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Abstract

Aim: The rising prevalence of opioid use during pregnancy poses serious public health
concerns. The placenta is a critical organ during gestation, and opioid exposure can disrupt
its function and fetal development. However, the molecular mechanisms through which
opioids such as oxycodone affect feto-placental development remain poorly understood.
This study aimed to investigate the effects of chronic in-utero oxycodone exposure on the
composition and signaling functions of placenta-derived small extracellular vesicles
(PSEVs) using a rat model.

Methods: Extracellular vesicles (EVs) were isolated from placental tissue and characterized
through nanoparticle tracking analysis, transmission electron microscopy, western blotting,
and label-free quantitative proteomics. Bioinformatic enrichment analyses were conducted
to evaluate changes in EVs biophysical properties and protein cargo.

Results: Chronic oxycodone exposure significantly altered PSEV characteristics, including
particle size distribution and proteomic composition. Among the 456 identified EV
proteins, 107 proteins were significantly dysregulated. We found key downregulatory
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proteins including Atp2a2, Lmna, Tgfb3, Agt, and Sgce, which are crucial for myocardial calcium cycling, nuclear
integrity, extracellular matrix remodeling, and blood pressure regulation. These findings indicate disruptions in fetal
cardiac programming, particularly hypertrophic and dilated cardiomyopathy pathways. Additionally, enrichment
analyses revealed notable perturbations in metabolic processes (e.g., citrate cycle, fatty acid degradation, N-glycan
biosynthesis), along with upregulation of vesicle transport and neurodevelopment-related proteins, indicating
broader systemic effects on fetal development. While these proteomic findings are robust, further independent
validation (e.g., via targeted assays or Western blotting) will be necessary to confirm individual protein-level
changes.

Conclusion: These results highlight PSEVs as sensitive molecular indicators linking maternal oxycodone use to
disrupted fetal cardiovascular, metabolic, and neurodevelopmental pathways. This study provides a novel
systems-level framework for understanding opioid-induced placental signaling alterations and lays the groundwork
for developing EV-based diagnostic biomarkers and targeted interventions.

INTRODUCTION

The global opioid epidemic remains a critical public health crisis, with a troubling rise in opioid use among
pregnant women. Among these, oxycodone is frequently prescribed for pain management given its potent
analgesic effects!"). However, long-term use of oxycodone can increase the risk of dependency in this
vulnerable group™. Adding complexity, oxycodone readily crosses the placenta, yet its impact on fetal
development and placental function remains incompletely understood”’. Increasing evidence links in utero
opioid exposure to a wide range of adverse outcomes in offspring - including neurodevelopmental,
metabolic, and cardiovascular dysfunction - but the underlying molecular mechanisms remain largely
unexplored!. In particular, how opioids affect the placental microenvironment and its signaling role in fetal
organogenesis, especially cardiac development, is a growing area of concern®.

The placenta is not only a critical interface for nutrient and gas exchange but also acts as an endocrine and
paracrine organ, influencing fetal development through extracellular vesicles (EVs). These membrane-bound
nanostructures shuttle biologically active molecules, including proteins and RNAs, and serve as molecular
messengers between the placenta and maternal or fetal systems!*.. Because EVss reflect the physiological or
pathological status of their tissue of origin, they are increasingly recognized as potential biomarkers for
developmental outcomes in the setting of maternal opioid use”.

Recent studies have begun to define how placental EVs influence fetal heart development under normal and
pathological conditions. For example, Jeyarajah et al. (2024) demonstrated in a mouse model that EV's
derived from differentiated trophoblast cells are sufficient to promote cardiomyocyte maturation and fetal
heart development: fetal hearts exposed to trophoblast-conditioned media exhibited enhanced beat rate,
epicardial outgrowth, and increased expression of developmental genes compared to controls. These genes
included myosin heavy chain 7 (Myh?7), natriuretic peptide A (Nppa), and NK2 homeobox 5 (Nkx2-5)
compared to controls®. These and related works provide strong evidence that EVs are active mediators in
the placenta-heart “cross-talk” rather than passive byproducts of placental physiology.

A novel and distinct aspect of our study is the identification of cardiomyopathy-associated proteins within
placenta-derived EVs (PEVs) that are altered by maternal oxycodone exposure. Although prior work has
shown that EV cargo can mirror placental stress and modulate downstream organ development, no previous
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Table 1. Cardiomyopathy-associated genes identified in disease-targeted KEGG pathway enrichment analysis

Gene symbol Gene name Function summary
Sarcoplasmic/endoplasmic reticulum Ca?* Regulates calcium uptake into the sarcoplasmic reticulum, essential for cardiac
Atp2a2 .
ATPase 2 muscle relaxation
Lmna Lamin A/C PrOV}des structural support to the nuclear envelope and is linked to
cardiomyopathy
Tgfb3 Transforming growth factor beta 3 Involved in tissue remodeling, fibrosis, and cardiovascular development
Sgce Sarcoglycan epsilon Component of the dystrophin—glycoprotein complex; maintains membrane

integrity in cardiac muscle

KEGG: Kyoto Encyclopedia of Genes and Genomes.

studies, to our knowledge, have linked opioid exposure to the coordinated downregulation of a discrete set of
cardiomyopathy-related proteins - including Atp2a2, Lmna, Tgtb3, Agt, and Sgce (full names provided in
Table 1). These proteins play pivotal roles in cardiac muscle structure, calcium handling, and vascular
signaling, and are well known in hypertrophic and dilated cardiomyopathy (DCM) pathophysiology”'". By
identifying these specific molecular perturbations, our findings offer a mechanistic basis for how maternal
opioid exposure may disrupt fetal cardiac programming through EV-mediated signaling.

The placenta and its secreted EVs serve as major conduits for endocrine, immune, and metabolic signals that
influence cardiac morphogenesis and vascular development'®'?.. Opioids such as oxycodone are known to
impair placental vascularization, increase oxidative stress, and dysregulate hormone levels - factors with
direct relevance to cardiac developmental trajectories”". In this study, using a well-established preclinical
model of maternal oxycodone use!”, we demonstrate for the first time that oxycodone exposure significantly
alters EV biophysical properties and protein cargo, with pronounced suppression of
cardiomyopathy-associated pathways. The findings of this study highlight the potential of PEVs as molecular
indicators of how maternal opioid exposure disrupts cardiovascular and other developmental pathways in
the fetus.

METHODS

Animals

Male and female Sprague-Dawley rats (8-9 weeks old) were procured from Charles River Laboratories
(Wilmington, MA, USA) and housed under standard laboratory conditions with a 12-hour light/dark cycle.
Animals had free access to food and water ad libitum. All experimental procedures were conducted following
the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Nebraska Medical Center
(Protocol No. 17-080-09-FC).

Oxycodone treatment

The dosing regimen in this study was derived from previously validated protocols"*'\. Briefly, female rats
were divided into 2 groups: Saline and Oxycodone HCL (OXY) treatment (Sigma Aldrich, St. Louis, MO,
USA). The female rats were treated with OXY with an ascending dosing procedure, where doses of
10 mg/kg/day of OXY were orally gavage for 5 days, followed by a 0.5 mg/kg/day escalation for 10 days until
reaching a final dose of 15 mg/kg/day, after which females were mated with proven male breeders. Similarly,
another set of female animals was treated with saline and mated with proven male breeders. At gestational
day (GD) 19.5, which is equivalent to the third trimester in humans, animals from both groups were
euthanized exactly one hour after the final dose, and placental tissues were isolated. The tissue was then
stored at -80 °C for later isolation and analysis of EVs.
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To ensure translational relevance, oxycodone dosing was based on validated preclinical models that replicate
plasma levels observed in pregnant women undergoing chronic therapeutic or abusive dose exposure!®. The
selected dose and frequency achieved steady-state concentrations in rats consistent with clinical
pharmacokinetic data. This design emulates maternal exposure scenarios where repeated dosing leads to
sustained fetal opioid exposure via placental transfer!””). Studies using similar regimens have shown
reproducible behavioral, neurodevelopmental, and physiological outcomes, supporting its validity as a
clinically relevant model"*. Aligning animal dosing with human data enhances translational interpretation
while adhering to ethical limits.

