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cellular function by disrupting the biophysical
properties of biological membranes. Changes in cell
membrane potential represent one of the earliest and
most sensitive indicators of oxidative imbalance. The
aim of this study was to investigate the biophysical
mechanisms  underlying  membrane  potential
alterations under oxidative stress conditions. The
analysis was based on experimental and theoretical
data describing ion transport dynamics, membrane
permeability, and electrochemical gradients in living
cells. The findings indicate that oxidative stress
induces structural modifications of membrane lipids
and affects ion channel conductivity, leading to

disturbances in transmembrane electrical potential.
These changes influence cellular signaling, calcium
homeostasis, and energy metabolism. Understanding
the biophysical basis of membrane potential
alterations under oxidative stress may contribute to
improved insight into early cellular dysfunction and
the development of targeted biophysical and
therapeutic approaches.

Introduction

The cell membrane is a fundamental biophysical structure that ensures the integrity and
functionality of living cells by regulating ion transport, electrical signaling, and molecular
exchange with the external environment. One of the key parameters characterizing
membrane function is the membrane potential, which arises from the unequal distribution of
ions across the lipid bilayer and the selective permeability of ion channels and transporters.
Even minor disturbances in membrane potential can lead to significant alterations in cellular
behavior, signaling pathways, and metabolic processes.
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Oxidative stress, defined as an imbalance between the generation of reactive oxygen
species and the capacity of antioxidant defense systems, is known to affect a wide range of
cellular components. From a biophysical perspective, reactive oxygen species interact
directly with membrane lipids and proteins, leading to changes in membrane fluidity,
elasticity, and electrical properties. Lipid peroxidation, in particular, alters the structural
organization of the lipid bilayer and can modify the function of embedded ion channels,
thereby influencing transmembrane ion fluxes and electrical gradients.

Experimental evidence suggests that alterations in membrane potential occur at early
stages of oxidative stress, often preceding irreversible structural damage and cell death.
These early bioelectric changes may act as triggers for downstream events such as calcium
influx, mitochondrial dysfunction, and activation of stress-related signaling cascades.
Consequently, membrane potential can be considered not only a biophysical parameter but
also an important indicator of cellular adaptive responses under stress conditions.

Despite growing interest in the relationship between oxidative stress and membrane
bioelectric properties, the precise biophysical mechanisms linking oxidative modifications
of the membrane to changes in membrane potential remain incompletely understood. A
detailed analysis of ion transport processes, membrane permeability, and electrochemical
interactions under oxidative conditions is therefore required. The present study focuses on
elucidating these mechanisms in order to improve the understanding of early cellular
dysfunction from a biophysical standpoint.

Materials and Methods

This study was conducted using a biophysical analytical approach aimed at elucidating
the mechanisms of membrane potential alterations under oxidative stress conditions. The
methodological framework was based on the integration of experimental data reported in the
scientific literature with theoretical biophysical models describing ion transport, membrane
permeability, and electrochemical gradients across biological membranes.

Oxidative stress conditions were analyzed in the context of increased production of
reactive oxygen species and their interaction with membrane lipids and proteins. Particular
attention was given to lipid peroxidation processes and their influence on the physical
properties of the lipid bilayer, including membrane fluidity, thickness, and electrical
resistance. Changes in ion channel function and transporter activity were evaluated based on
reported electrophysiological measurements and biophysical simulations.

Membrane potential alterations were assessed by considering transmembrane ion
gradients, primarily involving sodium, potassium, calcium, and chloride ions. The
Goldman—Hodgkin—Katz framework and related electrochemical models were used to
interpret changes in membrane potential associated with modified ion permeability under
oxidative conditions. The analysis also accounted for alterations in calcium dynamics and
their feedback effects on membrane conductance and cellular signaling.
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Comparative analysis was performed between physiological conditions and oxidative
stress states to identify key biophysical parameters contributing to membrane potential
disturbances. The results were interpreted from the perspective of cellular bioelectric
regulation and adaptive responses to stress. This integrated biophysical approach allowed
for a comprehensive evaluation of how oxidative stress influences membrane potential and
related cellular functions.

