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Abstract

Objective

The 10 kV/m electric field, with a repetition frequen-
cy of 50 Hz and unidirectional pulsed (DC), which
is accepted as the biological interaction limit by the
World Health Organization, can also have an effect
on cardiac tissues. 10 kV/m electric field exposure
(pulsed wave shape) is increasingly seen both in the
workplace and clinically. This study aimed to evaluate
the structural and molecular responses of the heart to
graded durations of 10 kV/m electric field (EF) expo-
sure in rats.

Material and Method

Forty male Sprague-Dawley rats were randomly as-
signed to five groups (n = 8/group): control (0 min),
and EF exposure for 1, 5, 15, or 30 minutes. Animals
in the experimental groups were exposed to a pulsed
electric field of 10 kV/m generated by a parallel-plate
electrode system under standardized conditions.The
pulses are unidirectional and have a repetition time of
20 ms (50 Hz). Hearts were harvested post-exposure
and examined histopathologically. In addition, Bone
Morphogenetic Protein-2 (BMP-2), vascular endothe-
lial growth factor (VEGF), and fibroblast growth factor
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(FGF) immunohistochemical evaluation were per-
formed, and immunopositivity was scored semi-quan-
titatively.

Results

Histopathological evaluation revealed intact myo-
cardial architecture in control, 1-, 5-, and 15-minute
groups. However, 30-minute EF exposure induced
moderate hyperemia. Immunohistochemistry re-
vealed minimal expression of BMP-2, VEGF, and
FGF in early exposure groups, but BMP-2 showed fo-
cal upregulation in the 30 min group. VEGF and FGF
remained unchanged.

Conclusion

Prolonged monophasic, high-intensity pulsed electric
field exposure induces early signs of microvascular
remodeling in cardiac tissue, reflected histologically
by hyperemia and molecularly by increased BMP-
2 expression. These findings suggest BMP-2 may
serve as an ear-ly biomarker of cardiac remodel-
ing in electrically active environments or device in-
terfaces, such as pacemaker implantation zones.
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Introduction

The mammalian heart exhibits a remarkable capac-
ity for structural and functional adaptation to diverse
physical stimuli, including pressure, stretch, and,
more recently, externally applied electric fields (EFs)
(2). While EFs are traditionally associated with elec-
trophysiological control via pacemakers and defibril-
lators, emerging research highlights their potential to
modulate cellular signaling, vascular tone, and ex-
tracellular matrix remodeling (2-4). However, the bi-
ological responses of myocardial tissue to sustained
high-intensity EF exposure remain incompletely un-
derstood. High-intensity electric fields can alter cell
membrane potentials, activate ion channels, and stim-
ulate intracellular pathways, leading to calcium influx,
MAPK activation, and transcription of stress-related
genes, such as those encoding bone morphogenet-
ic proteins (5-8). Among these, Bone Morphogenet-
ic Protein-2 (BMP-2) has garnered attention for its
roles in both bone and cardiac tissues. In the heatrt,
BMP-2 is involved in embryonic development, fibro-
blast activation, and post-infarct remodeling (9-13).
BMP-2 expression is typically low under physiological
conditions but increases in response to myocardial
injury or stretch, suggesting it may act as a sensor
of biomechanical stress. These structural adaptations
are thought to stem not only from mechanical irrita-
tion but also from chronic micro-electric field expo-
sure, yet the molecular mechanisms remain elusive.
Understanding whether such electrical environments
provoke early, non-lethal changes in myocardial biol-
ogy, including upregulation of pro-remodeling factors
like BMP-2, is essential for optimizing the safety and
efficacy of cardiac electroceuticals (14-16).