EV isolation

EVs were isolated from placental tissue as described in prior studies with minor modifications® /. Briefly,
450 mg of placental tissue was homogenized and digested in 3.5 mL Hibernate A (HA) containing 20 U/mL
papain at 37 °C for 30 min. Enzymatic digestion was halted by adding 6.5 mL of HA supplemented with
antipain and a protease inhibitor cocktail. The homogenate was sequentially centrifuged at 300 xg and
2,000 xg for 10 min, followed by 10,000 xg for 30 min at 4 °C to remove residual cells and debris. A 0.22 pm
syringe filter was used to filter the supernatant, which was then ultracentrifuged at 100,000 xg for 1 h at 4 °C.
The resulting pellet was subjected to density gradient ultracentrifugation using a sucrose step gradient
(0.25-2.0 M). EVs were collected from the 0.95 M sucrose layer after 16 h of ultracentrifugation at 200,000 xg
and further purified by an additional 1-hour spin at 100,000 xg. Final EV pellets were resuspended in
particle-free phosphate-buffered saline (PBS), and protein concentration was quantified using the
bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions™.

To evaluate the quality of the EV preparations and align with Minimal Information for Studies of
Extracellular Vesicles 2018 (MISEV2018) guidelines, we included multiple complementary assessments of
yield and purity. EV particle concentration was quantified using nanoparticle tracking analysis (NTA;
ZetaView, Particle Metrix), and protein content was measured with the BCA assay to calculate the
particle-to-protein ratio, a key purity metric recommended by MISEV2018. Preparations consistently
demonstrated particle-to-protein ratios exceeding 3 x 10" particles/ug protein, indicative of EV-enriched
preparations with a high particle-to-protein ratio, consistent with low soluble protein carryover. Together,
these steps provide rigorous validation of EV yield and purity, strengthening confidence in the downstream
proteomic and functional analyses.

Western blot validation of PEVs

To confirm the purity of EVs isolated from placental tissue, western blot analysis was performed using
established EV markers and a negative control protein with minor modifications from our previous study™.
EVs protein samples (25-30 pg per lane) were resolved on 4%-12% Bis-Tris gradient gels (Invitrogen,
Waltham, MA, USA) under reducing conditions, markers such as Alix and GM130 (cis-Golgi marker) were
used, and in a non-reducing condition, the CD81 and CD63 markers were used. Following electrophoresis,
proteins were transferred onto nitrocellulose membranes using iBlot2 (Invitrogen) and blocked in 5%
non-fat dry milk in TBST. The following primary antibodies were used: Alix (C-11, sc-271975, Santa Cruz
Biotechnology, USA), Annexin IT (ab214486, Abcam, UK), CD81 (MCA1846, Bio-Rad Laboratories, Italy),
and GM130 (610822, BD Biosciences, USA) as a negative control for cellular contamination. Samples were
incubated with primary antibodies overnight at 4 °C, followed by horseradish peroxidase (HRP)-conjugated
secondary antibodies (anti-mouse, anti-rabbit, or anti-hamster; dilutions ranging from 1:2,500 to 1:5,000) for
2 h at room temperature. Protein detection was carried out using SuperSignal™ West Pico Chemiluminescent
Substrate (Thermo Scientific, Waltham, MA, USA), and blots were imaged using the Azure CSeries Imager
(Azure Biosystems, Dublin, CA, USA). All procedures followed standardized protocols as described in prior
studies and complied with EV characterization guidelines (MISEV2018).
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Transmission electron microscopy acquisition and analysis

Transmission electron microscopy (TEM) was performed to visualize and confirm the morphology of
placental EVs, as previously described in studies™ . Following isolation, EV pellets were resuspended in 1X
particle-free PBS. A 10 uL aliquot of the EV suspension was mixed with 90 pL of TEM fixative solution (2%
glutaraldehyde, 2% paraformaldehyde, 0.1 M phosphate buffer). Subsequently, 10 pL of the fixed sample was
applied to a copper mesh grid and incubated for 2 min before excess fluid was removed with filter paper. The
residual film was allowed to air dry for 2 min. Negative staining was performed using NanoVan, which was
similarly wicked off with filter paper and allowed to dry completely. Grids were imaged using a Tecnai G2
Transmission Electron Microscope (FEL Hillsboro, OR, USA) operating at 80 kV.

ZetaView analysis

The size distribution and particle concentration of placenta-derived small extracellular vesicles (PSEV's) were
assessed using a Zeta View PMX120 nanoparticle tracking analyzer (Particle Metrix, Inning am Ammersee,
Germany) with Zeta View software version 8.05.12 SP2, as previously described®**. Before analysis, the
instrument was calibrated with 100 nm polystyrene nanobead standards. EV samples were diluted 1:10,000 to
1:30,000 in particle-free 1X PBS, and 10 uL of the diluted sample was loaded for measurement. Sample
quality and particle drift were evaluated before video acquisition. Videos were recorded at a sensitivity of 65,
a shuttle speed of 100, and a frame rate of 30 frames per second. Measurements were taken at 11 positions
across three cycles, and final outputs included particle size (nm) and concentration (particles/mL).

Proteomics analysis

The Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA) was used to determine the protein
concentration in the samples as described in previous studies""*****!. For mass spectrometry (MS) analysis,
50 pg of protein from control and oxycodone exposed PSEV's were subjected to label-free quantitative
proteomics, as detailed in our previously published work">?>?* at the Mass Spectrometry Core Facility on
campus. Disulfide bonds were reduced by adding 10 mM tris(2-carboxyethyl)phosphine (TCEP) and
incubating at 37 °C for 30 min, followed by alkylation of free cysteines using 40 mM acrylamide for another
30 min at the same temperature. Protein precipitation and cleanup were achieved using S-Trap™
microcolumns, which included acidification with 27.5% phosphoric acid and binding in a
methanol/triethylammonium bicarbonate (TEAB)-based buffer. To ensure the removal of lipids and other

contaminants, each column was washed three times with both 2:1 chloroform:methanol and S-Trap wash
buffer.

After trapping and washing, on-column digestion was performed using Trypsin/lysine-C (Lys-C) at an
enzyme-to-substrate ratio of approximately 1:12. Digestion proceeded at 37 °C for 2 h, after which peptides
were sequentially eluted with 50 mM TEAB, 0.2% formic acid in water, and 0.2% formic acid in 50%
acetonitrile. The eluted peptides were pooled, vacuum-dried at room temperature, and reconstituted in 2%
acetonitrile with 0.1% formic acid. Peptide concentrations were determined using the Pierce Fluorometric
Peptide Assay, following a standard curve generated from a serial dilution of a 1 mg/mL peptide digest
standard. For liquid chromatography tandem mass spectrometry (LC-MS/MS), peptides were diluted to a
final concentration of 0.2 pg/uL and spiked with indexed retention time (iRT) standards for retention time
calibration. Samples (5 pL) were injected onto a pPAC™ (micro-pillar array column) NEO 50 cm nanoflow
liquid chromatography (nanoLC) column and separated over a 90-minute gradient using a Thermo Exploris
480 mass spectrometer. The instrument was operated in data-dependent acquisition mode with a spray
voltage of 2 kV, precursor ion scan (MS1) resolution of 60,000, fragment ion scan (MS2) resolution of 15,000,
and higher energy collisional dissociation (HCD) activation at 30%. Raw files were processed using Proteome
Discoverer 2.4 and Spectronaut, with searches conducted against the rat SwissProt and isoform databases.
Static modifications included carbamidomethylation of cysteine, and dynamic modifications included
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oxidation of methionine and N-terminal acetylation. A target false discovery rate (FDR) of 1% was applied at
both peptide and protein levels to ensure high-confidence identifications.

