
Effects of Long-Acting Anticoagulant Rodenticides on Rabbit Plasma
Extracellular Vesicles
Intakhar Ahmad, Ruth N. Muchiri, Richard B. van Breemen, Israel Rubinstein, Matthew Lindeblad,
and Douglas L. Feinstein*

Cite This: ACS Omega 2025, 10, 16410−16418 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Environmental toxicants and physiological stressors can
significantly impact the production and composition of extracellular vesicles
(EVs), which are mediators of long-distance intercellular communication.
Understanding these processes is essential since EVs can exert far-reaching
effects on diverse tissues and organs, including the central nervous system,
by crossing the blood−brain barrier. This study investigated plasma EV
dynamics in response to long-acting anticoagulant rodenticides (LAARs),
warfarin analogs with long biological half-lives used to eradicate rodent
infestation that also present a public health hazard. EVs were isolated from
plasma samples collected from adult male New Zealand White rabbits
administered a mixture of 3 potent LAARs (brodifacoum, BDF;
difenacoum, DFC; and bromadiolone, BDL) using a polymer-based
precipitation technique. Nanoparticle tracking analysis (NTA) revealed a
time-dependent decrease in EV concentration and changes in size distribution. Cotreatment of rabbits with the bile sequestrant
cholestyramine (CSA), which accelerates LAAR clearance from rabbits, reversed some effects of LAARs on the EVs. Mass
spectrometric analysis showed that all 3 LAARs are associated with isolated EVs and that those levels were reduced by CSA.
Application of EVs from LAAR-treated rabbits induced microglial cell death. Collectively, our findings suggest that LAARs can
influence both the concentration and size distribution of circulating EVs, which in turn may facilitate the transport of LAARs
throughout the body where they can have toxic effects.

■ INTRODUCTION
Extracellular vesicles (EVs), including exosomes, are nano-
meter-sized membrane-bound carriers that facilitate intercel-
lular communication in various biological systems. These
versatile vesicles play crucial roles in numerous physiological
and pathological processes by transferring nucleic acids,
proteins, lipids, and metabolites between cells, thereby
modulating the functional state of recipient cells.1,2 EVs are
ubiquitously secreted by nearly all cell types and can be found
in diverse bodily fluids, underscoring their potential as
biomarkers.3,4 Moreover, EVs can be engineered as drug
delivery vehicles to transport therapeutic agents directly to
target cells, highlighting their promise in biotechnology and
medicine.5 However, this capacity raises concerns about their
potential to transport harmful cargo and release it into the
recipient cell’s cytoplasm. Several studies have highlighted the
role of EVs in transporting bacterial toxins6,7 and their
involvement in pathogenicity through the delivery of toxin-
loaded vesicles to target cells.8,9 These findings suggest the
potential role of EVs in transporting environmental toxins and
pesticides. For instance, there are structural similarities
between vitamin K epoxide reductase component 1

(VKORC1), the human protein target of the widely used
anticoagulant warfarin, and a bacterial molecule crucial for the
growth of Mycobacterium tuberculosis,10 suggesting that VKOR
or molecules associated with VKORC1 could be present in
EVs.
Long-acting anticoagulant rodenticides (LAARs) are warfar-

in analogs with increased potency to inhibit coagulation by
blocking the resynthesis of vitamin K1 (VK1), a necessary
cofactor for activation of several clotting factors.11 In contrast
to warfarin, LAARs have biological half-lives on the order of
weeks rather than hours due to limited metabolism, as well as
undergoing enterohepatic recirculation.12 LAARs are used
throughout the world to reduce rodent infestations by causing
internal hemorrhage and death. Due to their long half-lives,
LAARs remain active for extended periods, increasing the risk

Received: December 3, 2024
Revised: February 27, 2025
Accepted: April 4, 2025
Published: April 16, 2025

