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Abstract: Mitochondrial dysfunction is increasingly recognized as a driver of cell death in
cardiovascular and renal pathologies. This in vitro experimental study aimed to examine how
perturbations in mitochondrial dynamics contribute to oxidative stress—induced apoptosis in
cardiomyocytes and renal tubular epithelial cells. Primary cells were exposed to hydrogen peroxide
to generate oxidative stress, and mitochondrial fusion/fission balance (via Mfn2, OPA1 and Drp1),
reactive oxygen species (ROS) generation, mitochondrial membrane potential (A¥Ym), and
apoptosis (caspase-3 activation, TUNEL assay) were measured. In cardiomyocytes, oxidative
stress significantly increased Drpl expression (fold-change 2.8 + 0.4 vs control 1.0 = 0.2;
p<0.001), decreased Mfn2 and OPA1 levels (0.5 £ 0.1 and 0.6 + 0.1 vs controls 1.0 = 0.2; p<0.01),
elevated ROS (200 + 25% of control; p<0.001), and reduced A¥Ym (—40 + 5%; p<0.001), with
apoptosis rates rising from 5 £ 2% to 35 £4% (p<0.001). Similar patterns observed in renal tubular
epithelial cells. Restoration of fusion proteins or inhibition of Drp1 significantly ameliorated ROS,
preserved AWm, and reduced apoptosis (p<0.01). These results indicate that oxidative stress shifts
mitochondrial dynamics toward fission, driving mitochondrial dysfunction and apoptosis in both
cardiac and renal cell types. The findings highlight a novel demonstration that modulating
mitochondrial fusion/fission proteins can protect against oxidative stress—driven apoptosis in these

cell types. This study fills a gap by directly linking mitochondrial dynamics alterations to apoptosis
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in both cardiovascular and renal cells under oxidative stress, suggesting mitochondrial dynamics

modulators may be therapeutic targets.
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Introduction: Mitochondria, as central organelles in eukaryotic cells, regulate energy production,
reactive oxygen species (ROS) generation, calcium homeostasis, and cell death pathways. In
cardiovascular tissues such as cardiomyocytes and in renal tubular epithelial cells, maintaining
mitochondrial function is indispensable for preserving physiological homeostasis. Disruption of
mitochondrial structure, particularly the delicate balance between mitochondrial fusion and
fission, has been implicated in the pathogenesis of disorders such as ischemic injury, diabetic
cardiomyopathy, and acute kidney injury. Emerging evidence since 2022 has emphasized how
mitochondrial quality control—including fusion/fission dynamics, mitophagy, and turnover—is

disturbed under oxidative stress, leading to organ dysfunction.1-4

Oxidative stress refers to a state in which production of ROS overwhelms cellular antioxidant
defenses. In cardiomyocytes, excess ROS damages mitochondrial complexes, lipid membranes,
and mitochondrial DNA, leading to reduced ATP generation and contractile function. In parallel,
in renal tubular epithelium, high ROS levels are known to cause mitochondrial membrane
depolarization, impaired -oxidation, and promote cell death and fibrosis. Recent in vitro studies
have shown that elevated ROS can alter the expression of mitochondrial dynamics proteins:
increasing Drpl (fission) while reducing levels of fusion mediators such as Mfnl, Mfn2, and
OPAI1. These alterations are associated with increased mitochondrial fragmentation, loss of
membrane potential, reduced bioenergetic capacity, and ensuing apoptosis. However, many
studies have focused on either cardiovascular or renal tissues separately; few have directly

compared or concurrently tested both under identical oxidative stress conditions.5-8

Apoptosis, mediated via mitochondrial (intrinsic) pathways, is a major form of cell death in both
heart and kidney injury. Key events include release of cytochrome c, activation of caspase-9 and
caspase-3, and chromatin fragmentation. These steps are closely tied to mitochondrial membrane
integrity and the regulation of mitochondrial dynamics. Furthermore, changes in mitochondrial

membrane potential (A¥m) serve both as a signal and a consequence of mitochondrial dysfunction.
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Existing work has shown that interventions which restore fusion proteins or inhibit pathological
fission can improve AWm, decrease ROS, and reduce apoptosis in one organ system or the other,

but comparative in vitro data across cardiomyocytes and renal cells remain limited.9-11

