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Abstract: Mitochondrial-derived vesicles (MDVs) are essential for mitochondrial quality control, yet
their cargo specificity and role in interorganellar communication remain poorly characterized. Here,
we demonstrate that under oxidative stress, MDVs selectively transport antioxidant enzymes (e.g.,
peroxiredoxin-3, SOD1) to peroxisomes and lysosomes via Rab32-dependent trafficking. Using
super-resolution microscopy and SILAC-based proteomics in HelLa and primary murine fibroblast
models, we observed a 3-fold increase in MDYV biogenesis post-H:0 treatment (p <0.001), with Rab32
knockout cells exhibiting 50% higher cytosolic mitochondrial DNA (mtDNA) leakage and NLRP3
inflammasome activation. Live-cell imaging confirmed MDYV-peroxisome fusion via PEX14 and
lysosomal delivery via LAMPI, revealing a redox-sensitive mechanism that prevents oxidative
damage. These findings establish MDVs as critical mediators of interorganellar coordination, offering
novel therapeutic strategies for diseases linked to mitochondrial dysfunction, such as Parkinson’s
disease.
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1. Background

Mitochondria respond to stress by activating quality control pathways, including
mitochondrial-derived vesicle (MDV) formation, which selectively removes damaged components to
maintain cellular homeostasis [1]. MDVs are known to deliver cargo to lysosomes for degradation, a
process regulated by proteins such as Parkin and PINK1 [2]. However, emerging evidence suggests
MDVs may also communicate with non-degradative organelles, though their cargo specificity and
mechanisms of interorganellar trafficking remain wunresolved [3]. Current studies focus
predominantly on MDV-lysosome interactions, neglecting potential roles in peroxisomal redox
regulation or mtDNA protection [1,3]. Notably, peroxisomes and lysosomes collaborate in reactive
oxygen species (ROS) detoxification, yet how mitochondria coordinate with these organelles under
stress is unknown. We hypothesize that MDVs mediate interorganellar antioxidant transfer under
oxidative stress through Rab32, a GTPase implicated in mitochondrial membrane dynamics [4]. This
study investigates MDYV cargo selectivity, Rab32-dependent trafficking, and functional consequences
for mitochondrial integrity, addressing critical gaps in understanding organelle crosstalk in redox
adaptation.

2. Methods
2.1. Cell Culture and Treatments
HeLa cells (ATCC® CCL-2™) and primary murine fibroblasts (isolated from C57BL/6 mice) were

maintained in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with 10% fetal
bovine serum (FBS; Sigma-Aldrich) and 1% penicillin-streptomycin at 37°C under 5% CO,. Rab32-
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knockout (Rab32-KO) fibroblasts were generated using CRISPR-Cas9 (see Section 4). For oxidative
stress induction, cells were treated with 500 uM H,O, (Sigma-Aldrich) for 2 hours [5]. Mitophagy was
inhibited using 10 uM carbonyl cyanide m-chlorophenyl hydrazone (CCCP; Sigma-Aldrich) for 6
hours prior to H,O, exposure [6].

2.2. MDYV Isolation and Characterization

Mitochondrial-derived vesicles (MDVs) were isolated via differential centrifugation as
described previously [5], with modifications. Briefly, cells were homogenized in isolation buffer (225
mM mannitol, 75 mM sucrose, 0.1% BSA, pH 7.4) and centrifuged at 1,000 x g to remove nuclei. The
supernatant was subjected to 10,000 x g centrifugation to pellet mitochondria, followed by 100,000 x
gultracentrifugation (Optima XE-100, Beckman Coulter) to collect MDVs. Vesicle size and purity
were confirmed by nanoparticle tracking analysis (NanoSight NS300) and immunoblotting for
mitochondrial (TOM20) and lysosomal (LAMP1) markers.

2.3. Super-Resolution Microscopy (STED)

MDYV dynamics were tracked using stimulated emission depletion (STED) microscopy (Leica
TCS SP8). Cells were transfected with MitoTracker Red CMXRos (Thermo Fisher) for mitochondrial
labeling and immunostained with anti-Rab32 (Abcam, ab154815) and anti-PEX14 (Proteintech, 10594-
1-AP) antibodies. Images were acquired at 100x magnification and processed with LAS X software
(Leica). Colocalization analysis was performed using Image] (Fiji) with the JACoB plugin [7].