Articlehttp://pubs.acs.org/journal/acsodf

© 2025 The Authors. Published by
American Chemical Society

16410
https://doi.org/10.1021/acsomega.4c10887

ACS Omega 2025, 10, 16410−16418

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Intakhar+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruth+N.+Muchiri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+B.+van+Breemen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Israel+Rubinstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+Lindeblad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Douglas+L.+Feinstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Douglas+L.+Feinstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c10887&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10887?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10887?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10887?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10887?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/16?ref=pdf
https://pubs.acs.org/toc/acsodf/10/16?ref=pdf
https://pubs.acs.org/toc/acsodf/10/16?ref=pdf
https://pubs.acs.org/toc/acsodf/10/16?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c10887?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


of exposure to nontarget wildlife through bioaccumulation and
biomagnification in the food chain.13 LAARs pose significant
risks to birds of prey, mammals, and other wildlife that may
ingest poisoned rodents or be directly exposed.14 Additionally,
LAARs can contaminate soil and water sources following aerial
dispersal or due to accidental leakage,15,16 leading to broader
ecological consequences and potential human health risks.
We previously showed that administration of brodifacoum

(BDF), one of the more potent LAARs, to adult rabbits, causes
rapid anticoagulation leading to death, which can be minimized
by treatment with cholestyramine (CSA), a bile sequestrant
that blocks enterohepatic recirculation and increases LAAR
clearance from the body.17,18 In addition to its anticoagulant
actions, BDF also has VK1-independent effects, including
induction of kidney damage19 and neuropathology,20 and can
directly interact with cell membranes to cause cell death.21

Whether exposure to LAARs modifies the EV properties has
not been examined. However, it has been reported that EVs
isolated from patients taking the anticoagulant rivaroxaban, a
direct factor Xa inhibitor, differ from those taken from
warfarin-treated patients,22 and the warfarin-treated patients
showed an increased inflammatory state, suggesting that
reducing VK can exacerbate pathology.23 It has also been
shown that EVs have procoagulative properties, which could
influence the degree of anticoagulation induced by LAARs.
Several coagulation factors, including tissue factor (TF), an
initiator of coagulation, are associated with EVs.24 Various
bodily fluids can initiate coagulation, and this is speculated to
be due to the presence of EVs that contain tenase complexes,
which comprise tissue factor and activated coagulation factor
VII.25,26 EVs can also express procoagulant signaling factors on
their surface, such as phosphatidyl serine (PS).27 PS normally
has an intracellular location, but when exposed due to cellular
damage or when on the outer surface of EVs, it can bind to and
activate coagulation factors and initiate clotting.28

In view of the above, and since numerous biological actions
are regulated by EVs,29 we hypothesized that LAARs might
also modify EV properties. In the current study, we show that
EVs isolated from LAAR-poisoned rabbits show changes in
numbers and size distribution�changes that were reduced by
CSA. Furthermore, we demonstrate that LAARs are associated
with isolated EVs and can induce cell death in primary
microglial cells, suggesting a novel mechanism by which
LAARs could be transported throughout the body, causing cell
injury and death in vital organs.

■ MATERIALS AND METHODS
Animals and Treatments. Plasma was obtained as

previously described18 from groups of New Zealand White
(NZW) rabbits that had been administered LAARs, alone or
with daily treatment of the bile sequestrant CSA. In brief, 2-
month-old male NZW rabbits in Group 1 were administered a
single bolus dose by gavage of a mixture of three LAARs:
brodifacoum (BDF, at a final dose of 200 μg/kg), difenacoum
(DFC at a final dose of 800 μg/kg), and bromadiolone (BDL
at a final dose of 1.75 mg/kg) based on doses reported for
mice30 and rats.31 To prevent mortality, vitamin K1 (VK1) was
administered daily to all rabbits (5 mg/kg of s.c.). Group 2
rabbits were also administered the bile sequestrant cholestyr-
amine (CSA, 0.67 g/kg, oral gavage) beginning 1 day after
LAARs and 30 min before VK1 and continued daily for 10
days. Control Group 3 rabbits consisted of naive controls. All

animal procedures were approved by the local UIC IACUC
Committee.
Plasma Sample Preparation. Blood samples were

collected from the lateral ear vein at days 2, 3, and 10 after
LAAR administration. Blood aliquots were collected into
heparin BD Vacutainer Tubes (BD Biosciences, Billerica,
Massachusetts), used to prepare plasma by centrifugation at
1500g for 10 min at 4 °C and then frozen at −80 °C until
analysis.
Isolation of EVs from Plasma. Plasma samples were