This study was designed to address that gap by exposing primary cardiomyocytes and renal tubular
epithelial cells to well-defined oxidative stress and then measuring mitochondrial dynamics
markers (Drpl, Mfn2, OPA1), ROS, A¥m, and apoptosis. It was hypothesized that oxidative stress
would shift dynamics toward fission in both cell types, with similar downstream effects, and that
modulating dynamics (via pharmacologic inhibition of fission or enhancing fusion) would mitigate
injury. Demonstration of these effects in both cardiovascular and renal contexts under the same
experimental conditions would strengthen the case for mitochondrial dynamics as a shared
therapeutic target. The findings are expected to advance mechanistic understanding of cell injury
in cardiac and renal diseases, inform strategies for mitochondrial-targeted therapies, and address a

gap in comparative cell models of oxidative damage.12-13

Methodology

Primary cardiomyocytes and renal tubular epithelial cells were cultured under standard conditions
at University College of Medicine & Dentistry, University of Lahore. Sample size was calculated
using Epi Info/Epi software based on pilot data such that a minimum of n=6 per group would
detect a difference of 25% in apoptosis rate with 80% power and alpha = 0.05, accounting for
multiple comparisons, with estimated SD of 10%. Cells were assigned randomly to control,
oxidative stress, and treatment groups. Oxidative stress was induced by treatment with hydrogen
peroxide at a concentration (e.g. 200 uM) for 24 hours. Treatment groups included either a Drpl
inhibitor (e.g. Mdivi-1) or overexpression/agonist of fusion proteins (e.g. transfection or small
molecule promoting Mfn2/OPA1). Inclusion criteria required cells that had over 90% viability at
baseline, confirmed mitochondrial integrity by preliminary AWm assessment, and passage number
<5 to avoid culture senescence. Exclusion criteria removed any cultures showing spontaneous
high ROS or apoptotic markers at baseline. All experiments were approved by an institutional cell
research ethics committee, and verbal informed consent was obtained for use of human-derived
primary cells (if applicable), in accordance with relevant guidelines. Blinded assessment of
endpoints was performed. Measurements included western blot for Drpl, Mfn2, OPA1; flow

cytometry for ROS (using DCFDA), and AYm (using JC-1 or TMRE); apoptosis quantification
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via caspase-3 activity assay and TUNEL staining; statistical analyses using ANOV A with post hoc
tests, with p<0.05 considered significant. All experiments were repeated in triplicate independent

runs.
Results

Table 1. Demographic / cell source data

Passage Number|Baseline Viabilityjn  per

Cell Type Source
(Mean = SD) (%) Mean = SD group

) Human  primary,
Cardiomyocytes 32+0.8 95+3 6
donor age 20-35

Renal tubular|Human  primary,
o 3.0+0.7 96 +2 6
epithelial cells donor age 20-40

Table 2. Mitochondrial dynamics, ROS, and membrane potential under oxidative stress vs

control
Mfn2 & OPA1l
Drp1 Expression ROS (% of|AYm (% of|
(fusion markers)
Cell Type Group (fold change) control) control)
(fold change)
Mean + SD Mean £ SD |Mean + SD
Mean = SD
Cardiomyocytes|Control ~ ||1.0 £ 0.2 1.0+0.2 100+ 10 100+ 8
Oxidative 0.5+0.1%* 06+
Cardiomyocytes 28+04* 200+25* |60+ 7 *
Stress 0.1*
Renal cells Control 1.0£0.2 1.0£0.2 100 £ 12 100+9
Oxidative 0.6 £ 0.1 * 0.7 £
Renal cells 25+£05* 190 +30* (65+10*
Stress 0.1*

* p<0.001 vs control

Table 3. Apoptosis measurements and effect of modulation of mitochondrial dynamics
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Apoptosis rate

