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1   |   INTRODUCTION

Extracellular vesicle (EV) secretion rate is strongly stim-
ulated by hypoxia,1–6 and hypoxic niches can exist under 
various pathophysiological states such as chronic kidney 
disease and cancer or at physiological conditions as in the 
healthy intestine or kidney medulla.7–9 A wide range of mol-
ecules, such as protein and RNA,10 are loaded into EVs and 

released into all biological fluids,11 where they may regulate 
physiological processes, such as metabolism,12 and be used 
as easily accessible non-invasive biomarkers of disease pro-
cesses.13–18 Cell type-specific EV secretion rate is, however, 
highly variable19 and to fully exploit EVs and gain insight 
into their physiological and pathophysiological regulatory 
mechanisms, we need a better biological understanding of 
the cellular mechanisms controlling EV secretion.

Received: 18 May 2023  |  Revised: 13 June 2023  |  Accepted: 21 June 2023

DOI: 10.1096/fba.2023-00053  

R E S E A R C H  A R T I C L E

Mitochondrial reactive oxygen species modify extracellular 
vesicles secretion rate

Mikkel Ø. Nørgård1   |   Philip M. Lund2   |   Nazmie Kalisi3   |    
Thomas L. Andresen2   |   Jannik B. Larsen2   |   Stefan Vogel3   |   Per Svenningsen1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited and is not used for commercial purposes.
©2023 The Authors FASEB BioAdvances published by The Federation of American Societies for Experimental Biology.

1Department of Molecular Medicine, 
Cardiovascular and Renal Research, 
University of Southern Denmark, 
Odense, Denmark
2Department of Health Technology, 
Center for Intestinal Absorption and 
Transport of Biopharmaceuticals, 
Technical University of Denmark, 
Kongens Lyngby, Denmark
3Department of Physics, Chemistry 
and Pharmacy, University of Southern 
Denmark, Odense, Denmark

Correspondence
Per Svenningsen, Department of 
Molecular Medicine, University of 
Southern Denmark, DK-5000 Odense 
C, Denmark.
Email: psvenningsen@health.sdu.dk

Funding information
AP Møller Foundation, Grant/Award 
Number: 20-L-0112; Nyreforeningen; 
Novo Nordisk Foundation, Grant/
Award Number: #NF21OC0071957, 
#NNF20OC0063791, 
#NFF19OC0058222 and 
#NF16OC0022166

Abstract
Extracellular vesicle (EV) secretion rate is stimulated by hypoxia that causes in-
creased reactive oxygen species (ROS) production by the mitochondrial electron 
transport chain (ETC) and hypoxia-induced factor (HIF)-1 signaling; however, 
their contribution to the increased EV secretion rate is unknown. We found that 
the EV marker secretion rate in our EV reporter cell line CD9truc-EGFP was 
unaffected by the HIF-1α stabilizer roxadustat; yet, ETC stimulation by dichlo-
roacetic acid (DCA) significantly increased EV secretion. The DCA-induced EV 
secretion was blocked by the antioxidant TEMPO and rotenone, an inhibitor of 
the ETC's Complex I. Under hypoxic conditions, the limited oxygen reduction 
impedes the ETC's Complex III. To mimic this, we inhibited Complex III with 
antimycin A, which increased ROS-dependent EV secretion. The electron trans-
port between Complex I and III is accomplished by coenzyme Q created by the 
mevalonate pathway and tyrosine metabolites. Blocking an early step in the me-
valonate pathway using pitavastatin augmented the DCA-induced EV secretion, 
and 4-nitrobenzoate—an inhibitor of the condensation of the mevalonate path-
way with tyrosine metabolites—increased ROS-dependent EV secretion. Our 
findings indicate that hypoxia-mimetics targeting the ETC modify EV secretion 
and that ROS produced by the ETC is a potent stimulus for EV secretion.
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In mammalian cells, low oxygen conditions not only 
limit the electron flow in the mitochondrial electron 
transport chain (ETC) and creates mitochondrial-derived 
reactive oxygen species (ROS) but also stabilize hypoxia-
inducible factor (HIF)-1, a heterodimeric transcription 
factor consisting of an α-subunit and a β-subunit signal-
ing, through inhibition of oxygen-dependent degradation 
of HIF-1α.20 Hypoxia activated HIF-1α signaling and en-
hanced EV secretion in HEK293 cells, and depletion of 
HIF-1α, but not HIF-2α, significantly reduced EV release.4 
Under normoxic conditions, however, expressing oxygen-
insensitive HIF-1α or IOX2—a pharmacological HIF-1α 
stabilizer—did not increase EV secretion.4 HIF-1α signal-
ing is also affected by ROS.21,22 ROS is mainly produced 
in the mitochondria through electrons leaking out of the 
ETC's Complex I and III.23 Interestingly, we have recently 
shown that human blood cells estimated EV secretion 
rates are strongly correlated with Complex I activity.19 
Although molecular oxygen is a terminal electron accep-
tor through reduction to metabolic water,24 the ETC can 
maintain mitochondrial functions under limiting oxygen 
availability by using fumarate as a terminal electron accep-
tor.25 This requires high levels of ubiquinol—the reduced 
form of the electron carrier coenzyme Q—and increases 
the production of mitochondrial ROS.26 Indeed, inhi-
bition of oxygen reduction by the Complex III inhibitor 
antimycin increases EV secretion from cultured mature 
adipocytes.27 Thus, mitochondrial-derived ROS is created 
under normoxic and hypoxic conditions and may affect 
EV secretion. However, to what extent mitochondrial-
derived ROS contribute to EV secretion is unknown.