thawed on ice and centrifuged at 3000g for 15 min at room
temperature to remove cells and debris. Aliquots (250 μL)
were treated with thrombin plasma prep (TEMEXO-1; System
Biosciences, Inc.) for defibrination according to the
manufacturer’s guidelines. The clarified supernatant was
transferred to a new tube and mixed with ExoQuick Exosome
Precipitation Solution (EXOQ5A-1, System Biosciences, Inc.)
at a 1:5 dilution, followed by a 30-min incubation at room
temperature. This method induces clustering of anionic EVs
with a cationic polymer, which then allows the complexes to be
recovered by mild centrifugation at 1500g for 30 min at 4 °C.32
After centrifugation, the supernatant was carefully aspirated
and then the EV:polymer clusters were resuspended in a small
volume of phosphate-buffered saline (PBS) for downstream
analyses.
Evaluation of Size Distribution and Concentration of

EVs Using Nanoparticle Tracking Analysis. Nanoparticle
tracking analysis (NTA) was performed using the NanoSight
NS300 instrument (Malvern Panalytical Ltd., Malvern, UK)
according to the manufacturer’s user manual (NanoSight
NS300 User Manual, MAN0541-01-EN-00, 2017). Data
capture was conducted by using NanoSight Software
NTA3.2. The camera setting was adjusted to level 12 to
ensure clear particle visibility without signal saturation with a
screen gain of 10 and a detection threshold of 5 to include the
majority of visible particles while excluding indistinct ones.
Samples were diluted in PBS to a final volume of 1 mL, with
concentrations adjusted to yield ranging from 30 to 200
particles per frame. PBS served as a background measurement,
recording about 3 particles per frame (range of 1−5 particles
per frame). To avoid contamination from previous samples,
300 μL of the sample was run at a higher speed through the
system before NTA data were recorded for each analysis.
Measurements consisted of recording three sequential 30 s
videos at 25 frames per second (fps) with a recording cell
temperature of 25 °C and a syringe speed of 100 μL/s. EVs
were identified by using a 488 nm (blue) laser and an sCMOS
camera. Data generated from the software included mean size,
mode (predominant size population of EVs), 10th, 50th, and
90th deciles, and particle concentration (particles/mL).
UHPLC-MS/MS Analyses. EVs were resuspended in 30

mM ammonium acetate buffer (pH 7) before extraction. EV
samples were then mixed with equal volume of acetonitrile/
methanol (90:10; v/v), incubated for 30 min, and then
centrifuged at 18,000 × g for 30 min to precipitate proteins.
The supernatants containing EVs were air-dried and then
reconstituted in 50% aqueous acetonitrile. UHPLC-MS/MS
analyses for BDF, BDL, and DFC were performed as
described18 using a Shimadzu Nexera LC-30AD UHPLC
system interfaced with a Shimadzu 8050 triple quadrupole
mass spectrometer. A Waters Acquity BEH C18 column (2.1 ×
50 mm, 1.7 μm) was used for UHPLC separations, with a
mobile phase gradient from water (A) to acetonitrile (B), both
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containing 0.01% formic acid as follows: 0−0.5 min 60%−71%
B, 0.5−2.0 min 71%−72% B, 2−3 min 72%−75% B, and 3−3.9
min 75%−80% B. The column was reconditioned in 60%
acetonitrile for 1 min between injections. The flow rate was 0.6
mL/min, and the column temperature was maintained at 50
°C. Negative ion electrospray was used for ionization, and
selected reaction monitoring tandem mass spectrometry was
used for quantitative analysis.
Ex Vivo Mixing Experiment. A stock solution of BDF was

prepared at a concentration of 3 mg/mL in ethyl acetate and
then 10 μL diluted 1:1000 in 100% DMSO. One μL of diluted
BDF (3 ng) was added to 600 μL of naive plasma for a final
concentration of 5 ng/mL. The plasma mixture was then
divided into three 200 μL aliquots, incubated at room
temperature for up to 24 h, and then EVs were isolated as
above. The BDF concentrations in plasma and EVs were then
quantified by UHPLC-MS/MS.
Microglial Cell Preparation and Treatment with EVs.