Results

The analysis revealed that oxidative stress induces pronounced alterations in the
biophysical properties of the cell membrane, which are directly reflected in changes in
membrane potential. One of the primary findings was a disruption of ion homeostasis
resulting from increased membrane permeability and modified ion channel activity.
Oxidative modifications of membrane lipids were associated with changes in bilayer
organization, leading to reduced membrane stability and altered electrical resistance.

Under oxidative stress conditions, ion transport dynamics showed a shift toward
increased nonspecific ion leakage across the membrane. This effect was particularly evident
for calcium ions, whose elevated intracellular concentration contributed to membrane
depolarization. Altered potassium and sodium fluxes further disturbed the electrochemical
gradients responsible for maintaining the resting membrane potential. These combined
effects resulted in a measurable decrease in membrane potential stability.

The results also indicated that oxidative stress affects the functional properties of voltage-
gated and ligand-gated ion channels. Structural modifications of channel proteins caused by
reactive oxygen species led to changes in channel conductance and gating behavior. As a
consequence, the precision of bioelectrical signaling was reduced, impairing the cell’s
ability to respond to physiological stimuli.

Additionally, alterations in membrane potential were found to correlate with changes in
intracellular signaling pathways. Depolarization events triggered secondary responses,
including enhanced calcium-dependent signaling and modifications in energy metabolism.
These findings suggest that membrane potential disturbances act as an early biophysical
marker of oxidative stress—induced cellular dysfunction.

Discussion

The present findings highlight the central role of membrane bioelectric properties in
cellular responses to oxidative stress. The observed alterations in membrane potential can be
explained by oxidative modifications of membrane lipids and ion channel proteins, which
disrupt the finely balanced electrochemical gradients essential for normal cellular function.
From a biophysical perspective, even subtle changes in membrane permeability or channel
conductance can lead to significant shifts in membrane potential, thereby amplifying the
impact of oxidative stress at early stages.
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The increased nonspecific ion permeability observed under oxidative conditions suggests
that lipid peroxidation compromises the insulating properties of the lipid bilayer. This
phenomenon has important implications for the stability of resting membrane potential, as
uncontrolled ion fluxes reduce the cell’s ability to maintain electrical homeostasis. In
particular, calcium influx appears to play a critical role in membrane depolarization, acting
as both a consequence and a mediator of oxidative stress—related signaling events.

Alterations in ion channel behavior further contribute to membrane potential instability.
Oxidative modifications of channel proteins may affect gating kinetics and ion selectivity,
leading to impaired bioelectrical signaling. Such changes can disrupt signal transduction
pathways and interfere with cellular adaptation mechanisms. These findings support the
concept that membrane potential disturbances represent an early biophysical event linking
oxidative stress to downstream functional impairments.

The results of this study are consistent with previous biophysical models suggesting that
membrane potential serves as an integrative parameter reflecting the overall functional state
of the cell membrane. Importantly, the present analysis emphasizes that oxidative stress—
induced changes in membrane potential are not merely secondary effects but may actively
participate in the initiation of pathological processes. Understanding these mechanisms
provides a foundation for developing biophysically targeted strategies aimed at stabilizing
membrane potential and improving cellular resilience to oxidative damage.

Conclusion

This study demonstrates that oxidative stress induces significant alterations in the
biophysical properties of the cell membrane, leading to measurable changes in membrane
potential. The findings indicate that oxidative modifications of membrane lipids and ion
channel proteins disrupt ion transport dynamics and electrochemical gradients, resulting in
membrane depolarization and reduced bioelectrical stability. These changes occur at early
stages of oxidative stress and precede irreversible cellular damage.

From a biophysical perspective, membrane potential emerges as a sensitive integrative
parameter reflecting the functional state of the cell membrane under stress conditions.
Disturbances in membrane bioelectric properties influence intracellular signaling, calcium
homeostasis, and energy metabolism, thereby contributing to the initiation of cellular
dysfunction. The results support the concept that membrane potential alterations are not
merely secondary consequences but active participants in oxidative stress—related
pathological processes.

Understanding the biophysical mechanisms underlying membrane potential changes
provides valuable insight into early cellular responses to oxidative stress. This knowledge
may contribute to the development of targeted biophysical and therapeutic strategies aimed
at preserving membrane integrity, stabilizing bioelectrical properties, and enhancing cellular
resistance to oxidative damage.
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