Data analysis

Quantitative proteomic profiles were obtained and analyzed to identify differentially expressed proteins
between experimental and control groups. Proteins were filtered based on their log, fold change (log2FC)
and statistical significance. Specifically, proteins with log2FC values between +0.58 and +1.00 and P-values <
0.05 were classified as moderately upregulated, while those with log2FC values between -1.00 and -0.58 and
P-values < 0.05 were considered moderately downregulated. These thresholds correspond to a fold change
range of 1.5-2 (upregulated) and 1-1.5 (downregulated), commonly used in proteomic studies to detect
meaningful biological variation while minimizing false positives.

Bioinformatics

Functional enrichment analysis

Functional characterization of the differentially expressed proteins was performed through Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. GO analysis was
conducted for biological process. KEGG pathway enrichment was used to identify overrepresented metabolic
and signaling pathways. All enrichment analyses were performed using a hypergeometric test framework
with multiple hypothesis testing correction via the Benjamini-Hochberg method. Terms with adjusted
P-values (FDR) < 0.05 were considered statistically significant.

Data visualization

For each analysis, the top 20 enriched GO terms and KEGG pathways were selected based on adjusted
P-value ranking. These were visualized using dot plots and bar plots. In the dot plots, the x-axis represented
the negative log10 of the adjusted P-value, the y-axis listed the enriched terms, the color gradient reflected
significance, and the point size indicated gene count. In the bar plots, bar lengths represented enrichment
significance.

Biological contextualization

To explore relevance to disease phenotypes, enriched GO and KEGG terms were queried for associations
with key cardiovascular and pregnancy-related conditions, including preeclampsia, cardiomyopathy,
congenital heart disease (CHD), hypertension, and broader cardiovascular disease. Keyword-based filtering
of term descriptions enabled identification of condition-specific enrichment signatures.

Gene network analysis

We performed a network-based analysis using GeneMANIA (v3.6.0) with *Rattus norvegicus* as the
reference organism to explore functional associations among input genes. GeneMANIA automatically
selected the optimal weighting method and integrated data from multiple sources, including co-expression,
physical interactions, predicted interactions, pathway associations, co-localization, and shared protein
domains. The network was generated by combining the query genes with related genes to improve
connectivity, and the resulting interactions were visualized with edges classified by interaction type.
Functional enrichment was performed based on GO biological processes, with significance assessed using
FDR correction.

Statistical analysis
An unpaired ¢-test followed by Welch’s test correction with P < 0.05 was performed to identify significant
differences between groups (saline vs. Oxycodone). All statistical tests related to Zetaview were performed
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Figure 1. Characterization of placental sEVs via Western blot and particle concentration analysis. (A-D) Western blot analysis
demonstrates the enrichment of canonical EV markers in placental EV fractions compared to placental lysate, confirming successful EV
isolation. EV samples from both saline- and oxycodone-treated groups were probed for (A) Alix (-90-100 kDa), (B) Annexin Il (36 kDa),
(C) CD81 (~25 kDa), and (D) CD63 (~30-60 kDa), all of which showed prominent bands in the EV lanes (highlighted in red boxes); (E)
GM130 (~130-250 kDa), a Golgi matrix protein used as a negative control, was detected only in placental lysates and not in EV fractions,
indicating minimal cellular contamination. Blue arrows mark molecular weight standards; (F) NTA shows a statistically significant increase
in particle concentration in EVs from the oxycodone group compared to saline controls, indicating enhanced EV production. Values are
expressed as particles/mL = SEM. 'P < 0.05. Oxycodone exposure alters the morphology and size distribution of PSEVs. An unpaired t-test
followed by Welch's test correction with P < 0.05 was performed to identify significant differences between groups (saline vs.
Oxycodone). n = 3 biological replicates per group: Saline: n =3, OXY: n = 3, [Supplementary Table 1]. sEVs: Small extracellular vesicles;
EV: extracellular vesicle; NTA: nanoparticle tracking analysis; SEM: standard error of the mean; PSEVs: placenta-derived small extracellular
vesicles; OXY: Oxycodone.

with GraphPad Prism (La Jolla, CA, USA); data are represented as the mean + standard error of the mean
(SEM) on the graphs.

RESULTS

Biochemical characterization of PSEVs

To validate purity of placental small extracellular vesicles (SEVs), we performed Western blot analysis for
canonical EV markers and a negative cellular marker. The EV fractions from both saline- and
oxycodone-exposed placentas showed strong immunoreactivity for Alix (~90-100 kDa), Annexin II
(~36 kDa), CD63 (~30-60 kDa), and CD81 (~25 kDa) [Figure 1A-E], all of which are well-established
markers of EVs, confirming successful isolation of vesicle populations. In contrast, the cis-Golgi marker
GM130 (~130-250 kDa) - which serves as a negative control for cellular contamination was detected in
placental lysates but absent in the EV fractions [Figure 1E], further confirming the vesicular purity of the
isolates.
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Figure 2. Oxycodone exposure alters the morphology and size distribution of PSEVs. [A(i)] TEM images show representative EVs isolated
from placental tissue of saline-treated (left) and oxycodone-treated (right) groups. TEM provides qualitative visualization of vesicle
morphology/size. [A(ii)] NTA (ZetaView) profiles show particle size distributions for each group, demonstrating a leftward shift in peak
diameter in the oxycodone group, consistent with a higher proportion of smaller EVs; (B) Quantification of EV size distribution across
binned size ranges shows increased relative abundance of 100-150 nm EVs and reduced abundance of > 200 nm vesicles in the oxycodone
group compared to saline controls. Data are shown as mean £ SEM. Statistical comparisons were performed using an unpaired t-test with
Welch's correction. Oxycodone exposure induces differential protein expression in placental EVs. PSEVs: Placenta-derived small
extracellular vesicles; TEM: transmission electron microscopy; EVs: extracellular vesicles; NTA: nanoparticle tracking analysis; SEM:
standard error of the mean; OXY: Oxycodone.

Oxycodone exposure reduces EV size and alters morphology and concentration profiles

TEM revealed distinct morphological differences in PSEVs between saline- and oxycodone-exposed groups
[Figure 2A(i)]. EVs from control placentas exhibited a typical round morphology with diameters ranging
from approximately 170 to 214 nm. In contrast, EVs from oxycodone-exposed placentas were notably
smaller, with average diameters around 128-129 nm. The reduced size and altered vesicular structure in the
oxycodone group may reflect changes in EV biogenesis, membrane dynamics, or stress-induced vesiculation.

NTA further supported these morphological differences by quantifying the size distribution and
concentration of EVs [Figure 2A(ii)]. Oxycodone exposure resulted in a leftward shift in the particle
diameter peak, indicating a higher proportion of smaller EVs. This pattern was corroborated by quantitative
size binning analysis [Figure 2B], which showed increased relative abundance of EVs in the 100-150 nm
range and decreased abundance in the > 200 nm fraction in the oxycodone group compared to controls.
Consistent with the NTA profiles [Figure 2A], size-binning analysis [Figure 2B] demonstrated a shift toward
smaller vesicles in the oxycodone group (increased 100-150 nm fraction with a corresponding decrease in the
> 200 nm fraction); group comparisons were performed using an unpaired ¢-test with Welch’s correction,
and significant differences are indicated on the figure (P < 0.05).