EVs were isolated from control, LAAR-treated, and LAARand
CSA-treated rabbit plasma as above. Primary microglial cells
were isolated from mixed glial cultures as previously
described.33 In brief, cerebral cortices from postnatal day 1
C57BL/6 mouse pups were cleaned of meninges, mechanically
dissociated, and then placed into poly-D-lysine-coated T75
flasks in DMEM medium, supplemented with 10% fetal bovine
serum (F0926, Sigma-Aldrich), and maintained at 37 °C in a
humidified atmosphere with 5% CO2. After 2 weeks when the

underlying astrocytes reached confluency, microglia were
dislodged by vigorous shaking, collected by centrifugation
(3000 × g for 10 min), then seeded into 96-well plates at a
density of 20,000 cells per well in 100 μL DMEM/F12 media,
and allowed to adhere for 24 h prior to treatment. EVs derived
from 150 μL total plasma (combined from 50 μL aliquots of 3
individual rabbits) in each experimental group were pooled
together, resuspended in 100 μL DMEM/F12 media, diluted
4-fold in DMEM/F12 media, and then 20 μL were added to
cells. After 24 h, cell death was determined as the ratio of
lactate dehydrogenase (LDH) in the supernatant to total LDH
measured after cells were lysed (CytoTox 96, Promega)
according to manufacturer’s instructions.
Data and Statistical Analysis. The effects of LAARs on

EV parameters (total particles per mL, 10%, 50%, and 90%
deciles; means and modes) over time were analyzed by 2-way
ANOVA, followed by Sidak’s multiple comparisons tests for
pairwise comparisons. Cell death results were compared by 1-
way ANOVA and Tukey’s multiple comparison tests. Data
analysis was carried out with Python-based software packages
and GraphPad Prism 9.0 (GraphPad Software, San Diego,
CA). At least three independent biological replicates were
carried out for each experiment, and p-values <0.05 were
considered statistically significant.

Figure 1. Exposure to LAARs alters plasma EV concentration and size distribution. NTA was carried out on EVs isolated from rabbit plasma at (A)
Day 0 (naive); (B,D,F) at the indicated days after administration of LAARs; and (C,E,G) from rabbits administered LAARs and then treated with
CSA beginning 1 day later. Mean EV particle concentrations were determined from 3 samples per group and are plotted against particle size.
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Figure 2. Effects of LAARs and CSA on EV particle features. NTA data from samples described in Figure 1 were analyzed for (A) total particles per
mL of plasma, (B) mode, (C) mean size, (D) 10th decile, (E) 50th decile, and (F) 90th decile. Data are mean ± SE, n = 3 per group. *p < 0.05;
**p < 0.005; ****p < 0.0001 compared to controls; p < 0.05 versus same-day BDF; 2-way ANOVA with Sidak’s multiple comparisons test.

Figure 3. Effects of LAARs and CSA on exosomes and smaller particles. NTA data from samples as described in Figure 1 were analyzed for changes
in the EV subpopulation concentration. The average size distribution of (A) exosomes (30−150 nm) and (C) particles sized 15 to 30 nm are
shown for EVs isolated from naive (day 0, black line), LAAR days 2, 3, and 10 (red lines), and LAAR & CSA days 2, 3, and 10 (green lines). Data
were then used to calculate (B, D) average concentrations over time of exposure to LAARs with or without CSA cotreatment. Data are mean ± SE,
n = 3 per group. *p < 0.05 versus day 0; p < 0.05 versus LAAR & CSA on the same day; 1-way ANOVA with Tukey’s multiple comparisons test.
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■ RESULTS
Effects of LAARs on EV Concentration and Size.