Experimental and clinical studies have demonstrated
that pacemaker or implantable cardioverter-defibrilla-
tor (ICD) leads may induce localized fibrotic remod-
eling and even alter conduction patterns around the
electrode site (17-19). Previous EF-exposure studies
in non-cardiac tissues have demonstrated voltage-
and time-dependent expression of VEGF, TNF-q,
and SPARC (osteonectin), markers of angiogenesis,
inflammation, and matrix turnover (20-22). Whether
similar processes are activated in the heart, a tissue
highly sensitive to ionic flux and metabolic stress, is
unknown (23). Given this context, the present study
aimed to evaluate the histopathological and immuno-
histochemical effects of graded-duration high-density
(10 kVv/m) electric field exposure on rat myocardial tis-
sue. Specifically, we assessed changes in vascular
integrity and BMP-2, FGF, and VEGF expression as
indicators of early remodeling. Our findings may help
elucidate the interface between electrical stimuli and
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cardiac structural biology, with implications for pace-
maker-tissue interactions and bioelectronic medicine.

Material and Method

Animals and Experimental Design

Forty adult male Sprague-Dawley rats (10-12 weeks
old; 250-300 g) were obtained from the Isparta Suley-
man Demirel University Experimental Animal Center.
All experiments complied with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) 2.0 guide-
lines. Animals were housed under standard laborato-
ry conditions (22 + 2°C, 12-hour light/dark cycle, ad
libitum feeding). Following acclimatization, rats were
randomly divided into five groups (n = 8 per group)
based on EF exposure duration;

Group | — Control (0 min, no EF exposure): Rats in this
group were handled identically to the other groups,
including placement in the exposure chamber, but no
electrical voltage was applied. This group served as
the baseline reference to assess the natural morphol-
ogy and biomarker expression of cardiac tissue with-
out any electrical influence.

Group Il — 1-minute exposure: Animals in this group
were exposed to a high-density direct current electric
field of 10 kV/m for exactly 1 minute. This short-du-
ration exposure aimed to model acute, subthreshold
electrical stimulation, such as may occur during brief
diagnostic pacing procedures or accidental low-level
environmental exposure.

Group Il — 5-minute exposure: This group received a
moderate-duration EF exposure of 5 minutes. It was
designed to investigate whether a slight extension in
exposure duration leads to incremental histopatho-
logical or molecular changes, potentially mimicking
therapeutic stimulation parameters used in emerging
electroceutical technologies.

Group IV — 15-minute exposure: Rats in this group
underwent 15 minutes of continuous EF exposure,
representing a prolonged but clinically plausible expo-
sure duration in cases such as malfunctioning pacing
devices or therapeutic protocols involving field mod-
ulation. This group served as a critical mid-point to
detect threshold effects in tissue remodeling.

Group V — 30-minute exposure: This final group was
exposed to 10 kV/m for 30 minutes, modeling sub-
acute high-density electric field exposure conditions.
This duration was selected based on preliminary
studies indicating the likelihood of early tissue-lev-
el changes, including microvascular alterations and



pro-remodeling marker expression, without overt cell
death.

Electric Field Application Protocol

A 10 kV/m intensity electric field, which has the puls-
es unidirectional and have a repetition time of 20 ms
(50 Hz, monophasic DC), was generated using a
custom-built parallel plate system. High voltage (5.5
kvdc) is required, and this was supplied by the con-
trol box. This control box has been custom-built. The
animal cages are sized 26x43x15 cm. Due to all the
parallel cages being spaced 50 cm apart, we can get
the EF intensity as a value of 10 kV/m. EF exposure
was conducted using a custom-designed high-voltage
parallel plate system engineered to generate a uni-
form field. No direct contact occurred between elec-
trodes and rats. Animals were euthanized 1 hour after
exposure for tissue analysis.

The selected electric field intensity was chosen based
on previous experimental studies reporting biologi-
cal interaction thresholds without inducing thermal or
necrotic injury. Exposure durations were designed to
capture acute-to-subacute responses and to identify
potential temporal thresholds for early myocardial re-
modeling.