Complementing these results, particle concentration measurements [Figure 1F] demonstrated a significant
increase in total EV count in the oxycodone group, suggesting an overall increase in EV biogenesis or release.
These findings collectively indicate that chronic perinatal oxycodone exposure alters the physical properties
of placental small EVs, potentially modifying their biological function and capacity for maternal-fetal
signaling.
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Figure 3. Oxycodone-induced changes in placental sEV protein expression. Sample-based heatmap showing z-score normalized protein
expression across individual proteomics samples, with clear separation between saline and oxycodone groups. S indicates saline-derived
EV samples (S1-S5) and O indicates oxycodone-derived EV samples (O1-O5); numeric suffixes denote individual biological replicate EV
preparations included in the label-free proteomics analysis (not placenta numbering). Some within-group variability is observed, which is
expected for biological replicates; however, overall clustering supports a consistent group-specific proteomic signature. sEV: Small
extracellular vesicle.

To characterize the molecular alterations in placental EVs induced by chronic in utero oxycodone exposure,
we performed label-free quantitative proteomic analysis followed by hierarchical clustering and differential
expression profiling. In Figure 3, sample labels reflect individual biological replicate EV preparations (S =
saline, O = oxycodone; e.g., S1-S5 and O1-05), and the heatmap demonstrates clear separation between
treatment groups. The sample-based heatmap [Figure 3] revealed consistent clustering of sEV protein
expression patterns between oxycodone-exposed and saline-treated control samples, indicating reproducible
group-specific proteomic signatures. A total of 456 proteins were identified in placental sEVs across all
samples. Of these, 42 proteins were significantly upregulated, and 65 proteins were significantly
downregulated in the oxycodone-exposed group compared to saline controls. Notably, several proteins,
including histone methyltransferase complex regulatory subunit (Dpy30), homology-like domain family A
member 3 (PHLDAS3), solute carrier family 6 (neurotransmitter transporter, glycine), member 9 (Slc6a9),
and TSC22 domain family member 4 (Tsc22d4), were consistently upregulated in oxycodone-exposed EVs.
In contrast, proteins such as UDP glucuronosyltransferase 2 family, polypeptide B35 (Ugt2b3s),
carboxylesterase 1D (Ces1d1), microsomal glutathione S-transferase 1 (Mgst1), and monoamine oxidase B
(Maob) were markedly downregulated across all oxycodone samples. Among key differentially expressed
proteins (DEPs), the most consistently downregulated sEV cargo proteins in the oxycodone group were
proteins involved in detoxification/oxidative stress defense and metabolic homeostasis. For example,
microsomal glutathione S-transferase 1 (MGST1), which has been implicated in mitigating oxidative stress in
trophoblasts and supporting trophoblast migration/invasion, was decreased in oxycodone-exposed sEVs.
Likewise, UGT2B family members (UDP-glucuronosyltransferases), which contribute to xenobiotic/drug
metabolism and detoxification, were reduced, consistent with impaired placental protective/metabolic
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Figure 4. GO biological processes enrichment of upregulated proteins. This dot plot illustrates the top enriched GO biological processes in
upregulated sEV proteins. Highly enriched terms include protein translation initiation, vesicle-mediated transport, and Golgi vesicle
transport, suggesting enhanced protein synthesis and trafficking. Dot size and color encode gene ratio and -log10 P-value, respectively.
GO: Gene Ontology; sEV: small extracellular vesicle; BP: biological process.

capacity. In contrast, several upregulated EV proteins were consistent with cellular stress and altered
signaling/trafficking, exemplified by PHLDA3, a p53-associated stress-response protein that is increased
under hypoxic/stress conditions in placental tissues. At the pathway level, upregulated EV proteins were
enriched for cytoplasmic translation initiation and vesicle trafficking/transport processes, whereas
downregulated proteins were enriched for fatty acid degradation, TCA cycle/pyruvate metabolism, and
N-linked glycosylation/N-glycan biosynthesis, supporting a shift toward stress-adaptive protein handling
and away from core metabolic/biosynthetic functions.

Functional enrichment of upregulated sEV proteins reveals altered translation and vesicle transport
pathways

GO biological process analysis of upregulated proteins in oxycodone-exposed placental sEVs revealed
significant enrichment in pathways related to protein synthesis and vesicle trafficking [Figure 4]. These
include cytoplasmic translation initiation, synaptic vesicle recycling, Golgi-to-plasma membrane transport,
and ADP-ribosylation factor (ARF) protein signal transduction. KEGG pathway enrichment corroborated
these findings, identifying neurodegenerative disease pathways (e.g., Parkinson’s, Huntington’s, and
spinocerebellar ataxia), proteasome function, and vesicle-mediated signaling processes as prominently
altered [Figure 5]. These results suggest that oxycodone exposure induces compensatory or stress-related
translational and trafficking adaptations within the placenta.
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Figure 5. KEGG pathway enrichment of upregulated proteins. KEGG enrichment analysis of upregulated sEV proteins reveals pathways
linked to endocytosis, proteasome activity, and neurodegenerative diseases such as Parkinson’s and Huntington's. The size of each dot
corresponds to the gene ratio, and the color gradient represents -log10 P-value. KEGG: Kyoto Encyclopedia of Genes and Genomes; sEV:
small extracellular vesicle.

Downregulated sEV proteins indicate disruption of metabolic and glycosylation pathways
Downregulated proteins were strongly enriched in metabolic processes critical to placental and fetal
development. GO biological process terms included fatty acid degradation, citrate cycle (TCA cycle),
pyruvate metabolism, and protein N-linked glycosylation via asparagine [Figure 6]. KEGG analysis further
identified impairments in pathways such as amino acid metabolism, lysine degradation, N-glycan
biosynthesis, and peroxisomal function [Figure 7]. These changes imply reduced energy production and
impaired biosynthetic function, which may compromise fetal nutrient availability and cellular homeostasis.

Oxycodone exposure suppresses cardiomyopathy-associated pathways in placental sEVs
Disease-targeted KEGG enrichment analysis revealed significant downregulation of proteins involved in
hypertrophic cardiomyopathy (HCM) and DCM [Figure 8A]. Five proteins - Atp2a2, Lmna, Tgtb3, Agt, and
Sgce - were consistently suppressed in oxycodone-treated sEVs. These proteins are known regulators of
cardiac calcium handling, nuclear architecture, extracellular matrix remodeling, renin-angiotensin signaling,
and membrane stabilization [Table 1]. Their downregulation highlights a potential mechanism by which
perinatal opioid exposure may interfere with fetal cardiac development.
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Figure 6. GO biological processes enrichment of downregulated proteins. Dot plot showing downregulated sEV protein-associated GO
biological processes. Key disrupted processes include glycosylation, tricarboxylic acid cycle, fatty acid catabolism, and Golgi organization,
indicating metabolic and glycoprotein-processing impairments. Dot size and color scale reflect gene ratio and statistical significance. GO:
Gene Ontology; sEV: small extracellular vesicle; BP: biological process.

GeneMANIA interaction network highlights cardiac and hormonal regulatory disruption in placental
sEVs

To explore the broader regulatory landscape of the suppressed cardiomyopathy-related proteins, we
constructed a GeneMANIA network incorporating Atp2a2, Lmna, Tgfb3, Agt, and Sgce [Figure 8B]. The
resulting network revealed strong interactions with additional cardiac and endocrine regulators such as
Renin (Ren), angiotensin II receptor, type 1a (Agtria), transforming growth factor, beta receptor II (Tgfbr2),
Phospholamban (PIn), and Sarcoglycan, alpha (dystrophin-associated glycoprotein) (Sgca). These proteins
are essential for calcium signaling, blood pressure regulation, myocardial remodeling, and hormonal control.
The densely connected interaction map supports a model in which chronic oxycodone exposure disrupts a
coordinated signaling hub essential for fetal cardiac and vascular development.