Extracellular vesicles were isolated from plasma collected from
adult male NZW rabbits at different times following the
administration of a single bolus of LAARs. EV analyses for
particle size and distribution using NTA (Figure 1) show that
LAARs led to significant alterations in EV size distribution.
Compared to the naive samples (Figure 1A) at 2 days after
LAARs were administered, there was a noticeable shift to larger
sizes as well as the appearance of a subpopulation having sizes
less than 100 nm (Figure 1B). At 3 days after LAARs, a shift to
larger sizes was still present, and there was an increase in the
overall heterogeneity of the size distribution (Figure 1D). By
10 days after LAARs were given, the overall size distribution
was similar to that observed at 3 days; however, the relative EV
concentrations tended to increase in the lower size range
compared to the larger size range (Figure 1F). On all days, the
administration of CSA tended to minimize the effects of BDF.
After 2 days (Figure 1C), the increase in concentration of
smaller EVs was mostly absent, although larger EVs were still
present. After both 3 and 10 days, CSA tended to reduce the
overall size heterogeneity induced by BDF (Figure 1E,G),
although EVs of smaller sizes were still present.
The EV size distribution was quantified by determining the

mean, mode, and 10th, 50th, and 90th deciles (Figure 2).
Quantification was done for EVs isolated from LAAR-treated
NZWs, as well as from rabbits administered BDF and then
treated with CSA beginning 1 day after LAARs. Compared to
naive plasma, the average EV concentration in the LAAR-
treated animals was significantly lower after 3 and 10 days
(Figure 2A), and those reductions were absent in samples
isolated from CSA- treated animals. Similarly, the mode was
lower than controls at 3 days and significantly reduced at 10
days (Figure 2B), but it remained at control values in the CSA
samples. In contrast to mode, the overall mean size was not
significantly different across days (Figure 2C) although at day
10 it was higher in the CSA compared to the LAAR-only
samples. The lower mode values compared to mean values
reflect a greater proportion of smaller-sized particles, as
suggested by histograms. Decile analysis (Figure 2D−F) is
consistent with a greater proportion of smaller particles.
Between days 2 and 10, there was a gradual decrease in the
average size in the 10% decile, e.g., the average size of all
particles that account for the lowest 10% of particles, and was
significantly different from controls at day 10. The average size
of the 50% decile tended to decrease over time, but those
reductions were not significant. The average particle size for
the 90% decile showed an increase over time that was
significantly different versus controls at day 10.

LAARs Alter Exosome and Supermere Size Distribu-
tion. Since different types of EVs exhibit distinct size
distributions, we analyzed the NTA data to determine whether
LAARs selectively influenced a specific size distribution.
Among the EV subgroups, the most notable difference was
observed in the exosome size range 30−150 nm (Figure 3A).
In naive samples, the exosomes showed a smooth size
distribution centered near 120 nm. Treatment with LAARs
for 2, 3, or 10 days greatly reduced particle concentration
across this size range (Figure 3B) with maximum concen-
trations observed at near 120 nm. Treatment with LAARs for
2, 3, or 10 days greatly reduced exosome concentrations and
led to a heterogeneous distribution of size. Treatment with
CSA partially reversed the effects of LAARs, with the largest
increase seen at day 3 and day 10.
In addition, treatment with LAARs increased the concen-

tration of smaller particles (Figure 3C). Compared to naive
samples, LAARs led to a time- dependent increase in particles
in the 15−30 nm size range, and these increases were largely
prevented by treatment with CSA (Figure 3D).
LAARs are Associated with EVs. To test whether LAARs

are associated with EVs, UHPLC-MS/MS was used to quantify
LAAR levels in EVs isolated from plasma 2 days after LAARs
were administered and from rabbits administered LAARs and
treated with CSA beginning 1 day after LAARs. Aliquots of
EVs from 3 different animals were combined to provide
sufficient material to measure LAAR levels over background
values (Table 1). On day 2, all 3 LAARs (BDF, BDL, and
DFC) were detected in EVs. Compared to the plasma from
which they were isolated, levels of cis- and trans-BDF were 20−
25%; BDL was 16%; and cis- and trans-DFC were 24% and
27%, respectively. Treatment with CSA for 1 day reduced all
plasma LAAR levels between 31% (for cis-BDF) and 46% (for
BDL), except for trans-DFC, which was modestly decreased by
7%. Reductions were also observed in EVs isolated from the
CSA-treated animals, although those relative decreases were,
on average, about 2-fold greater than decreases due to CSA in
plasma levels. In an ex vivo control study, in which we added
BDF (the most hydrophobic of the 3 LAARs) directly to naive
rabbit plasma, BDF levels in the isolated EVs averaged 6% of
plasma levels (Table 1). These data confirm the ability of CSA
to accelerate LAAR clearance from plasma and demonstrate
that LAARs are associated with isolated EVs and that
association is also reduced by CSA.
EVs Derived from LAAR-Treated Rabbits Induce