This study used targeted pharmacological interven-
tions on our epithelial CD9truc-EGFP reporter cell line se-
creting green fluorescent protein (EGFP)-tagged EVs28 to 
test the hypothesis that the mitochondrial ETC increases 
EV secretion by ROS.

2   |   METHODS

2.1  |  EV track data

All relevant data from our experiments are submit-
ted to the EV-TRACK knowledgebase (EV-TRACK ID: 
EV230063).29

2.2  |  Cell culturing and pharmacological 
interventions

The M1 cells with stable CD9truc-EGFP expression 
were cultured as described previously.28 Cells were 
maintained in Dulbecco's Modified Eagle Medium, 

F-12 Nutrient Mixture (Gibco, Sigma Aldrich) with 
10% fetal bovine serum (FBS, Fisher Scientific) and 1% 
Penicillin–Streptomycin at 37°C in a 5% CO2 humidified 
incubator. For all cell-conditioned medium analyses, the 
culture medium was changed to PC1 serum-free medium 
(Lonza, No. 344018). CoCl2 (Sigma Aldrich), Roxadustat 
(Astatech), DCA (Sigma Aldrich), 4-Hydroxy-TEMPO 
(Sigma Aldrich) and 4-nitrobenzoate (Sigma Aldrich) was 
dissolved in PC1-serum-free medium and added to a final 
concentration of 100 μM, 30 μM, 30 mM, 2 mM, and 2 mM, 
respectively. Pitavastatin (Santa Cruz) and Rotenone 
(Sigma Aldrich) were dissolved in dimethyl sulfoxide and 
added to a final concentration of 5 μM and 10 μM, respec-
tively, and antimycin A (Sigma Aldrich) was dissolved in 
99% ethanol and added to a final concentration of 1 μM. 
Dissolved drugs were added when cells reached 60–80% 
confluence in 6-well plates, and cells and medium were 
harvested after 24 h incubation.

2.3  |  EV isolation and cell lysis

The cell-conditioned medium was harvested on ice and 
immediately supplemented with protease inhibitor cock-
tail (Sigma Aldrich). The cell-conditioned medium was 
centrifugated at 4°C for 10 min at 5000 ×g. The supernatant 
was transferred to low-binding Minisorp Nunc-Immuno 
tubes and mixed with freshly made ExtraPEG30 (16% PEG-
6000, Sigma Aldrich, 1 M NaCl, Milli-Q water). Following 
rotation overnight incubation at 4°C, the medium was 
centrifugated at 4°C for 15 min at 5000 ×g. The EV-pellet 
was resuspended in RIPA lysis buffer and stored at −80°C 
until analyzed by western blotting. Cells were lysed with 
RIPA Lysis buffer with protease inhibitor cocktail (Sigma 
Aldrich) and incubated for 1 h at 4°C. Insoluble material 
was removed by centrifugated at 13.000 ×g for 10 min at 
4°C. Cellular protein concentration was measured using 
the Bio-Rad DC Protein Assay (BIO-RAD) according to 
the manufacturer's instructions.

