels, as well as the Bax/Bcl-2 ratio, was observed 
in the CLP group, with a decrease in the PMF groups (p < 0.05). The results demonstrate that PMF 
application has anti-apoptotic and therapeutic effects on septic heart tissue damage.
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Highlights

•	 PMF application prevents myocardial damage by suppressing sepsis-induced apoptotic cell death.
•	 PMF application suppresses immune expressions of pro-apoptotic Bax and Acas-3 proteins, while 

enhances anti-apoptotic Bcl-2 protein expression.
•	 PMF application exhibits its therapeutic effects on sepsis-induced myocardial damage by up-

regulating cTnI protein expression in cardiac muscle.

Introduction

Sepsis is a systemic inflammation with a high morbidity and 
mortality rates attributed to a dysregulated host response 
to an infection (Yang et al. 2023). Multi-organ failure is one 

hallmark in patients with sepsis, and among the organs af-
fected, the heart stands out (Zhang G et al. 2022). Myocardial 
dysfunction is one main cause of mortality in sepsis and is 
correlated with impaired circulation (e.g., microvascular 
dysfunction), depression (e.g., downregulated receptors and 
myocardial suppressants), inflammation, and cardiomyocyte 
apoptosis (Oberholzer et al. 2001a; Sun et al. 2011; Habimana 
et al. 2020; Zhang G et al. 2022).

Pathogen-targeting therapies with anti-inflammatory 
agents are essential for disease management; however, 
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despite progress, there is a lack of sepsis-specific treatment 
(Vulczak et al. 2019). Therefore, developing new treatment 
strategies in sepsis management is an urgent need. Among 
others, pulsed magnetic field (PMF) is an innovative al-
ternate therapy that modulates cellular signal pathways 
relevant to immunological and inflammatory functions 
in various cell types (Rosado et al. 2018). PMF applies 
intermittent, current pulse-generated magnetic field pulses 
over a short time frame, using a pulse repetition frequency 
(Waldorff et al. 2017). The effectiveness of PMF depends on 
factors such as waveform, intensity, and the pulse duration 
(Pieber et al. 2007). Since PMF is a non-invasive option 
without known side effects, it is used in medical fields like 
bone healing, skin lesion repair, and neo-angiogenesis with 
the FDA approval (van der Jagt et al. 2012, Bragin et al. 
2018; Cadossi et al. 2020; Lee et al. 2022). Benefits of PMF 
exposure have been also shown in many medical condi-
tions (Coskun et al. 2011; Comlekci et al. 2012; Markov et 
al. 2015; Capelli et al. 2017; Daish et al. 2018; Gessi et al. 
2019; Mattsson et al. 2019; Flatscher et al. 2023).

Interventions aiming to modulate apoptosis have been 
reported to enhance survival in sepsis (Oberholzer et al. 
2001b; Ayala et al. 2007; van der Poll et al. 2017). The re-
ported therapeutic effects of PMF on apoptosis, oxidative 
stress, and oxidative stress-antioxidant defense mecha-
nisms, alongside the well-established association between 
apoptosis and oxidative stress, make it a promising candi-

date as an alternate treatment strategy in sepsis manage-
ment (Coskun et al. 2013; Vincenzi et al. 2017; Kannan and 
Jain 2020; Şimşek et al. 2022; Senol et al. 2023; Flatscher 
et al. 2023). Although PMF’s therapeutic impact on the 
cardiovascular system exists (Soltani et al. 2023), detailed 
investigations at the molecular level are limited. Besides 
that, as far as we know, there is a lack of research focus-
ing on the use of PMF for the treatment of sepsis-induced 
myocardial damage and apoptosis. Therefore, we aimed 
to explore the therapeutic effects of PMF on myocardial 
damage and apoptosis in cecal ligation and puncture (CLP) 
induced sepsis in rats by conducting histological and im-
munohistochemical analysis.

Material and Methods

Animals and experiment procedure

The study involved twenty-eight Wistar albino rats, aged 
2.5 months and weighing 250 g, sourced from the Animal 
Experimentation Research Unit of Tokat Gaziosmanpaşa 
University (DETAB). Throughout the experiment, the 
rats were housed in standard polycarbonate plastic cages 
with sawdust beds, maintained on a  12-hour day-night 
cycle, in a  stable environment at 20–22°C, and 50–60% 
relative humidity. They had free access to food and water. 