DISCUSSION

In this study, we present the first comprehensive systems-level investigation of how chronic perinatal
oxycodone exposure reshapes the molecular composition and biophysical properties of PSEVs. We found
that prolonged opioid exposure disrupts EV-mediated signaling, altering their molecular cargo in ways that
may predispose the fetus to systemic developmental vulnerabilities. Biophysical profiling using TEM and
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Figure 7. KEGG pathway enrichment of downregulated proteins. Dot plot displaying the top 20 significantly enriched KEGG pathways
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biosynthesis, indicating disrupted energy metabolism and glycosylation. Dot size represents gene ratio, and color reflects -log10 P-value.
KEGG: Kyoto Encyclopedia of Genes and Genomes; sEV: small extracellular vesicle; TCA: tricarboxylic acid.
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Figure 8. (A) Disease-specific KEGG enrichment shows significant downregulation of proteins involved in hypertrophic and DCM; (B)
GeneMANIA interaction network of five downregulated cardiomyopathy-related proteins (Atp2a2, Lmna, Tgfb3, Agt, and Sgce) reveals
interactions with regulators of cardiac signaling, fibrosis, calcium handling, and vascular function. KEGG: Kyoto Encyclopedia of Genes and
Genomes; DCM: dilated cardiomyopathy.
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NTA revealed marked alterations in the size and morphology of PSEVs following oxycodone exposure
[Figure 2A]. EVs from the oxycodone group exhibited significantly smaller average diameters compared to
saline controls, with increased enrichment in the 100-150 nm range and a depletion of larger vesicles
(> 200 nm) [Figure 2B]. These changes suggest stress-induced disruption in EV biogenesis or cargo
packaging mechanisms®”.

During gestation, large quantities of biomolecules are transported from the mother to the fetus via the
placental”. Often, this material is securely delivered to specific target areas through EVs. This essential
function positions EVs as critical mediators in several in utero developmental processes. Trophoblast
differentiation, brain and cardiomyocyte maturation, angiogenesis, and feto-maternal immune tolerance are
key physiological events regulated by EVs””.. Neurotoxic compounds, such as oxycodone, can significantly
alter the molecular composition of EV cargo!"". Both surface and internal DEPs within EVs are crucial for
ensuring the adequate delivery of biological materials to the fetus throughout pregnancy. Using proteomics
analysis, we observed significant shifts in the molecular profile of the oxycodone group’s DEPs.

MGST 1 showed significant downregulation in sEV cargo from the oxycodone group. This protein has been
reported to mitigate oxidative stress within the trophoblasts, playing a beneficial role in both trophoblast cell
migration and invasion. These processes are necessary for proper placental development. Decreases in
MGST1 have been associated with higher rates of pre-eclampsia complications during pregnancy®.
UDP-glucuronosyltransferase (UGT), particularly UGT2B, has been recognized as a valuable protein coming
from a “mammalian superfamily” of metabolizing enzymes, vital to removing toxic compounds from
internal milieu™. The placenta plays a vital role in the detoxification, metabolism, and excretion of harmful
substances, assisting in protecting the fetus from toxic materials. However, we observe decreased levels of
UGT2B (particularly in sEVs) in the oxycodone-exposed group that may be associated with placental
development™. These lower levels of vital detoxification proteins can allow for harmful drugs such as
oxycodone to enter prominently into placental-fetal circulation”. Higher levels of PHLDA3 were found in
sEV cargo from the oxycodone group. This DEP, which is activated by the p53 tumor suppressor pathway, is
increased in placental tissues under hypoxic conditions™. The significant increase in PHLDA3 expression
observed in the oxycodone group is consistent with a stress response.

Global enrichment analyses revealed that downregulated proteins were enriched in essential metabolic and
structural pathways [Figure 6 and Supplementary Figure 1], including fatty acid degradation, the TCA cycle,
pyruvate metabolism, and N-glycan biosynthesis. Given the crucial role of the placenta in nutrient exchange,
these findings suggest impaired energy metabolism and biosynthetic functions in the fetus, potentially
disrupting organ growth and development. Conversely, upregulated proteins were enriched in processes
related to vesicle-mediated transport, cytoplasmic translation initiation, and neurodegenerative disease
pathways, including Parkinson’s, Huntington’s, and spinocerebellar ataxia [Figure 5]. These alterations are
indicative of compensatory stress responses or altered intercellular signaling in response to chronic
oxycodone exposure [Supplementary Figure 2]. The affected pathways are representative of results seen in
previous literature examining changes in sEV's following opioid exposure. Opioid use disorder (OUD) has
been linked to alterations in neuroinflammatory mechanisms, and maternal inflammation has been shown to
negatively impact fetal metabolic adaptation”>*.

Strikingly, one important facet we have found and that is not reported to date is oxycodone-associated
placental effects possibly contributing to development of fetal cardiomyopathy. We employed a
disease-targeted KEGG enrichment approach to determine whether specific pathological signatures were
linked to the observed proteomic changes. Notably, we found significant enrichment of proteins involved in
HCM and DCM [Figure 8A]. While our proteomic data strongly implicates downregulation of
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cardiomyopathy-associated proteins in placental sEVs following chronic oxycodone exposure, translating
these findings into functional cardiac outcomes remains essential. For example, preclinical studies have
found that prenatal stress or hypoxia (which similarly alter EV cargo) can lead to measurable reductions in
fetal cardiac contractility, changes in cardiomyocyte size, and impaired calcium handling in offspring
hearts"**). Establishing whether the downregulation of proteins such as Atp2a2, Tgfb3, Lmna, Agt, and Sgce
causes altered heart structure (e.g., ventricular wall thickness), or functional deficits (e.g., reduced ejection
fraction, slower conduction, arrhythmias) in fetuses or neonates will strengthen the mechanistic link. Future
experiments using echocardiography, histology, and assays of cardiac physiology (e.g., calcium imaging in
isolated cardiomyocytes) in oxycodone exposed offspring will help determine how sEV proteome changes
map to cardiac performance and risk of cardiomyopathy later in life. A study by Julian et al. found
downregulation of Atp2a2 in placentas from preeclampsia cases, suggesting that dysfunction in ion channel
expression plays a role in development of preeclampsia’*!. Furthermore, Chen et al. discovered a
downregulation of Lmna in maternal serum collected from pregnancies with fetal CHD and preeclampsia®’.

Our GeneMANIA interaction network [Figure 8B] showed strong relation between the previously
mentioned cardiomyopathy-related proteins and other proteins such as Ren, Agtria, Tgfbr2, Pln, and Sgca.
These proteins collectively orchestrate calcium signaling, blood pressure regulation, cardiac fibrosis, and
extracellular matrix homeostasis®. Disruption of this network may impair fetal cardiac programming and
increase postnatal susceptibility to cardiovascular disease™. Specifically, Tgfbr2 signaling has been shown to
be inhibited in serum from preeclamptic pregnancies’.

Based on our data, one could hypothesize that chronic perinatal oxycodone exposure may lead to long-term
adverse health outcomes in offspring. The downregulation of key cardiomyopathy-associated proteins
suggests risk of structural heart issues (e.g., ventricular dilation or hypertrophy), impaired cardiac
contractility, and susceptibility to cardiovascular disease later in life (e.g., heart failure or arrhythmias).
Furthermore, metabolic pathway disruptions (e.g., in fatty acid oxidation, TCA cycle, glycosylation) might
contribute to long-term metabolic dysfunction, such as insulin resistance, lipid dysregulation, or hepatic
stress. These combined cardiac and metabolic insults could impair growth, exercise tolerance, and overall
health trajectories in infants exposed to oxycodone in utero. Longitudinal studies following exposed
offspring into infancy, childhood, and beyond will be essential to examine these hypotheses and assess the
potential for early interventions.