Histopathological Method

Euthanasia was performed by decapitation under
deep anesthesia induced with an intraperitoneal com-
bination of 10 mg/kg Xylazine (Xylazinbio 2%, Biove-
ta, Czech Republic) and 90 mg/kg Ketamine (Ketalar,
Pfizer, Tlrkiye), in accordance with institutional and
international ethical guidelines. The depth of anes-
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thesia was confirmed by the absence of pedal and
corneal reflexes before proceeding with euthanasia
by decapitation. Heart samples were collected during
necropsy and preserved in a 10% neutral formalin
solution. The heart samples were then embedded
in paraffin wax following standard tissue processing
using an automated tissue processing device (Lei-
ca ASP300S, Wetzlar, Germany). Subsequently, 5
pum thick sections were cut from the paraffin blocks
using a fully automated rotary microtome (Leica
RM2155, Leica Microsystems, Wetzlar, Germany).
These sections were stained with hematoxylin and
eosin (H&E), cover-slipped, and examined under light
microscopy. Histological lesions in the hearts were
graded semi-quantitatively using an ordinal grading
system. This evaluation included assessment of hy-
peremia, hemorrhage, inflammatory cell infiltrations,
and degenerative necrotic changes in myocardial
cells. Lesions were classified as normal (score = 0),
mild (1), moderate (2), or severe (3) according to the
semi-quantitative grading system (Table 1).

Immunohistochemical Examination

For immunohistochemical analysis, three series of
slices were cut from the paraffin blocks and mount-
ed on slides coated with poly-L-lysine. Sections were
then subjected to immunohistochemical staining fol-
lowing the manufacturer's instructions to assess the
expression of BMP-2, FGF, and VEGF using the
streptavidin-biotin-peroxidase method (HRP/DAB).
Primary antibodies used were BMP-2 (BMP2 Anti-
body - #AF5163, Affinity Bioscience, Canada), FGF
(FGF-2 Antibody (C-2): sc-74412, Santa Cruz, Texas,
USA), and VEGF (VEGFA antibody, #AF5131; Affini-

Table 1 Histopathological and immunohistochemical scores and affections

Scores
0 1 2 3
. moderate severe
normal myocardial . . . DA
. ) mild myocardial myocardial damage | myocardial injury
architecture; - : . ) ? .
. alterations, including characterized with widespread
IO B EE 0 slight myofibrillar by myocyte myocyte
o | Histopathological degeneration, slight myot y myocy yocy
c . disorganization and degeneration, necrosis, marked
o necrosis, or o . " . .
= . minimal interstitial inflammatory cell inflammatory
< inflammatory s S
=] L ) edema infiltration, and infiltration,
< infiltration . .
2 interstitial edema hemorrhage,
. . . focal and weak diffuse and weak diffuse and
Immunohistochemical no expression . . -
staining staining marked staining
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ty Bioscience, Canada) at a 1/100 dilution. Immuno-
histochemistry was performed using a streptavidin—
alkaline phosphatase conjugate and a biotinylated
secondary antibody following a 60-minute incubation
with the primary antibodies. Mouse and Rabbit Spe-
cific HRP/DAB IHC Detection Kit - Micro-polymer
(ab236466) from Abcam (Cambridge, UK) was used
as the secondary antibody, and diaminobenzidine
(DAB) was employed as the chromogen. For negative
controls, antigen dilution solution was applied instead
of primary antibodies. Each evaluation was conduct-
ed on blinded samples by a specialized pathologist
from another university.

At an objective magnification of x40, the IHC expres-
sions were scored on a scale of 0-3. Accordingly, 0
indicates no expression, 1 indicates focal and weak
staining, 2 indicates diffuse and weak staining, and 3
indicates diffuse and marked staining (Table 1). The
ImageJ 1.48 software (National Institutes of Health,
Bethesda, MD) was used to determine the positive
immunohistochemical reaction. Olympus CX41 mi-
croscope was used for photographing the results, and
the Database Manual Cell Sens Life Science Imaging
Software System (Olympus Corporation, Tokyo, Ja-
pan) was used for microphotography.

For histopathological and immunohistochemical anal-
yses, three non-consecutive sections were obtained
from each paraffin-embedded cardiac tissue block
per animal. From each section, at least five randomly
selected, non-overlapping high-power fields (HPFs;
x400 magnification) were evaluated, resulting in a
minimum of 15 fields analyzed per animal. All his-
topathological and IHC evaluations were performed
twice by a single experienced pathologist who was
blinded to the experimental groups. To ensure con-
sistency, the assessments were repeated at different
time points, and the final scores were determined
based on concordant findings. Representative photo-
micrographs were selected to accurately reflect the
median histopathological and immunohistochemical
scores of each experimental group, while avoiding ar-
eas affected by sectioning artifacts, edge effects, or
staining irregularities. Image acquisition parameters
were standardized across all groups to maintain con-
sistency and comparability.