Figure 1. A. The subjects were 
immobilized on the operation 
table in the supine position and 
the abdominal skin was shaved 
totally, and laparotomy was car-
ried out through a 3–4 cm midline 
incision. B,C. The cecum was 
isolated through laparotomy, and 
the ascending colon was gently 
touched downward to fill the 
cecum with feces. The cecum was 
ligated below the ileocecal valve 
using 3.0 silk thread, and the 
ventral side was perforated once 
using No.21-gauge needle to let 
fecal contents spread into the peri-
toneum. D–F. Then, the abdomen 
muscles and skin were closed with 
suture using 3.0 silk thread. Rats 
were resuscitated with normal sa-
line (1 ml/100 g body weight given 
subcutaneously) at the end of the 
operation. In the sham group, 
the cecum was explored but CLP 
(cecal ligation and puncture) was 
not applied (Gevrek et al. 2023).
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Upon approval of Decision No. 51879863-220 by the Tokat 
Gaziosmanpaşa University Animal Experiments Local 
Ethics Committee, the study was initiated. The rats were 
randomly allocated into four groups, each comprising 
seven rats:
1.	 Sham-operated group (SH): In this group of rats, an ab-

dominal wall incision was made to visualize the cecum, 
and it was then re-inserted with no any intervention. 
Twenty-four hours later, after suturing, the rats were 
sacrificed.

2.	  Sepsis group (CLP): Rats in this group were underwent 
CLP procedure in order to induce sepsis experimentally. 
For this purpose, an abdominal wall incision was made 
to expose the cecum. Then, the lower part of the cecum 
was tied tightly with a thread, and some little feces was 
allowed to come out through a hole opened at the end of 
the cecum with a 2cc syringe needle, as seen in Figure 1. 
Five hours after sepsis was induced, the cecum went 
entirely black. So, the rats were made septic successfully. 
The rats in this group were kept in a Faraday cage within 
a plastic box for 24 h without PMF exposure.

3.	 Sepsis plus 7.5 Hz PMF exposure group (LF-PMF): After 
sepsis induction with the CLP method, rats in this group 
were housed in a Faraday cage within a plastic box and 
subjected to 7.5 Hz of 1 mT PMF treatment for 24 h.

4.	 Sepsis plus 15 Hz PMF exposure group (HF-PMF): After 
sepsis induction with the CLP method, rats in this group 
were subjected to 15 Hz of 1  mT PMF treatment for 
24 h by the same route as the LF-PMF group.
All rats underwent CLP procedure were made septic suc-

cessfully. At the termination, the rats were euthanized, and 
their hearts were extracted.

PMF exposure

In the study, a PMF system (ILFA Electronic Inc., Adana, 
Turkey) located in the Biophysics Department Laboratory 
of Tokat Gaziosmanpasa University Faculty of Medicine was 
used. The horizontal and uniform PMF was generated using 
a pair of Helmholtz coil (60 cm in diameter and 30 cm apart) 
housed in an earthed shielded Faraday cage (90×90×55 cm3). 
Coils were constructed using electrically and thermally 
insulated copper wire with a  diameter of 2.5  mm and 
50 turns (Resistance: 0.78 Ω; Inductance: 8.8 mH) and were 
connected to a  signal generator (ILFA Electronic Ltd.) to 
produce a magnetic field with a peak amplitude of 1 mT. 
The time-varying magnetic field adopted a quasi-triangular 
waveform with a rise time of 0.3 ms and a fall time of 9.7 ms, 
as previously described by Gul et al. (2018).

PMF exposure commenced five hours after sepsis induc-
tion, with the rats placed inside plastic boxes (26×17×13 cm3) 
positioned at the center of the coils. Prior to the PMF applica-
tion, the accuracy of the experimental setup, along with the 