Our findings in a rodent preclinical model provide valuable insights, yet several confounding factors limit
direct extrapolation to human pregnancy. Notably, significant species differences exist in placental structure
and function: rodents possess a labyrinthine placenta with distinct trophoblast organization and endocrine
signaling compared to the human hemochorial placenta. Comparative reviews highlight differences in the
timing and depth of trophoblast invasion, vascular remodeling, and hormonal regulation between species'*'.
Additionally, oxycodone dosing, timing, and metabolic processing in rats differ from typical human
exposure patterns, including variations in drug half-life and maternal-fetal pharmacokinetics. Other
variables - such as maternal nutrition, stress, and co-exposures - may further influence both sEV release and
fetal cardiac development. Recognizing these limitations and designing follow-up studies that better
approximate human drug exposure, or that incorporate human placental tissues, will help determine which
EV-associated proteomic alterations are conserved across species.

Collectively, these results demonstrate that chronic oxycodone exposure triggers multi-systemic molecular
perturbations in placental sEVs, affecting cardiomyopathy-related proteins, essential metabolic networks,
and vesicle trafficking functions. The altered sEVs profiles we identified may serve as powerful non-invasive
biomarkers for assessing fetal risk in opioid-exposed pregnancies and provide a mechanistic link between



Page 161 Foroughi-Nezhad et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:146-64

maternal opioid use and altered fetal organogenesis!**. Identifying alterations in placental sEV cargo as
potential biomarkers is promising, yet several important limitations must be addressed before clinical
translation. In humans, maternal blood-derived sEV's originate from multiple tissues - including placenta,
maternal organs, and immune cells - so the specificity of cardiomyopathy-associated protein changes to
placental sEV's requires rigorous validation. Timing also represents a key consideration: in our study, sEV's
were collected at a single developmental stage (postnatal day 21 in rats), whereas human gestation
encompasses multiple dynamic windows during which sEV composition likely shifts. Additionally, genetic
diversity, environmental exposures, and comorbid conditions such as preeclampsia, diabetes, and maternal
obesity may influence sEV cargo profiles in human populations. Thus, before these markers can be used for
prenatal risk stratification, large-scale clinical cohort studies with serial maternal blood sampling - paired
with detailed fetal and neonatal cardiac outcomes - are needed to establish sensitivity, specificity, and
predictive utility.

Despite the novelty and strengths of our approach, several limitations warrant consideration. First, the
modest sample size may limit statistical power and reduce generalizability. Second, the cross-sectional nature
of our sEV sampling prevents evaluation of temporal changes in EV cargo across gestation. Third, although
the rat model provides valuable mechanistic insight, interspecies differences in placental architecture, drug
metabolism, and EV biogenesis complicate direct extrapolation to human pregnancy. Finally, potential
off-target effects of oxycodone or unmeasured environmental factors cannot be fully excluded. These
limitations highlight the need for cautious interpretation and underscore the importance of validating our
findings in larger, longitudinal, and clinically relevant cohorts.

Future studies would extend these findings to human placental sEVs, evaluate temporal changes in sEV's
cargo during gestation, and assess long-term cardiovascular outcomes in offspring. Several recent studies
have begun to characterize sEVs in human pregnancy, with emerging clinical data supporting their utility as
biomarkers for placental dysfunction, preeclampsia, and fetal growth restriction'”?.. However, the impact of
opioid exposure on sEVs profiles in human cohorts remains underexplored. Incorporating high-throughput
sEVs profiling into longitudinal birth cohorts and obstetric clinical studies could further help validate these
molecular signatures and the overall translational relevance of PSEV-targeted interventions to mitigate
opioid-induced fetal cardiac risk. In conclusion, our findings demonstrate that chronic perinatal oxycodone
exposure significantly alters the composition and function of PSEVs, revealing a previously underappreciated
mechanism by which opioid use during pregnancy may disrupt fetal development. The downregulation of
cardiomyopathy-associated proteins and metabolic regulators within sEV's suggests that oxycodone exposure
impairs key signaling pathways essential for cardiac structure, calcium homeostasis, and energy metabolism.
These changes highlight the placenta-sEV axis as a critical conduit for opioid-induced developmental risk
and position sEV's as promising non-invasive biomarkers for assessing fetal cardiovascular vulnerability.
Collectively, this study underscores the need to further explore the diagnostic and therapeutic potential of
placental sEVs in the context of maternal opioid use and fetal health.

DECLARATIONS

Acknowledgments

We sincerely acknowledge the Mass Spectrometry and Proteomics Core Facility at UNMC for their help in
performing the proteomics analysis. The graphic abstract was created in Biorender. Created in BioRender.
Pendyala, G. (2026) https://BioRender.com/koc78kh.

Authors’ contributions

Made substantial contributions to the conception and design of the study and performed data analysis and
interpretation and writing: Foroughi-Nezhad A, Pendyala G, Yelamanchili SV

Performed data acquisition and provided technical and material support: Foroughi-Nezhad A, Moore D,
Schaal VL, Hediyal TA, Stone E

Provided critical revision of the manuscript for important intellectual content and supervised the study: Kolli
S, Athota P, Shukri O, Yelamanchili SV, Pendyala G


https://BioRender.com/koc78kh

Foroughi-Nezhad et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:146-64 Page 162

Availability of data and materials

The MS proteomics raw data have been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXDo065451. All other relevant data supporting the key findings
of this study are available within the article and its Supplementary Materials.

Al and Al-assisted tools statement
Not applicable.

Financial support and sponsorship

This work was supported by the Lieberman Endowment (Pendyala G); start-up funds from the Department
of Anesthesiology, University of Nebraska Medical Center (Yelamanchili SV and Pendyala G); the Opioid
Prevention and Pilot Grant from the Office of the Vice Chancellor for Research, University of Nebraska
Medical Center (Yelamanchili SV and Pendyala G); and the National Institute on Drug Abuse
(Ro1DA056906; Yelamanchili SV).

Conflicts of interest

Yelamanchili SV is an Editorial Board Member of the journal Extracellular Vesicles and Circulating Nucleic
Acids. Yelamanchili SV was not involved in any steps of the editorial process, notably including reviewers’
selection, manuscript handling, or decision-making. The other authors declare that there are no conflicts of
interest.

Ethical approval and consent to participate

All animal procedures were conducted in strict accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by the IACUC at the University of Nebraska
Medical Center (UNMC) under protocol number 17-080-09-FC. No human subjects, human tissues, or
identifiable human data were involved in this study.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2026.

Supplementary Materials
Supplementary Materials

REFERENCES

1. Moradi M, Esmaeili S, Shoar S, Safari S. Use of oxycodone in pain management. Anesth Pain Med. 2012;1:262-4. DOI PubMed PMC

2. Kibaly C, Alderete JA, Liu SH, et al. Oxycodone in the opioid epidemic: high ‘liking’, ‘wanting’, and abuse liability. Cell Mol
Neurobiol. 2021;41:899-926. DOI PubMed PMC

3. Giovannini E, Bonasoni MP, Pascali JP, et al. Fetal and infant effects of maternal opioid use during pregnancy: a literature review
including clinical, toxicological, pharmacogenomic, and epigenetic aspects for forensic evaluation. Children. 2024;11:278. DOI PubMed
PMC

4. Radhakrishna U, Radhakrishnan R, Uppala LV, et al. Prenatal opioid exposure alters pain perception and increases long-term health risks
in infants with neonatal opioid withdrawal syndrome. Front Pain Res. 2025;6:1497801. DOI PubMed PMC

5. Yen E, Davis JM. The immediate and long-term effects of prenatal opioid exposure. Front Pediatr. 2022;10:1039055. DOI PubMed
PMC