For each animal, at least three non-consecutive
sections were analyzed, and five randomly selected
high-power fields per section were evaluated.

Statistical Analysis

The results were analyzed with the Kruskal-Wallis
test followed by the Dunn’s post hoc test. Statistical
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analysis was performed using GraphPad Prism ver-
sion 10.1 software (San Diego, California, USA). Dif-
ferences were considered significant for p<0.05. All
results are expressed as median * interquartile range.
Although histopathological and immunohistochemical
scores were ordinal in nature, data distribution was
assessed using the Shapiro—Wilk test and showed no
significant deviation from normality. Therefore, para-
metric analysis (one-way ANOVA followed by Tukey’s
post hoc test) was applied. To ensure robustness,
non-parametric Kruskal-Wallis analysis was also per-
formed as a sensitivity analysis, yielding consistent
results.

Results

Histopathology Findings

Light microscopic evaluation of hematoxylin and eo-
sin (H&E)-stained myocardial sections revealed a
clear time-dependent response to electric field expo-
sure. In the control group (0 min), myocardial tissue
exhibited normal histoarchitecture: cardiomyocytes
were elongated, eosinophilic, and radially arranged
with well-preserved intercalated discs. The endomy-
sial and perimysial connective tissue compartments
were intact, and the capillary network was dense yet
not dilated.

Similarly, the 1-minute and 5-minute exposure groups
showed no remarkable histological deviations com-
pared to controls. Cardiomyocyte alignment and nu-
clear morphology were preserved, with no evidence
of edema, hemorrhage, or inflammatory infiltration
detected.

In the 15-minute exposure group, cardiac tissue large-
ly retained its overall architecture; however, some
specimens exhibited early vascular changes, includ-
ing mild capillary dilation and increased erythrocyte
density in the interstitial spaces.

The most notable alterations were observed in the
30-minute exposure group, where myocardial sec-
tions showed moderate hyperemia with expanded
vascular lumens and increased erythrocyte extrava-
sation into the interstitial matrix. Cardiomyocytes in
these regions demonstrated slightly widened intercel-
lular spaces, suggestive of early tissue stress or per-
fusion imbalance. Notably, no necrosis, fibrosis, or in-
flammatory cell infiltration was detected in any group,
indicating a non-lethal, adaptive tissue response rath-
er than overt injury (Fig 1 and 2).

Immunohistochemical Examination
Immunohistochemical staining was conducted to as-
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Figure 1
Representative histopathological figures of hearts between the groups. Normal myocardial tissue histology in
(A) control, (B) 1 min, (C) 5 min, (D) 15 min group, (E) Moderate hyperemia (arrows) in the 30 min group, HE,

scale bars = 20 pm.

Figure 2
Statistical graphs illustrating the histopathological scores of hyperemia, hemorrhage, inflammatory infiltration,
and degeneration across the experimental groups. Data are presented as median + interquartile range (n =
8). Asterisks (*) and (**) denote statistically significant differences compared with the control group at p < 0.05

and p < 0.001, respectively.

sess expression of BMP-2, VEGF, and FGF as mark-
ers of remodeling, angiogenesis, and growth factor
activation in myocardial tissue following EF exposure.

BMP-2 Expression

In the control, 1-minute, 5-minute, and 15-minute
groups, BMP-2 immunoreactivity was either absent or
limited to weak, focal cytoplasmic staining (score =
0-1). However, in the 30-minute group, moderate, dif-
fuse BMP-2 expression (score = 2—3) was observed in
cardiomyocytes and perivascular regions. Cytoplas-
mic positive expression was particularly prominent
in regions with pre-existing hyperemia, suggesting
a spatial correlation between vascular response and

BMP-2 activation. This change was statistically signif-
icant compared to all other groups (p < 0.01) (Fig 3).