homogeneity of the PMF (determined as 95% within plastic 
box), was verified. The ambient magnetic field (50 μT) and 
the peak amplitude of magnetic field (1 mT) generated by 
the coils were measured using a Tesla meter equipped with 
a Hall-effect probe (Sypris 6010; F.W. Bell, CA, USA). The 
corresponding induced peak electrical field value within the 
plastic box, positioned between the Helmholtz coils, was 
0.24–0.27 V/m, calculated based on Faraday’s law (Mert et al. 
2010; Gul et al. 2018). The PMF application was conducted 
within a quiet room for 24 hours. Two distinct pulses were 
used: one with a frequency of 7.5 Hz (LF-PMF group), and 
the other with a frequency of 15 Hz (HF-PMF group). The 
magnetic flux density for both pulses was maintained at 
1 mT. Throughout the experiment, the room temperature 
(22–24°C) and relative humidity (50–60%) were monitored. 
During experiments, no considerable temperature changes 
between two activated coils were detected. In terms of human 
health, the European Union and the International Commis-
sion on Non-Ionizing Radiation Protection (ICNIRP) have 
suggested lower safety thresholds for general public, whereas 
the American Industrial Hygiene Association (AIHA) and 
the American Conference of Governmental Industrial 
Hygienists (ACGIH) have endorsed an upper safety limit 
of 1mT magnetic field intensity for occupational exposure. 
Together with that, in various studies, 7.5 Hz and 15 Hz of 
1 mT PMFs applications have promoted cell proliferation 
and differentiation, as well as tissue healing and bone mass 
enhancement (Chang et al. 2006; Zhai et al. 2016; Wang et 
al. 2017); therefore, we administered these two different 
frequencies of PMF at 1 mT magnetic flux density (Gevrek 
et al. 2023). 

Histological analyzes 

Heart samples were fixed in 4% buffered neutral formalin 
for 72 h, followed by a 12-h wash under running tap water. 
Dehydrated through ascending alcohol series from 70% to 
absolute, cleared in xylene series, and embedded in paraf-
fin blocks at 60°C. Serial sections, 5 μm in thickness, were 
then cut from the heart samples embedded in the paraffin 
blocks using a rotary microtome (Leica RM2135, Wetzlar, 
Germany). Tissue sections were taken on lams covered Poly-
L-Lysine and stained according to hematoxylin-eosin and 
immunohistochemical staining protocols.

Hematoxylin-eosin staining

Formalin-fixed paraffin-embedded heart tissue sections 
were deparaffinized in xylenes (3×5 min) and rehydrated in 
descending alcohol series (from 100 to 70%) and distilled 
water, then incubated in hematoxylin for 10 min. After be-
ing washed with running tap water for 5 min, dipped in acid 
alcohol, and put in distilled water, the slides were incubated 
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in eosin solution. The sections were immersed in distilled 
water to remove excess dye, dipped in 80% alcohol, and left 
in 90, 96, and 100% alcohol series for 2, 3, and 5 min, respec-
tively. They were cleared in xylene (3×10 min) and mounted 
under a coverslip. After drying, the sections were analyzed 
histologically through a light microscope. 

Myocardial damage analyzes were performed on 10 
sections of each animal and an average of 20–25 areas in 
each section using a  computer-assisted light microscope 
(Nikon Eclipse 200 Serial No: T1al 944909, Japan) image 
with a camera integrated into the microscope (Nikon Ds-
Fi1, Japan). It was transferred to the monitor and performed 
with the help of the NIS-Element program. Microscopic 
analyzes were carried out in a blinded manner by the re-
searcher who was not aware of the working groups based 
on the coding system. In order to numerically express the 
degree of histological damage, the organization pattern 
and degeneration of muscle fibers were graded (Erkanli 
et al. 2005). The categorical scoring system utilized for as-
sessing cardiac muscle fiber organization is as follows: “0” 
score indicates normal heart muscle tissue, exhibiting an 
intact and organized structure, “1” score represents slightly 
damaged heart muscle tissue, displaying initial signs of 
disorganization, “2” score reflects moderately damaged and 
disorganized heart muscle tissue, showing a notable level 
of structural disruption, and “3” score indicates severely 
disorganized cardiac muscle tissue with impaired transverse 
and intercalated disc striations. The muscle fibers were 
counted categorically according to this scoring system, and 
the degrees of myocardial damage were defined. The results 
were converted into weighted myocardial damage scores 
using the formula below, where i is the categorical degree 
of the muscle damage regarding scoring system. Then, the 
mean weighted myocardial damage scores of the groups 
were calculated and compared statistically.