6. FengY, Lau S, Chen Q, et al. Normotensive placental extracellular vesicles provide long-term protection against hypertension and
cardiovascular disease. Am J Obstet Gynecol. 2024;231:350.¢1-24. DOI PubMed

7. Darbinian N, Merabova N, Tatevosian G, et al. Prenatal opioid and alcohol exposures: association with altered placental serotonin
transporter structure and/or expression. Int J Mol Sci. 2024;25:11570. DOI PubMed PMC

8. Jeyarajah MJ, Patterson VS, Jaju Bhattad G, Zhao L, Whitehead SN, Renaud SJ. Placental extracellular vesicles promote cardiomyocyte
maturation and fetal heart development. Commun Biol. 2024;7:1254. DOI PubMed PMC


https://file.oaecenter.com/published/pdf/d34f2d6ed6711622975e69cade385e1c/1770626441/evcna60138-SupplementaryMaterials.zip
https://file.oaecenter.com/published/pdf/d34f2d6ed6711622975e69cade385e1c/1770626441/evcna60138-SupplementaryMaterials.zip
https://dx.doi.org/10.5812/aapm.4529
https://www.ncbi.nlm.nih.gov/pubmed/24904812
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4018705
https://dx.doi.org/10.1007/s10571-020-01013-y
https://www.ncbi.nlm.nih.gov/pubmed/33245509
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8155122
https://dx.doi.org/10.3390/children11030278
https://www.ncbi.nlm.nih.gov/pubmed/38539313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10969201
https://dx.doi.org/10.3389/fpain.2025.1497801
https://www.ncbi.nlm.nih.gov/pubmed/40313396
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12043715
https://dx.doi.org/10.3389/fped.2022.1039055
https://www.ncbi.nlm.nih.gov/pubmed/36419918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9676971
https://dx.doi.org/10.1016/j.ajog.2023.12.030
https://www.ncbi.nlm.nih.gov/pubmed/38158074
https://dx.doi.org/10.3390/ijms252111570
https://www.ncbi.nlm.nih.gov/pubmed/39519122
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11546934
https://dx.doi.org/10.1038/s42003-024-06938-4
https://www.ncbi.nlm.nih.gov/pubmed/39363116
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11450004

Page 163 Foroughi-Nezhad et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:146-64

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Broussard CS, Rasmussen SA, Reethuis J, et al.; National Birth Defects Prevention Study. Maternal treatment with opioid analgesics and
risk for birth defects. Am J Obstet Gynecol. 2011;204:314.e1-11. DOI PubMed

Esposito DB, Bateman B, Werler M, et al. Ischemic placental disease, preterm delivery, and their association with opioid use during
pregnancy. Am J Epidemiol. 2022;191:759-68. DOI PubMed PMC

Green MT, Martin RE, Kinkade JA, et al. Maternal oxycodone treatment causes pathophysiological changes in the mouse placenta.
Placenta. 2020;100:96-110. DOI PubMed PMC

Ahmed N, Kassis A, Malone J, et al. Prenatal morphine exposure increases cardiovascular disease risk and programs neurogenic
hypertension in the adult offspring. Hypertension. 2023;80:1283-96. DOI PubMed PMC

Odegaard KE, Schaal VL, Clark AR, et al. A holistic systems approach to characterize the impact of pre- and post-natal oxycodone
exposure on neurodevelopment and behavior. Front Cell Dev Biol. 2020;8:619199. DOI PubMed PMC

Goetzl L, Thompson-Felix T, Darbinian N, et al. Novel biomarkers to assess in utero effects of maternal opioid use: first steps toward
understanding short- and long-term neurodevelopmental sequelae. Genes Brain Behav. 2019;18:¢12583. DOI PubMed PMC

Nguyen NM, Vellichirammal NN, Guda C, Pendyala G. Decoding the synaptic proteome with long-term exposure to midazolam during
early development. /nt J Mol Sci. 2022;23:4137. DOI PubMed PMC

Odegaard KE, Schaal VL, Clark AR, et al. Characterization of the intergenerational impact of in utero and postnatal oxycodone
exposure. Transl Psychiatry. 2020;10:329. DOI PubMed PMC

Lyu Z, Kinkade JA, Bivens NJ, Roberts RM, Joshi T, Rosenfeld CS. Effects of oxycodone on placental lineages: Evidence from the
transcriptome profile of mouse trophoblast giant cells. Proc Natl Acad Sci U S A. 2024;121:¢2412349121. DOI PubMed PMC
Minakova E, Sarafinovska S, Mikati MO, et al. Ontogenetic oxycodone exposure affects early life communicative behaviors,
sensorimotor reflexes, and weight trajectory in mice. Front Behav Neurosci. 2021;15:615798. DOI PubMed PMC

Flores A, Nguyen NM, Devanaboyina M, et al. Neurobehavioral characterization of perinatal oxycodone-exposed offspring in early
adolescence. J Neuroimmune Pharmacol. 2024;19:29. DOI PubMed

Chand S, Gowen A, Savine M, et al. A comprehensive study to delineate the role of an extracellular vesicle-associated microRNA-29a in
chronic methamphetamine use disorder. J Extracell Vesicles. 2021;10:e12177. DOI PubMed PMC

Koul S, Schaal VL, Chand S, et al. Role of brain derived extracellular vesicles in decoding sex differences associated with nicotine
self-administration. Cells. 2020;9:1883. DOI PubMed PMC

Nguyen NM, Meyer D, Meyer L, et al. Identification of YWHAH as a novel brain-derived extracellular vesicle marker post long-term
midazolam exposure during early development. Cells. 2023;12:966. DOI PubMed PMC

Shahjin F, Guda RS, Schaal VL, et al. Brain-derived extracellular vesicle microRNA signatures associated with in utero and postnatal
oxycodone exposure. Cells. 2019;9:21. DOI PubMed PMC

Kannan M, Singh S, Chemparathy DT, et al. HIV-1 Tat induced microglial EVs leads to neuronal synaptodendritic injury:
microglia-neuron cross-talk in NeuroHIV. Extracell Vesicles Circ Nucl Acids. 2022;3:133-49. DOI PubMed PMC

Meyer D, Athota P, Gowen A, et al. Effect of combined methamphetamine and oxycodone use on the synaptic proteome in an in vitro
model of polysubstance use. Genes. 2022;13:1816. DOI PubMed PMC

Nakahara A, Nair S, Ormazabal V, et al. Circulating placental extracellular vesicles and their potential roles during pregnancy. Ochsner
J. 2020;20:439-45. DOI PubMed PMC

Sun Q, Chang H, Wang H, et al. Regulatory roles of extracellular vesicles in pregnancy complications. J Adv Res. 2025;78:363-75. DOIL
PubMed PMC

Dai H, Lu X. MGST]1 alleviates the oxidative stress of trophoblast cells induced by hypoxia/reoxygenation and promotes cell
proliferation, migration, and invasion by activating the PI3K/AKT/mTOR pathway. Open Med. 2022;17:2062-71. DOI PubMed PMC
Reimers A, Ostby L, Stuen I, Sundby E. Expression of UDP-glucuronosyltransferase 1A4 in human placenta at term. Eur J Drug Metab
Pharmacokinet. 2011;35:79-82. DOI PubMed PMC

Collier AC, Ganley NA, Tingle MD, et al. UDP-glucuronosyltransferase activity, expression and cellular localization in human placenta
at term. Biochem Pharmacol. 2002;63:409-19. DOI PubMed

Kawase T, Ohki R, Shibata T, et al. PH domain-only protein PHLDA3 is a p53-regulated repressor of Akt. Cell. 2009;136:535-50. DOI
PubMed

Butelman ER, Goldstein RZ, Nwaneshiudu CA, et al. Neuroimmune mechanisms of opioid use disorder and recovery: translatability to
human studies, and future research directions. Neuroscience. 2023;528:102-16. DOI PubMed PMC