VEGF and FGF Expression

Both VEGF and FGF-2 markers showed no statisti-
cally significant differences among exposure groups.
While occasional weak VEGF immunoreactivity was
noted in perivascular endothelial cells in the 30-min-
ute group, these findings did not reach statistical sig-
nificance (p > 0.05). FGF expression remained low
and diffuse in all groups, suggesting that electric field
exposure at these parameters did not induce angio-
genic or fibroblastic transformation within the ob-
served period (Fig 4).
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Figure 3
Immunohistochemical BMP-2 (upper row), FGF (medium row) and VEGF (below row) expressions of hearts
between the groups. Negative expression (A) in Con group, (B) 1 min group, (C) 5 min, (D) 15 min and (E)
slight to moderate increase in BMP-2 in 30 min group (arrow) Streptavidin biotin peroxidase method, scale

bars=20um.

Figure 4
Statistical analysis graphs showing the immunohistochemical expression levels of BMP-2, VEGF, and FGF in
cardiac tissue. A statistically significant increase in BMP-2 expression was observed exclusively in the 30-min-
ute electric field (EF) exposure group (p < 0.05), suggesting time-dependent molecular remodeling. In contrast,
no significant differences were detected in VEGF or FGF expression among groups. Data are presented as
median * interquantile range (n = 8). Asterisks (*) denote statistically significant differences compared to the

control group.

Discussion

This study provides novel insights into the effects of
graded-duration high-voltage electric field (EF) expo-
sure on myocardial structure and molecular remod-
eling in rats. Using both histopathological and immu-
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nohistochemical approaches, we demonstrate that
Extremely Low Frequency (50 Hz), pulsed 10 kV/m
EF, when applied for 30 minutes, induces moderate
hyperemia and significant upregulation of BMP-2 ex-
pression in cardiac tissue, without overt necrosis or
inflammation. These findings suggest that electric



fields, even in the absence of thermal or direct contact
injury, may provoke adaptive changes in the myocar-
dium via molecular signaling pathways.

Histologically, myocardial tissue exhibited a time-de-
pendent response to EF exposure. While shorter ex-
posures (1-15 min) did not elicit structural abnormali-
ties, 30-minute exposure led to focal vascular dilation
and hyperemia, hallmarks of early vascular reactivity.
This vascular change, in the absence of inflammatory
infiltration or cardiomyocyte degeneration, suggests
a subclinical physiological response rather than overt
injury. Similar vascular responses to sub-threshold
stimuli have been reported in skeletal muscle and en-
dothelium under electrical stimulation (24). Among the
most notable findings was the increased expression
of BMP-2 in myocardial cells after 30-minute expo-
sure. BMP-2, a member of the TGF-3 superfamily, has
well-established roles in cardiac development, post-in-
jury remodeling, and fibroblast activation (25). In our
study, the spatial distribution of BMP-2—localized to
areas of vascular congestion—supports the hypothe-
sis that EF exposure can activate mechano-sensitive
or voltage-gated pathways involved in tissue remod-
eling. Mechanistically, EF exposure may modulate in-
tracellular ion homeostasis, particularly calcium influx,
which is a known trigger for MAPK and Smad signal-
ing cascades that regulate BMP transcription (26).

Voltage-gated calcium channels in cardiomyocytes
are responsive to external field gradients, and their
sustained activation has been implicated in adap-
tive gene expression changes during biomechanical
stress (27, 28). Interestingly, neither VEGF nor FGF
showed significant changes among exposure groups.
VEGEF is typically upregulated in hypoxia-driven an-
giogenesis, and FGF is associated with fibrogenic or
proliferative signaling (29, 30). The absence of change
in these markers reinforces the notion that EF expo-
sure in this model triggered a selective, early-stage
remodeling program dominated by BMP-2, rather
than a generalized injury or ischemic response. Im-
portantly, the present model does not aim to replicate
the chronic, localized electrode—tissue interface seen
in implanted cardiac devices, but rather to provide a
controlled platform for identifying early, whole-tissue
molecular responses to electric field exposure. These
findings hold particular relevance in the context of car-
diac implantable electronic devices (CIEDs). Chronic
low-level electrical stimulation from pacemaker or ICD
leads has been associated with local myocardial fibro-
sis and altered signal conduction at the lead-tissue
interface (31). Our findings suggest that such effects
may be preceded by molecular remodeling, includ-
ing BMP-2 induction, even in the absence of clinical
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symptoms or histological damage. This model may
also serve as a foundational platform for studying
electroceutical interventions. With growing interest in
bioelectronic medicine, understanding how the myo-
cardium responds to different EF parameters is es-
sential for optimizing device safety and efficacy (32,
33). Our results suggest that exposure duration is a
critical determinant of the myocardial response, with
30 minutes representing a possible threshold for mo-
lecular activation.