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
∑ [(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)𝑖𝑖 × (𝑖𝑖)]𝑛𝑛=3

𝑖𝑖=0
∑ (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)𝑖𝑖

𝑛𝑛=3
𝑖𝑖=0
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𝑖𝑖=0
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Immunohistochemistry

An indirect immunohistochemistry protocol for formalin 
fixed paraffin embedded rat tissues was conducted on the 
heart sample sections to detect immune expression of some 
apoptosis pathway molecules (Bax, Bcl-2, and Acas-3 (cas-
pase-3)) and cardiac isoform of Troponin-I (cTnI). In brief, 
heart tissue sections were mounted on slides, deparaffinized 
in etuve at 60°C and xylene series and rehydrated through 
descending alcohols (from absolute to 70% and distilled 
H2O). After antigen retrieval with citric acid (10 mM), the 
sections were incubated in 3% hydrogen peroxide (H2O2) 

to quench endogenous peroxidase activity washed in phos-
phate buffer solution (PBS) (3×5 min) and encircled by 
a pap pen (hydrophobic pen). The slides were incubated in 
1% bovine serum albumin (BSA) for 15 min to block them. 
Removed the BSA without washing, and the slides were in-
cubated with primary antibodies to Acas-3, Bax, and Bcl-2 
(1:50, Santa Cruz) and cTnI (1:100) at 4°C in a humidified 
and dark environment overnight. After washing with PBS 
(3×5 min), the samples were incubated with a biotinylated 
secondary antibody (Vector Laboratories, USA) for 45 min 
at room temperature in a  dark, humidified environment. 
Subsequently, they underwent a PBS wash (3×5 min) and 
were incubated with an HRP-labeled streptavidin secondary 
antibody (GE Healthcare, UK) for an additional 30 min at 
room temperature. Samples were incubated with amino ethyl 
carbazole (AEC, ScyTek Laboratories Inc.) chromogen after 
washing with PBS (3×5 min) to visualize immunoreactivity. 
Sections were counterstained with hematoxylin and were 
mounted under a coverslip in an aqueous mounting reagent 
(Invitrogen, Carlsbad, CA) after washing in distilled water. 
In some slides, PBS was dropped onto the sections instead 
of a primary antibody for the negative control, and no im-
munostaining was observed. Randomly selected five areas 
in each section were analyzed under the light microscope 
at 400× magnification (Nikon Eclipse E200) using the NIS-
Elements software program (Hasp ID: 6648AA61; Nikon) 
to define the immune-stained cells. The staining intensity 
of the molecules was assessed using a four-level categorical 
scoring system to determine their immune expression levels. 
The criteria for the immunostaining scoring system are as 
follows: “0+” score indicates no staining, “1+” score indicates 
weak but detectable staining, “2+” score indicates moderate 
staining, and “3+” score indicates strong/intense staining 
(Gevrek et al. 2024). The cells were counted categorically 
according to these criteria, and immunostaining intensities 
were defined. The results were converted into H-score values, 
a semiquantitative evaluation system of immunohistochem-
istry, using the formula [ΣPi × (i + 1)]. In this formula, i is the 
staining intensity score, and Pi is the percentage of stained 
cells. The mean immunostaining H-scores of the groups were 
accounted for and compared statistically. 

Statistical analysis 

After checking with Shapiro-Wilks test to determine whether 
the data was normally distributed, data were analyzed using 
Kruskal Wallis-H test followed by Bonferroni adjustment for 
multiple comparisons. If the p value is < 0.05, it was con-
sidered statistically significant. All statistical analyzes were 
conducted using SPSS for Windows (Release-20.0.0, IBM 
Co., Somers, NY, US) and Statistica 8.0 Program (StatSoft 
Inc., OK, USA), whenever applicable. Data were expressed 
as the mean ± SD.
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Results

Histopathologic results

In the histopathologic examination, a notable increase in 
the myocardial damage score was evident in the CLP group 
compared to the SH group, reaching statistical significance 
(p < 0.05, n = 7, X2 = 7.87, df = 3) (Fig. 2). Throughout the 
microscopic analysis, we observed a  typical histological 
structure in the heart tissue of the SH group rats (Fig. 3A). 
However, the CLP group exhibited extensive histological 
damages, including disorganized muscle tissue and struc-
tural disruption, hemorrhagic and necrotic areas, inflam-
matory cell infiltration, apoptotic cells with pyknotic nuclei, 
and regions with pale staining (Fig. 3D). The analyzes also 
showed a  decrease in histopathological injuries in both 
groups of PMF, where both PMF groups had almost similar 
appearances to each other (Fig. 3B,C).