Hansen SSK, Krautz R, Rago D, et al. Pulmonary maternal immune activation does not cross the placenta but leads to fetal metabolic
adaptation. Nat Commun. 2024;15:4711. DOI PubMed PMC

Giussani DA, Camm EJ, Niu Y, et al. Developmental programming of cardiovascular dysfunction by prenatal hypoxia and oxidative
stress. PLoS One. 2012;7:€31017. DOI PubMed PMC


https://dx.doi.org/10.1016/j.ajog.2010.12.039
https://www.ncbi.nlm.nih.gov/pubmed/21345403
https://dx.doi.org/10.1093/aje/kwab132
https://www.ncbi.nlm.nih.gov/pubmed/34165143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9430412
https://dx.doi.org/10.1016/j.placenta.2020.08.006
https://www.ncbi.nlm.nih.gov/pubmed/32891007
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8112023
https://dx.doi.org/10.1161/HYPERTENSIONAHA.122.20262
https://www.ncbi.nlm.nih.gov/pubmed/37042247
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10274123
https://dx.doi.org/10.3389/fcell.2020.619199
https://www.ncbi.nlm.nih.gov/pubmed/33490084
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7817773
https://dx.doi.org/10.1111/gbb.12583
https://www.ncbi.nlm.nih.gov/pubmed/31119847
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7074845
https://dx.doi.org/10.3390/ijms23084137
https://www.ncbi.nlm.nih.gov/pubmed/35456952
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9027542
https://dx.doi.org/10.1038/s41398-020-01012-z
https://www.ncbi.nlm.nih.gov/pubmed/32968044
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7511347
https://dx.doi.org/10.1073/pnas.2412349121
https://www.ncbi.nlm.nih.gov/pubmed/39475633
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11551428
https://dx.doi.org/10.3389/fnbeh.2021.615798
https://www.ncbi.nlm.nih.gov/pubmed/33692675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7937712
https://dx.doi.org/10.1007/s11481-024-10129-7
https://www.ncbi.nlm.nih.gov/pubmed/38874861
https://dx.doi.org/10.1002/jev2.12177
https://www.ncbi.nlm.nih.gov/pubmed/34913274
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8674191
https://dx.doi.org/10.3390/cells9081883
https://www.ncbi.nlm.nih.gov/pubmed/32796722
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7464419
https://dx.doi.org/10.3390/cells12060966
https://www.ncbi.nlm.nih.gov/pubmed/36980307
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10047367
https://dx.doi.org/10.3390/cells9010021
https://www.ncbi.nlm.nih.gov/pubmed/31861723
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7016745
https://dx.doi.org/10.20517/evcna.2022.14
https://www.ncbi.nlm.nih.gov/pubmed/36812097
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9937449
https://dx.doi.org/10.3390/genes13101816
https://www.ncbi.nlm.nih.gov/pubmed/36292701
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9601452
https://dx.doi.org/10.31486/toj.20.0049
https://www.ncbi.nlm.nih.gov/pubmed/33408584
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7755551
https://dx.doi.org/10.1016/j.jare.2025.02.010
https://www.ncbi.nlm.nih.gov/pubmed/39938794
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12684912
https://dx.doi.org/10.1515/med-2022-0617
https://www.ncbi.nlm.nih.gov/pubmed/36568515
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9755705
https://dx.doi.org/10.1007/s13318-010-0021-x
https://www.ncbi.nlm.nih.gov/pubmed/21302032
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3034912
https://dx.doi.org/10.1016/s0006-2952(01)00890-5
https://www.ncbi.nlm.nih.gov/pubmed/11853692
https://dx.doi.org/10.1016/j.cell.2008.12.002
https://www.ncbi.nlm.nih.gov/pubmed/19203586
https://dx.doi.org/10.1016/j.neuroscience.2023.07.031
https://www.ncbi.nlm.nih.gov/pubmed/37562536
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10720374
https://dx.doi.org/10.1038/s41467-024-48492-x
https://www.ncbi.nlm.nih.gov/pubmed/38830841
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11148039
https://dx.doi.org/10.1371/journal.pone.0031017
https://www.ncbi.nlm.nih.gov/pubmed/22348036
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3278440

Foroughi-Nezhad et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:146-64 Page 164

35.

36.

37.

38.
39.

40.

41.

42.

Aljunaidy MM, Morton JS, Cooke CM, Davidge ST. Prenatal hypoxia and placental oxidative stress: linkages to developmental origins
of cardiovascular disease. Am J Physiol Regul Integr Comp Physiol. 2017;313:R395-9. DOI PubMed

Julian CG, Houck JA, Fallahi S, et al. Altered placental ion channel gene expression in preeclamptic high-altitude pregnancies. Physiol
Genomics. 2023;55:357-67. DOI PubMed PMC

Chen L, Xiu Y, Wu Q, et al. Maternal serum Lamin A is a potential biomarker that can predict adverse pregnancy outcomes.
EBioMedicine. 2022;77:103932. DOI PubMed PMC

Rosenkranz S. TGF-betal and angiotensin networking in cardiac remodeling. Cardiovasc Res. 2004;63:423-32. DOI PubMed

Santos MC, Birkenfeld L, Pham T, et al. Angiotensin II-induced cardiac fibrosis and dysfunction are exacerbated by deletion of cGKI in
periostint+ myofibroblasts. Clin Sci. 2025;139:507-26. DOI PubMed PMC

Wang Y, Chen Q, Zhao M, Walton K, Harrison C, Nie G. Multiple soluble TGF-f receptors in addition to soluble endoglin are elevated
in preeclamptic serum and they synergistically inhibit TGF-f signaling. J Clin Endocrinol Metab. 2017;102:3065-74. DOI PubMed PMC
Soncin F, Khater M, To C, et al. Comparative analysis of mouse and human placentae across gestation reveals species-specific regulators
of placental development. Development. 2018;145:dev156273. DOI PubMed PMC

Schuster J, Cheng SB, Padbury J, Sharma S. Placental extracellular vesicles and pre-eclampsia. Am J Reprod Immunol. 2021;85:¢13297.
DOI PubMed PMC

Disclaimer/Publisher’s Note: All statements, opinions, and data contained in this publication are solely those of the individual author(s) and
contributor(s) and do not necessarily reflect those of OAE and/or the editor(s). OAE and/or the editor(s) disclaim any responsibility for harm to
persons or property resulting from the use of any ideas, methods, instructions, or products mentioned in the content.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License

(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution and

reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were made.


https://dx.doi.org/10.1152/ajpregu.00245.2017
https://www.ncbi.nlm.nih.gov/pubmed/28794104
https://dx.doi.org/10.1152/physiolgenomics.00013.2023
https://www.ncbi.nlm.nih.gov/pubmed/37458464
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10642922
https://dx.doi.org/10.1016/j.ebiom.2022.103932
https://www.ncbi.nlm.nih.gov/pubmed/35286896
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8924630
https://dx.doi.org/10.1016/j.cardiores.2004.04.030
https://www.ncbi.nlm.nih.gov/pubmed/15276467
https://dx.doi.org/10.1042/CS20241204
https://www.ncbi.nlm.nih.gov/pubmed/40267335
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12247847
https://dx.doi.org/10.1210/jc.2017-01150
https://www.ncbi.nlm.nih.gov/pubmed/28633389
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5546862
https://dx.doi.org/10.1242/dev.156273
https://www.ncbi.nlm.nih.gov/pubmed/29361559
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5825847
https://dx.doi.org/10.1111/aji.13297
https://www.ncbi.nlm.nih.gov/pubmed/32619308
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7779690
https://creativecommons.org/licenses/by/4.0/