2.4. SILAC-Based Proteomics

Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC) was performed as described
[6]. Cells were cultured in DMEM containing heavy lysine (**Cs, ®N,; Cambridge Isotope
Laboratories) for 6 days. MDYV proteins were extracted using RIPA buffer, digested with trypsin, and
analyzed by LC-MS/MS (Q Exactive HF-X, Thermo Fisher). Data were processed using MaxQuant
(v1.6.17.0) against the UniProt human database. Proteins with a fold-change >2 and p < 0.05 (Student’s
t-test) were considered significant.

2.5. CRISPR-Cas9 Knockout of Rab32

Rab32 was knocked out using a single-guide RNA (sgRNA: 5-GACCGGCGCTACTTCGACGT-
3') cloned into the lentiCRISPRv2 vector (Addgene #52961). Lentiviral particles were produced in
HEK293T cells and used to transduce primary fibroblasts. Knockout efficiency was validated by
Western blot (anti-Rab32, Abcam ab154815) and Sanger sequencing [8].

2.6. Mitochondrial Respiration Analysis

Oxygen consumption rates (OCR) were measured using the Seahorse XFe96 Analyzer (Agilent
Technologies). Cells (2 x 10%/well) were seeded in XF DMEM medium (pH 7.4) and sequentially
treated with oligomycin (1 uM), FCCP (2 uM), and rotenone/antimycin A (0.5 uM). Data were
normalized to protein content and analyzed using Wave Software (v2.6) [9].

2.7. Statistical Analysis

All experiments were performed in triplicate. Data are presented as mean + SEM. Statistical
significance was determined using GraphPad Prism (v9.0) with one-way ANOVA (p < 0.05) or
Student’s t-test (p < 0.05).
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3. Results
3.1. MDYV Biogenesis Increases Under Oxidative Stress

Exposure to 500 uM H:0 induced a 3-fold increase in mitochondrial-derived vesicle (MDV)
formation compared to untreated controls (p <0.001, one-way ANOVA; Figure 1A). Super-resolution
STED microscopy revealed MDVs budding from mitochondria within 30 minutes of treatment, with
vesicle diameters ranging from 100-300 nm (Figure 1B). Nanoparticle tracking analysis confirmed a
significant increase in vesicle density (1,250 + 150 vesicles/uL vs. 420 + 80 vesicles/uL in controls; n =
3). Mitophagy inhibition with CCCP did not alter MDYV biogenesis, suggesting a distinct pathway
from canonical mitophagy [10].

MDYV Biogenesis Under Oxidative Stress
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Figure 1. A: MDV Biogenesis Under Oxidative Stress: Bar plot comparing MDYV density in H2O-treated vs.
control cells. B: STED microscopy images of MDVs (red: mitochondria; green: MDVs).

3.2. Rab32 Regulates Antioxidant Cargo Sorting in MDVs

SILAC-based proteomics identified 45 proteins enriched in MDVs isolated from H>O-treated
wild-type (WT) cells (Figure 2A). Rab32-dependent cargo included peroxiredoxin-3 (Prdx3; 4.2-fold
increase, p = 0.003) and superoxide dismutase 1 (SOD1; 3.8-fold increase, p = 0.008), both critical for
ROS detoxification [11]. Rab32-knockout (Rab32-KO) cells showed a 70% reduction in Prdx3/SOD1
levels in MDVs (p < 0.01; Figure 2B), confirming Rab32’s role in cargo selectivity.
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Figure 2. A: Proteomic Profiling of MDV Cargo - Heatmap of Rab32-dependent cargo proteins. B: Fold-change
comparison of Prdx3/SOD1 in WT vs. Rab32-KO MDVs.
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3.3. MDVs Prevent mtDNA Leakage and NLRP3 Inflammasome Activation

Rab32-KO cells exhibited a 50% increase in cytosolic mtDNA levels post-H2O treatment
compared to WT (p < 0.001; qPCR; Figure 3A). This correlated with elevated NLRP3 inflammasome
activation, as measured by caspase-1 cleavage (2.5-fold increase, p = 0.002; Western blot) and IL-1
secretion (ELISA; Figure 3B) [12]. Mitochondrial respiration assays (Seahorse) revealed no significant
differences in basal OCR between WT and KO cells, indicating that mtDNA leakage was independent
of metabolic dysfunction.
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Figure 3. A: mtDNA Leakage in Rab32-KO Cells : qPCR quantification of cytosolic mtDNA. B: IL-1f3 secretion
(ng/mL) post-H20 treatment.
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3.4. Organelle-Specific Targeting of MDV's