Immunohistochemical results

The immunohistochemical analysis revealed changes in im-
mune expression of crucial protein markers linked to myo-
cardial apoptosis and injury. Specifically, the Bcl-2 protein 
H-score values were significantly reduced in the CLP group 
compared to the SH group (p < 0.001, n = 7, X2 = 16.58, df 
= 3), indicative of decreased anti-apoptotic activity in myo-
cardial tissue following CLP-induced sepsis (Figs. 4A and 

Figure 2. Weighted myocardial damage scores of the groups. Data 
are means ± SD. Kruskal-Wallis-H test followed by Bonferroni 
adjustment for multiple comparisons were used. * p < 0.05 vs. SH 
group, NTotal = 28 (n = 7 for each group), X2 = 7.87, df = 3. SH, 
sham-operated group; CLP, sepsis-induced group; LF-PMF, CLP 
(Sepsis) + 1 mT 7.5 Hz PMF-treated group; HF-PMF, CLP (Sepsis) 
+ 1 mT 15 Hz PMF-treated group. PMF, pulsed magnetic field.

5). Remarkably, both LF-PMF and HF-PMF therapies led 
to a significant elevation in Bcl-2 H-score values compared 
to the CLP group (p < 0.001 vs. LF-PMF and HF-PMF, n = 

Figure 3. Representative 
microscopic images showing 
hematoxylin-eosin-stained 
cross-sections of the rat heart 
tissues within the groups: SH 
(A), LF-PMF (B), HF-PMF 
(C), CLP (Sepsis, D). Bar: 
50 µm. SH exhibits the char-
acteristic histological struc-
ture of heart tissue. LF-PMF 
and HF-PMF have moderate 
tissue damage, whereas CLP 
(Sepsis) has severe tissue 
damage. For abbreviations, 
see Figure 2.
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7, X2 = 16.58, df = 3), underscoring the potential of PMF in 
mitigating apoptosis (Figs. 4A and 5).

Conversely, immune expression of pro-apoptotic path-
ways demonstrated an opposing trend. The Bax H-score, 
Bax/Bcl-2 ratio, and Acas-3 H-score exhibited significant 
increases in the CLP group compared to the SH group (p < 
0.01 for Bax, p < 0.001 for Bax/Bcl-2 ratio and Acas-3, n = 7, 
X2 = 12.01 for Bax, X2 = 14.73 for Bax/Bcl-2 ratio, X2 = 14.05 
for Acas-3, df = 3), indicative of heightened apoptotic activity 
in septic myocardial tissue (Figs. 4B–D and 5). However, both 
LF-PMF and HF-PMF therapies resulted in notable reduc-
tions in the immune expression of Bax H-score, Bax/Bcl-2 
ratio, and Acas-3 when compared to the CLP group (p < 0.01 

vs. LF-PMF and HF-PMF for Bax, p < 0.001 vs. LF-PMF and 
HF-PMF for Bax/Bcl-2 ratio and Acas-3, n = 7, X2 = 12.01 
for Bax, X2 = 14.73 for Bax/Bcl-2 ratio, X2 = 14.05 for Acas-3, 
df = 3), suggesting the potential of PMF in attenuating pro-
apoptotic signaling pathways (Figs. 4B–D and 5).

Furthermore, the cTnI, a crucial marker of myocardial 
injury, exhibited a  significant decrease in the CLP group 
compared to the SH group (p < 0.001, n = 7, X2 = 14.87, df 
= 3), indicating sepsis-induced myocardial damage (Figs. 6 
and 7A,D). Interestingly, both LF-PMF and HF-PMF thera-
pies led to significant increases in cTnI immune expression 
compared to the CLP group (p < 0.05 vs. LF-PMF, p < 0.001 
vs. HF-PMF, n = 7, X2 = 14.87, df = 3), implying a potential 

Figure 4. Immunohistochemical staining intensity scores (H-scores) of Bcl-2 (A), Bax (B), Bax/Bcl-2 ratio (C) and Acas-3 (D) in the 
groups. Data are means ± SD. Kruskal-Wallis-H test followed by Bonferroni adjustment for multiple comparisons were used. ** p < 0.01 
and *** p < 0.001 vs. SH group, ## p < 0.01 and ### p < 0.001 vs. CLP group, NTotal = 28 (n = 7 for each group), X2 = 16.58 for Bcl-2, X2 = 
12.01 for Bax, X2 = 14.73 for Bax/Bcl-2 ratio, X2 = 14.05 for Acas-3, df = 3. For abbreviations, see Figure 2.
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protective effect of PMF against sepsis-induced myocardial 
injury (Figs. 6 and 7B–D).