Microglial Cell Death. We tested whether EVs had cytotoxic
effects using primary mouse microglial cells (Figure 4). After
24 h with media only, there was a background degree of cell
death amounting to approximately 15%, which was reduced

Table 1. LAAR Concentrations in Isolated EVs

Treatment Sample BDF BDL DFC

LAAR, ng/mL LAAR Plasma 622.5 1135.4 49.7
LAAR & CSA Plasma 412.5 609.6 34.0
LAAR EV 142.5 178.3 12.4
LAAR & CSA EV 49.1 46.0 3.0

Ratio LAAR & CSA: LAAR Plasma 66% 54% 69%
LAAR EV:Plasma 23% 16% 25%
LAAR & CSA EV:Plasma 12% 8% 9%
LAAR & CSA: LAAR EV 34% 26% 24%

Ex vivo control BDF Plasma 3.5 ± 1.1 (mean ± SD)
EV 0.2 ± 0.3 (mean ± SD)
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when the cells were incubated with the polymer used to
precipitate the EVs. Incubation with EVs prepared from naive
rabbits did not cause any cell death compared to the polymer
alone. In contrast, incubation with EVs prepared from LAAR-
treated rabbits significantly increased cell death and that
increase was absent when EVs from LAAR & CSA-treated
rabbits were used. These results are consistent with the lower
levels of LAARs found associated with EVs from LAAR &
CSA-treated rabbits. The direct addition of EVs to the LDH
assay reaction did not affect absorbance readings, confirming
that the effects of LAAR-EVs on microglial death were not due
to alteration in assay conditions.

■ DISCUSSION
We show for the first time that the properties of EVs isolated
from the plasma of adult rabbits exposed to potent LAARs are
distinct from those isolated from naive rabbits. As soon as 2
days after LAARs were administered, there was a reduction in
total EV concentration, decreasing to about 50% of the control
values on days 3 and 10. At the same time, both the mean and
mode particle size decreased, indicating a shift to smaller-sized
EVs. The smaller average particle size is also reflected by a
reduction in 10% decile. Our analysis of EV subgroups revealed
a pronounced difference within the exosome size range (30−
150 nm), consistent with established exosome sizes (Figure
2A).34−36 This finding suggests that LAARs may selectively
reduce exosome production, potentially affecting EV-mediated
cellular communication.
In contrast to exosomes, we found that LAAR increased the

concentration of smaller-sized particles in the range of 15 to 30
nm (Figure 3). These may correspond to recently described
supermeres�small nanoparticles within the 1−30 nm range.
Using an asymmetric-flow field-flow fractionation method, 2
subpopulations of exosomes were initially identified as well as
small nonmembranous particles called exomeres, which are
about 35 nm.37 Subsequently, the same authors described the
presence of smaller particles which they termed supermeres
since they were found in the high-speed supernatant of the
exomere preparation.38 Initial characterization showed that
supermeres are enriched in proteins and miRNAs associated

with cancers, neurodegenerative diseases, and cardiovascular
diseases, and they have a distinct set of snRNAs and miRNAs
compared to other EV populations. Supermeres have been
shown to increase lactate production from target cells, to be
able to transfer drug resistance, and to cross the blood−brain
barrier and accumulate in the CNS.38 Our data therefore
suggest that systemic toxicity, in this case due to anticoagu-
lants, can increase supermere levels, which could serve as a
surrogate biomarker for LAAR poisoning and provide an
additional means of transporting information throughout the
body. The protocol we used to isolate EVs is based on
precipitation of anionic EVs clustered with a cationic polymer;
a method that can also allow precipitation of smaller particles
that share similar surface properties. However, it is possible
that smaller particles are not precipitated with the same
efficiency as larger particles; if so, we may be underestimating
supermere levels. It is also possible that a portion of the smaller
particles comprised aggregates of LAARs together with
fragments of larger EVs; a fuller characterization is therefore
required to distinguish between these possibilities.
The decreases due to LAARs observed in total particle