From a translational perspective, BMP-2 upregulation
could serve as a potential biomarker of subclinical
myocardial remodeling. Early detection of BMP-2 ex-
pression in patients undergoing chronic EF exposure
whether therapeutic or environmental might offer pre-
dictive insights into subsequent tissue adaptation or
dysfunction (34-36). Moreover, the absence of inflam-
matory or necrotic changes in our study distinguishes
EF-induced remodeling from classical injury models,
such as ischemia-reperfusion or myocarditis. This po-
sitions EF exposure as a unique mechanobiological
stimulus that preferentially engages adaptive, rather
than destructive, tissue responses.

The lack of histological changes in 1, 5, and 15-min-
ute groups underscores the importance of exposure
duration in determining biological outcomes. These
results align with prior work in reproductive tissues
and nerve models, where duration-dependent effects
of EF on cytokine and growth factor expression were
similarly observed (37-39).

Another notable aspect is the consistency of find-
ings across both morphological and molecular anal-
yses. BMP-2 upregulation coincided with regions of
mild hyperemia, reinforcing the correlation between
structural and molecular adaptations. This coherence
strengthens the validity of BMP-2 as a reliable read-
out of EF-induced myocardial stress. Our findings
also provoke questions regarding the reversibility
of EF-induced BMP-2 expression. Is this activation
transient and reversible, or could it lead to persistent
structural remodeling? Longitudinal studies with ex-
tended post-exposure intervals would be invaluable
in addressing this. The implications of these findings
may extend beyond pacemaker technology. In elec-
trophysiological procedures such as cardiac ablation,
even brief field exposure can provoke localized re-
modeling. Identifying markers such as BMP-2 could
help delineate therapeutic versus adverse effects in
such contexts.

Limitations of this study include the absence of bio-
chemical assays (e.g., ELISA or gqRT-PCR) to confirm
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protein expression levels and lack of functional car-
diac assessments (e.g., ECG or echocardiography).
However, the alignment of histopathological and im-
munohistochemical data offers a robust preliminary
foundation.

In summary, our results demonstrate that prolonged
high-voltage electric field exposure elicits selec-
tive molecular remodeling in the heart, primarily via
BMP-2 upregulation and microvascular adaptation.
These changes occur in the absence of overt struc-
tural damage, suggesting a physiological but poten-
tially progressive tissue response. Further studies are
warranted to explore the long-term implications and
therapeutic modulation of such remodeling in clinical
contexts.

Conclusion

This study demonstrates that exposure to a 10 kV/m,
ELF pulsed electric field for 30 minutes results in mod-
erate microvascular changes and a significant upreg-
ulation of BMP-2 expression in rat myocardial tissue,
in the absence of overt necrosis or inflammation.
These findings highlight the sensitivity of cardiac tis-
sue to prolonged electric field exposure and suggest
a potential mechanobiological mechanism of subclin-
ical remodeling. The selective induction of BMP-2-
without concurrent changes in VEGF or FGF-implies
that specific intracellular signaling pathways, possibly
calcium or voltage-gated mechanisms, may mediate
this effect. Given the growing clinical use of cardiac
implantable electronic devices and emerging bioelec-
tronic medicine strategies, understanding the safe
thresholds and biological impacts of electric fields on
the heart is of increasing importance. Future studies
are needed to determine the long-term consequences
of such remodeling and whether BMP-2 could serve
as a biomarker or therapeutic target in electroceutical
cardiology.
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