Discussion

In our study, significant changes were observed in related 
for apoptosis Bcl-2, Bax, and Acas-3 (caspase-3) proteins 
as well as cTnI protein and Bax/Bcl-2 ratio in the CLP and 
PMF groups. These changes are strong evidence that sepsis 
causes damage and apoptosis in myocardial cells and that 
PMF treatment has preventive effects on this damage.

Apoptosis is a meticulously regulated, energy-dependent 
suicide program in which a cell initiates a signaling cascade 
resulting in cell death without eliciting an inflammatory 
response (Gustafsson et al. 2007). The Bcl-2/Bax/Cleaved 
caspase-3 apoptotic signaling pathways, as a signal pathway 
regulating cell apoptosis and survival, play a significant role 
in various diseases, including many cardiac diseases (Thorn-
berry and Lazebnik 1998). Bcl-2 is a  key anti-apoptotic 
protein, and high expression levels indicate inhibition of 
apoptotic death (Ellis et al. 1991; Oltvai et al. 1993; Cory and 
Adams 1998). Bax, identified through immunoprecipitation 

Figure 5. A representative photomicrograph of immune staining of the apoptotic (Acas-3, Bax) and antiapoptotic (Bcl-2) proteins are 
shown in the cardiac muscle tissues of the groups. Immune expressions of Acas-3 and Bax are greater in CLP than in other groups. No-
table reductions are observed in the LF-PMF and HF-PMF groups versus CLP. Bcl-2’s immune expression exhibits vice versa appearance 
with that of Acas-3 and Bax. Bar: 50 µm. For abbreviations, see Figure 2.

along with Bcl-2, is the foremost pro-apoptotic homolog. 
Accelerated apoptotic death occurs when Bax is overex-
pressed in cells (Haddad et al. 2007; Qin et al. 2008). It has 
been demonstrated that Bax forms heterodimers with Bcl-2, 
thereby mitigating the impact of Bcl-2 on cellular survival 
(Oltvai et al. 1993). When the Bcl-2/Bax ratio increases, ap-
optosis is inhibited, and when the ratio decreases, apoptosis 
is promoted (Qin et al. 2008). Caspase-3, a member of the 
caspase family, plays a central role in the execution of apop-
tosis (Porter et al. 1999). Apoptosis is accelerated with high 
caspase-3 expression (Pu et al. 2017). It is well-established 
that proteins from the Bcl-2 family and caspase family play 
a central role in regulating apoptosis in the cardiovascular 
system (Kirshenbaum et al. 1997; Kang et al. 2000; Zhu et al. 
2001; Radhakrishnan et al. 2009). The role of apoptosis in the 
cardiovascular system is crucial, particularly in the develop-
ment of cardiac pathologies such as heart diseases (Bennett 
2002). An increase or dysregulation of apoptosis can lead to 
myocardial damage and sepsis triggers myocardial apoptosis 
(Krijnen et al. 2002). Based on the provided information and 
existing literature, reductions observed in the Bcl-2 expres-
sion level and the increases in the Bax, the Acas-3, and the 
Bax/Bcl-2 ratio in the CLP group relative to SH can be inter-
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preted as the sepsis induces myocardial apoptosis, and, thus, 
myocardial damage (Figs. 4A–D and 5). On the other hand, 
cTnI is one of three contractile regulatory troponin proteins 
responsible for regulating calcium-mediated interactions 

between actin and myosin myofilaments in cardiac muscles 
(Babuin et al. 2005). It is accepted as a sensitive biomarker 
of myocardial damage (Mair 1997; Negahdary et al. 2016; 
Wang et al. 2020) and the loss of cTnI immunoreactivity in 
myocardial cells indicates a pronounced extent of degenera-
tion and necrosis (Tunca et al. 2009). Therefore, relative to 
the SH group, the reduction observed in the expression level 
of cTnI protein in the CLP strongly support our suggestion, 
indicating that sepsis induces myocardial damage (Figs. 6 
and 7A,D). In this context, our results are consistent with 
the literature. Results from the histopathological evaluations 
where extensive histological damages were observed provide 
further evidence for the findings (Fig. 3A,D), whereas also 
being consistent with the previous reports (Zhang R et al. 
2022; Zhao and Cheng 2022). The overall results reveal that 
sepsis was induced in the rats following their exposure to 
CLP in our experimental setup.