numbers on days 3 and 10, and of particle size, mean, mode,
and 10% and 90% deciles on day 10, were reduced in the EVs
isolated from rabbits cotreated with CSA. Similarly, the
increase in the population of smaller particles (Figure 3) was
almost absent in the CSA-treated samples. Since CSA
accelerates LAAR clearance from the body,18 this may simply
reflect lower LAAR concentrations. However, it is possible that
CSA itself could lead to modification of the EV properties, for
example, by reducing serum cholesterol levels, which are a
component of EV membranes and have been shown to
influence EV biogenesis,39,40 structure,41 and fusion.42 Such
changes could conceivably counteract the effects of LAARs on
the EV properties. Further studies to evaluate the possible
effects of CSA are therefore required to address this possibility.
How LAARs can influence EV properties remains to be

determined. Under toxic conditions, exosome biogenesis can
be affected by numerous pathways, including autophagy, which
prioritizes the degradation of damaged organelles, potentially
diverting resources from normal multivesicular body (MVB)
formation and exosome production.43 Our findings indicate
that LAAR toxicity significantly reduces exosome numbers,
which may be due to a combination of cellular stress responses,
reduced energy production, altered membrane dynamics, and
increased apoptosis. Toxic agents can activate stress pathways
such as oxidative stress and endoplasmic reticulum (ER) stress,
leading to mitochondrial dysfunction, which in turn can trigger
the release of proapoptotic factors, thereby activating caspases
and promoting apoptosis. Consequently, cellular resources
shift toward damage repair, deprioritizing normal functions like
MVB formation and exosome biogenesis.44 LAAR-induced
mitochondrial impairment21 could therefore cause ATP
depletion, triggering opening of the mitochondrial permeability
transition pore, and cause further energy loss. As ATP levels
decline, vesicle trafficking and MVB fusion with the plasma
membrane are disrupted, resulting in diminished exosome
release.45,46 Moreover, LAAR toxicity can alter cell membrane
fluidity and integrity,21 as occurs in response to other
xenobiotics.47 Such alterations can promote the activation of
proapoptotic proteins, leading to cell death,48 thereby
impeding the docking and fusion of MVBs with the plasma
membrane, and reducing exosome exocytosis. It is also possible
that changes in EV numbers and size distribution could be due,

Figure 4. EVs from LAAR-treated rabbits induce microglial cell death.
Primary mouse microglial cells were incubated with EVs isolated from
naive plasma (EV CTL), LAAR plasma (EV LAAR), or LAAR & CSA
plasma (EV LAAR & CSA). After 24 h, cell death was determined as
LDH released divided by total LDH after cells were lysed. Controls
included microglia incubated with DMEM/F12 media only (“media”)
and microglia incubated with an equivalent amount of the polymer
used to precipitate EVs (“polymer”). Data are mean ± SE of n = 3 per
group. *p < 0.05; ****p < 0.0001; 1-way ANOVA followed by
Tukey’s multiple comparisons test.
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in part, to direct membrane disruption upon interaction of
LAARs with the EVs, as mentioned above for the appearance
of the smaller EVs, particularly since it is known that LAARs
can directly disrupt cellular membranes.21