2.4  |  Immunoblotting

Samples were mixed with sample reducing agent 
(Invitrogen, Thermo Fischer Scientific) and LDS sam-
ple buffer (Invitrogen, Thermo Fischer Scientific) and 
heated to 95°C for 10 min before separation by SDS-
polyacrylamide gel electrophoresis (BIO-RAD). Proteins 
were then transferred to a PVDF membrane (Merck) and 
activated in 99% Ethanol. After blotting, the membrane 
was blocked for 30 min in 5% skimmed milk (Merck) 
and incubated at 4°C overnight with primary antibody 
(Table  1). The membrane was washed in Tris-Buffered 
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saline with Tween-20 (TBST, 20 mM Tris-Base, 137 mM 
NaCl, 0.05% Tween-20 [Merck], pH 7.6) and incubated 
for 1 h at room temperature with secondary antibody 
(Table 1). Membranes were developed with ECL plus and 
imaged by a Molecular Imager (ChemiDoc XRS +, BIO-
RAD) using Image Lab software (BIO-RAD). The EV band 
densities were normalized to cellular protein concentra-
tion used as an estimate of cell abundance.

2.5  |  Particle size and concentration 
measurements

Particle sizes and concentrations in the cell-conditioned 
medium were measured using ZetaView® Nanoparticle 
Tracking Analyzer PMX-220 (Particle Metrix). All sam-
ples were diluted in freshly filtered 1× PBS to a final 
volume of 1 mL. The ideal dilution factor was found by 
aiming for 140–200 particles/frame. The EVs were meas-
ured using eight cell positions with the following capture 
settings: cell temperature: 23–25°C, sequence length: 30, 
frame rate (fps): 30, switch frame: 10, video resolution: 
medium, laser wavelength (nm): 488, sensitivity: 90, shut-
ter: 200, and following analysis settings: min size (nm): 
1.0, max size (nm): 1000, trace length: 12, tracking radius: 
3 px. All measurements were done in duplicates by inject-
ing 100 μL fresh sample before the second measurement. 
The data were collected using the ZetaView software, 
PEX. The results are based on at least 700 valid particle 
tracks. Particle concentration from each cell-conditioned 

medium sample was normalized to the corresponding cel-
lular protein concentration.

2.6  |  CD9truc-EGFP cell 
imaging and analysis

To study the effect of DCA on CD9truc-EGFP, fluorescent 
microscopy imaging was performed on CD9truc-EGFP 
cells in Dulbecco's Modified Eagle Medium, F-12 Nutrient 
Mixture medium as previously described and seeded in 
8-well glass bottom Ibidi μ-slides and incubated for 24 h, 
allowing for cells to adhere to the surface. Following in-
cubation, the culturing medium was changed to PC-1 me-
dium (Lonza, No. 344018) without or with 30 mM DCA 
(Sigma Aldrich). The cells were then incubated for at least 
additional 24 h before imaging. Imaging of the cells was 
performed using a Nikon Ti2, Yokogawa CSU-W1 spin-
ning disc confocal microscope equipped with two high 
numerical aperture oil immersion objectives (60× and 
100x) and a Photometrics Prime 95B sCMOS detector. A 
microscope enclosure ensured 37°C and 5% CO2 flow dur-
ing the imaging. Z-stack images were captured by exciting 
the EGFP using a 488 nm diode laser line and applying 
steps of 0.3 μm. The EGFP emission was detected through 
a 520/28 Brightline HC filter set. Mean intensities per cell 
were extracted using a custom Python 3 script on the sum 
projected cell Z-stack images. Masks for each cell were 
acquired by implementing Cellpose 2.0 using the cyto2 
model with the parameters 120 in diameter and −0.5 in 