Live-cell imaging demonstrated MDYV fusion with peroxisomes (via PEX14) and lysosomes (via
LAMP1) within 2 hours of H20 treatment (Figure 4A). Colocalization analysis showed 65% of MDVs
targeted peroxisomes and 35% lysosomes (n = 200 vesicles; Figure 4B). Rab32-KO cells displayed
disrupted targeting, with only 20% of MDVs fusing with peroxisomes (p < 0.001), underscoring
Rab32’s role in organelle-specific trafficking [13]. A summary of Rab32-dependent and independent

cargo is provided in Table 1.
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Figure 4. A: Fusion Events Over Time. B: Organelle Targeting.
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Table 1. Rab32-Dependent vs. Independent MDV Cargo.
Protein Fold Change (WT) Fold Change (KO) p-value
Peroxiredoxin-3 4.2 1.3 0.003
SOD1 3.8 1.1 0.008
ATP5A 1.2 1.1 0.45

5. Discussion

Our findings establish Rab32 as a critical regulator of mitochondrial-derived vesicle (MDV)
trafficking, directly linking MDV-mediated interorganellar communication to redox homeostasis.
Under oxidative stress, Rab32 facilitates the selective enrichment of antioxidant cargo (e.g., Prdx3,
SOD1) in MDVs, which are subsequently delivered to peroxisomes and lysosomes (Figure 5). This
mechanism ensures rapid ROS detoxification, as peroxisomes utilize catalase and lysosomes degrade
oxidized biomolecules [14]. Prior studies focused exclusively on MDV-lysosome interactions for
mitochondrial quality control [15], but our work highlights peroxisomes as equally critical partners
in redox adaptation. This dual targeting likely reflects evolutionary optimization, as peroxisomes
efficiently neutralize H2O while lysosomes recycle damaged components [16].

Notably, Rab32 dysfunction exacerbates oxidative damage by disrupting MDV trafficking,
leading to mtDNA leakage and NLRP3 inflammasome activation (Figure 3). This aligns with
neurodegenerative disease models where Rab32 mutations correlate with mitochondrial instability
in Parkinson’s [17] and ALS [18]. For instance, dopaminergic neurons in Parkinson’s exhibit elevated
cytosolic mtDNA and impaired antioxidant responses [19], suggesting Rab32-MDV pathways as
therapeutic targets. However, our study is limited to in vitro models; future work should validate
these findings in vivo using Rab32-knockout mice or patient-derived neurons. A summary of the
implications of Rab32 dysfunction in neurodegenerative diseases is provided in Table 2.

Rab32-Mediated MDV Trafficking Under Oxidative Stress
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Figure 5. Proposed Model of Rab32-Mediated MDYV Trafficking.

Table 2. Implications of Rab32 Dysfunction in Neurodegenerative Diseases.

Disease Mechanism Therapeutic Target
Parkinson’s mtDNA leakage — NLRP3 activation [17] Rab32 agonists
ALS SOD1 mislocalization [18] MDV-peroxisome enhancers
Alzheimer’s ROS accumulation — A aggregation [19] Antioxidant vesicle delivery
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6. Conclusions

Our study demonstrates that mitochondrial-derived vesicles (MDVs) function as a redox-
sensitive interorganellar communication system, dynamically transferring antioxidant cargo (e.g.,
Prdx3, SOD1) to peroxisomes and lysosomes under oxidative. This process, regulated by Rab32,
prevents mitochondrial DNA leakage and NLRP3 inflammasome activation, highlighting its critical
role in maintaining cellular homeostasis [20]. By bridging mitochondrial stress responses with
peroxisomal and lysosomal pathways, MDVs offer a novel framework for understanding
mitochondrial adaptation in aging and neurodegeneration [21]. Future studies should explore Rab32-
MDYV pathways as therapeutic targets for diseases like Parkinson’s, where oxidative damage and
organelle dysfunction are hallmarks [22].
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