The LAARs used in this study are second-generation
derivatives of warfarin12; for this reason, they are often
referred to as superwarfarins. Warfarin has previously been
shown to influence EV production, thereby increasing release
from vascular smooth muscle cells.49 Since warfarin induces
oxidative stress in cells, and oxidative stress is known to induce
EV secretion,50 together the data suggest that warfarin-induced
oxidative stress leads to EV release. VK antagonists including
warfarin can induce oxidative stress due to suppression of VK
synthesis,51 likely due to reductions of VK hydroquinone
levels, a potent antioxidant that normally inhibits NADPH-
dependent lipid peroxidation.52 Additionally, both VK1 and
VK2 protect against oxidative stress in primary oligoden-
drocytes and immature neurons53 by inhibiting the activation
of 12-lipoxygenase.54 These findings suggest that by reducing
VK levels, LAARs could increase oxidative stress and thereby
modify EV secretion. However, we observed that overall EV
concentrations were decreased by LAARs, although the smaller
populations were increased. Since LAARs exert both
anticoagulant-independent as well as VK-independent actions,
it is possible that these alternative actions are the primary cause
of overall reductions in EV concentration.
Our UHPLC-MS/MS analysis demonstrated that LAARs

are associated with EVs. At 2 days following the administration
of LAARs, plasma BDF levels were 623 ng/mL, BDL was 1135
ng/mL, and DFC was about 50 ng/mL; and these levels were
reduced to between 54% and 69% when rabbits were given
CSA for 1 day, consistent with previous findings.18 Analysis of
EVs isolated from the above plasma samples revealed the
presence of all 3 LAARs, amounting to between 16% and 25%
of respective plasma concentrations. Since plasma EV levels are
estimated to be 6 orders of magnitude less than that of total
lipoprotein particles,55 the high percentage of LAARs
associated with EVs argues against a nonspecific association
of hydrophobic LAARs with lipophilic particles. This is
supported by results of the ex vivo control experiment showing
that after 1 day of incubation, only 6% of BDF in the plasma
was found to be associated with isolated EVs (Table 1),
compared to about 20% in EVs isolated from LAAR-treated
rabbits. This experiment was carried out using a lower
concentration of BDF (5 ng/mL) than that present in rabbit
plasma (about 600 ng/mL) to minimize exposure of the EVs
to solvents (ethyl acetate, DMSO) used to prepare BDF for the
ex vivo study, solvents which could disrupt EV membranes.
This is not a concern during in vivo experiments since the
LAAR stock solutions are diluted 30-fold or more in corn oil
and then introduced into the rabbit gut by gavage, which will
further dilute the solutions as much as 50-fold. However,
further experiments using higher BDF (or other LAAR)
concentrations and longer incubation periods are warranted to
confirm that BDF does not accumulate in EVs over time.
In all cases, LAAR levels in the EVs were reduced to

between 24% and 34% in samples from CSA-treated animals, a
larger reduction than observed in plasma LAAR concen-
trations. Further studies are needed to determine if the larger
CSA-dependent reductions in EV-associated LAARs reflect
selective actions of CSA on EVs; or are due to a reduction in
LAAR:EV interactions due to the reduced plasma levels. It also
remains to be determined if the LAARs are internalized within

or bound to the external membrane of the EVs, as well as if
certain size classes are more enriched than others.
Additionally, our in vitro findings show that LAAR-treated

EVs induce significantly higher microglial cell death compared
with both control and CSA-treated EVs (Figure 4). This
increase could be due to exposure of the microglial cells to EV-
associated LAARs, consistent with previous reports that
LAARs can directly induce cell death in neural cells.21 If so,
the reduced cell death observed using EVs isolated from LAAR
& CSA-treated samples could reflect the CSA-induced
decrease in EV-associated LAARs. It is also possible that
LAARs alter EV cargo or surface properties, either of which
could increase EV cytotoxicity. Future studies will examine
EVs isolated from LAAR-treated rabbits to characterize
potential changes in their cargo.
Together, the findings of this study demonstrate that LAARs

influence EV properties, potentially altering their systemic
effects. Findings that LAARs are associated with plasma EVs
suggest a mechanism by which EVs could facilitate LAAR
distribution throughout the body, including transport across
the blood−brain barrier and entry into the CNS. This may
account, in part, for observation of LAAR tissue damage
independent of anticoagulant actions. Findings that cotreat-
ment of rabbits with CSA, which reduces plasma LAAR levels,
also mitigated the effects of LAARs on EVs, as well as reduced
EV-associated LAARs and their cytotoxicity could offer a
therapeutic strategy to counter the impact of these environ-
mental toxicants on humans.
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