While studies on PMF therapy in sepsis treatment are lim-
ited, it has been demonstrated that in inflammatory diseases, 
PMF can propagate throughout the entire signal transduc-
tion pathway and significantly amplify, thus altering cell 
behavior (Ross et al. 2017). In vitro studies have shown that 
PMF treatment with different frequencies and wavelengths 
induces apoptosis in cancerous cells and alters apoptosis-
related proteins (Amiri et al. 2018). Lee et al. (2022) recently 
performed a study to examine the potential alleviating effects 
of PMF (75 Hz, 14.67 mT, for up to 5 days) on bacterial sep-
sis in a murine model of lipopolysaccharide (LPS)-induced 

Figure 6. Immunohistochemical staining intensity H-scores of 
cTnI by the groups. Data are means ± SD. Kruskal-Wallis-H test 
followed by Bonferroni adjustment for multiple comparisons were 
used. *** p < 0.001 vs. SH group, # p < 0.05 and ### p < 0.001 vs. 
CLP group, NTotal = 28 (n = 7 for each group), X2 = 14.87, df = 3. 
For abbreviations, see Figure 2.

Figure 7. A  representative 
image of cTnI immunohis-
tochemical staining of the 
groups: SH (A), HF-PMF 
(B), LF-PMF (C) and CLP 
(D). The CLP group exhibits 
a significantly weaker stain-
ing intensity compared to 
the others. Notable improve-
ments are observed in the LF-
PMF and HF-PMF groups 
versus CLP. Bar: 50 µm. For 
abbreviations, see Figure 2.

A
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septic shock. The study showed the exposure to PMF led to 
a reduction in septic shock-related mortality and prevented 
LPS-induced multiple organ failure multiple organ failure, 
including lung, liver, kidneys and spleen, in mice through 
the suppression of systemic immune and inflammatory re-
sponses (Lee et al. 2022). Previously, we conducted a study 
to explore the potential effects of 1 mT PMF (7.5 Hz and 
15 Hz, for 24 h) on septic liver tissue injury triggered by 
CLP in rats. In the study, we observed that the exposure to 
1 mT PMF reduced immune expression levels of Bax, Acas-
3, and hypoxia-inducible factor (HIF)-1α (a factor involved 
in hypoxia induced apoptosis), increased Bcl-2 expression, 
and alleviated sepsis-related liver damage in rats (Gevrek et 
al. 2023). In the current study, the increases observed in the 
Bcl-2 expression levels and the reductions in the Bax, Acas-
3, and the Bax/Bcl-2 ratios in both PMF groups relative to 
the CLP are evidenced that PMF prevents sepsis-induced 
myocardial apoptosis and, thus, myocardial damage (Figs. 
4A–D and 5). The significant increases in myocardial cTnI 
expression levels observed in both PMF groups relative to 
the CLP strongly support our suggestion, indicating that 
PMF prevents sepsis-induced myocardial damage (Figs. 6 
and 7B–D). Results from the histopathological evaluations 
where notable improvements were observed provide further 
evidence for the findings (Fig. 3B–D).

In conclusion, the application of PMF at a magnetic field 
intensity of 1 mT and at different frequencies (7.5 Hz and 
15 Hz) to the rats with septic myocardial damage prevents 
apoptotic cell death through up-regulating anti-apoptotic 
pathway molecule Bcl-2 expression, and by down-regulat-
ing apoptotic pathway molecules Acas-3 and Bax expres-
sions. Besides that, exposure to PMF also up-regulates cTnI, 
a sensitive biomarker of myocardial damage. Thus, it can 
be said that PMF has the potential to prevent apoptotic 
cell death and myocardial damage in septic myocardium. 
To our knowledge, the present study stands out as one of 
a kind, unveiling the therapeutic effects of PMF (7.5 Hz and 
15 Hz, 1 mT; for 24 h) against sepsis-related myocardial 
damage. Our study, along with the histopathological exami-
nations, provides crucial information regarding changes in 
the immunoreactivity of apoptotic-antiapoptotic markers 
(Bcl-2, Bax and Acas-3) and cTnI following PMF exposure 
in septic rat myocardium. Sepsis is a  widespread cause 
of myocardial damage, observed in a significant portion 
of sepsis patients (Cheadle et al. 1996; Esper and Martin 
2009). Preventing myocardial apoptosis may help impede 
the onset and progression of cardiovascular diseases. These 
findings would establish a  crucial foundation for future 
research and clinical studies aimed at developing innovative 
strategies for the treatment of cardiovascular health issues 
arising from sepsis.
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