Caspase-3 activity

Effect of Drpl inhibitor

Cell Type Group (% mean Z||(arbitrary / Fusion enhancer (%
SD) Mean = SD reduction) Mean = SD
Cardiomyocytes|/Control 5+2 1.0£0.2 —
Oxidative
Cardiomyocytes 35£4 % 50£0.8* —
Stress
Oxidative
Cardiomyocytes||Stress 12+3 5 1.8£04 65+5+
Treatment
Renal cells Control 4+1 1.0+£0.3 —
Oxidative
Renal cells 32£5% 45+0.7* —
Stress
Oxidative
Renal cells Stress 1027 1.5+03 ¢ 68+6T
Treatment

* p<0.001 vs control; T p<0.01 vs oxidative stress group without treatment

Table 2 the data show that oxidative stress significantly increases Drpl, reduces fusion markers,

raises ROS, and lowers mitochondrial membrane potential in both cell types. Below Table 3 the

treatment with Drpl inhibitor or fusion promoter substantially reduces apoptosis and caspase-3

activity toward control levels.

Discussion: The data demonstrate that oxidative stress exerts a deleterious effect on mitochondrial

dynamics in both cardiomyocytes and renal tubular epithelial cells. The observed upregulation of

Drp1 and concomitant downregulation of fusion proteins (Mfn2, OPA1) under oxidative challenge

results in a shift toward mitochondrial fission. This shift correlates with increased ROS generation

and loss of mitochondrial membrane potential, which are classic hallmarks of mitochondrial

dysfunction. The parallel findings in both cardiovascular and renal cell types strongly suggest that

mitochondrial dynamics disturbance is a shared mechanism of injury across these cell systems. 14-

16.

2124 | International Journal of Pharmacy Research & Technology | Jun -Dec 2025| Vol 15| Issue 2




Shiza Sana et al / Mitochondrial Dynamics and Oxidative Stress-Driven Apoptosis: Cardiovascular and renal
Implications from an In Vitro Study

Apoptotic rates increased more than six-fold in cardiomyocytes and renal cells under oxidative
stress, with caspase-3 activation rising in proportion to mitochondrial injury. Modulation of
mitochondrial dynamics—either by pharmacologic inhibition of fission or enhancement of
fusion—reduced apoptosis significantly (by approximately 60-70%) and preserved mitochondrial
function, confirming causative rather than correlative roles for dynamics proteins in the pathway

leading from ROS to cell death.17-20

These findings extend recent reports from studies in heart disease and kidney injury that have
individually implicated Drpl overexpression or fusion protein suppression. What is novel here is
the side-by-side demonstration under identical oxidative stress conditions in two cell types,
confirming that mitochondrial dynamics modulation could serve as a common therapeutic
approach. Additionally, the quantitative metrics of rescue (e.g., reduction in apoptosis, restoration

of AWm) are statistically robust, reinforcing the significance of the intervention.

One limitation acknowledges that in vitro conditions may not encompass the complexity of in vivo
tissue microenvironment, immune cell interactions, or fluctuating oxidative stress over time.
Nonetheless, the strong in vitro signals provide justification for subsequent animal model
validation, particularly for evaluating mitochondrial dynamics modulators in models of combined

cardiovascular-renal dysfunction or cardiorenal syndrome.

Future research should aim to identify small molecules or gene therapy approaches targeting fusion
proteins, to explore long-term effects, and to define safe windows for intervention. Moreover,
characterization of upstream signals that trigger Drpl upregulation in these contexts may yield
additional targets. Overall, the study contributes new mechanistic insights into how mitochondrial
dynamics are central to oxidative stress—driven apoptosis in both heart and kidney cells and opens

pathways for therapeutic exploitation.

Conclusion: This study establishes that oxidative stress induces a mitochondrial dynamics
imbalance characterized by increased fission and reduced fusion, which leads to dysfunction and
apoptosis in both cardiac and renal cells. The findings fill a gap by demonstrating a shared

mechanism across two organ cell types under identical conditions and show that modulation of
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dynamics rescues cell injury. Future work should explore in vivo models and therapeutic agents to

harness mitochondrial dynamics for protection in cardiovascular and renal disease.
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