Target protein Company Catalog # Dilution

Primary antibodies

HIF-1α Cell Signaling Technology, 
Leiden, NL

14179S 1:1000

GFP Nordic BioSite, Täby, SE GTX113617 1:1000

Caspase-3 Cell Signaling Technology, 
Leiden, NL

9662S 1:1000

ALIX Cell Signaling Technology, 
Leiden, NL

2171 1:1000

TSG-101 Abcam, Cambridge, UK Ab30871 1:1000

Flotilin Abcam, Cambridge, UK Ab13493 1:1000

PDH-1α Abcam, Cambridge, UK Ab110330 1:5000

PDH-1α-S293 Merck, Søborg, DK Ab177461 1:1000

PDH-1α-S300 Merck, Søborg, DK Ab1064 1:1000

Actin Abcam, Cambridge, UK Ab8227 1:10000

Secondary antibodies

Polyclonal Goat Anti-Mouse 
immunoglobulins/HRP

DAKO, Glostrup, DK P447 1:2000

Polyclonal Goat Anti-Rabbit 
immunoglobulins/HRP

DAKO, Glostrup, DK P448 1:2000

T A B L E  1   Primary and secondary 
antibodies used for western blotting.
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mask threshold.31 Tifffile, Pandas, and NumPy were used 
for image loading, data handling, and numerical opera-
tions, respectively.32–34 Cells in the boundary of the field 
of view were removed from the extracted intensities. Fiji 
was used for editing image contrast.

2.7  |  CD9truc-EGFP cell fluorescence 
using flow cytometry

Flow cytometry was used to measure fluorescence inten-
sity in living single cells upon stimulation with different 
drugs. Cells were treated as described above. To prepare 
cells for flow cytometry, cells were treated with trypsin, 
washed twice in washing buffer (1× PBS + 0.05% Bovine 
serum albumin and 10 mM EDTA), and analyzed on 
an analytical and cell sorting flow cytometer (ARIAIII 
Becton Dickinson). FlowLogic 8.5 software was used to 
analyze cells.

2.8  |  Statistics

Statistical analyses were performed in GraphPad Prism 
version 9 (Graphpad Software Inc, USA). Experiments 
with more than two groups were analyzed using a one-
way ANOVA followed by Tukey's multiple comparisons 
tests. Experiments with two groups were analyzed using 
an unpaired t-test. Data are presented as mean ± the 
standard error of the mean, n indicates the number of in-
dependent experiments, and p ≤ 0.05 was considered sta-
tistically significant.

3   |   RESULTS

3.1  |  Pharmacological HIF-1α 
stabilization does not affect the EV marker 
release rate

To corroborate previous findings in HEK293 cells,4 we 
used two other hypoxia-mimetic agents—CoCl2 and 
Roxadustat to stabilize HIF-1α protein expression in 
CD9truc-EGFP cells by inhibiting prolyl hydroxylase do-
main (PHD, Figure 1A). CoCl2 and Roxadustat increased 
cellular HIF-1α abundance, but, compared to control, 
CoCl2 caused increased cleavage of pro-apoptic Caspase-3 
(Figure 1B). We did, therefore, not investigate EV markers 
in the PEG-precipitated cell-conditioned medium from 
CoCl2-treated cells. Roxadustat did not cause Caspase-3 
cleavage, significant changes in cellular CD9truc-EGFP 
protein expression (Figure  1C), or increased abundance 
of EV markers CD9truc-EGFP, ALIX, TSG101, and 

Flotillin in PEG-precipitated cell-conditioned medium 
(Figure  1D,E). Thus, in agreement with previous find-
ings,4 HIF1α stabilization under normoxic conditions 
does not significantly affect EV-marker secretion rate.

3.2  |  The ETC stimulator DCA increases 
EV secretion rates through ROS production

DCA is an orally available drug that accelerates the pyru-
vate flux into the mitochondria by inhibiting the pyruvate 
dehydrogenase kinases' (PDKs) inhibitory phosphoryla-
tion of pyruvate dehydrogenase (PDH), increasing acetyl 
CoA levels and electron deposition into the ETC via 
nicotinamide adenine dinucleotide hydrogen (NADH, 
Figure 2A).35 Indeed, DCA reduced the inhibitory phos-
phorylations of PDH1α at serine residues 293 and 300 
(Figure 2B), and neither treatment with DCA nor the an-
tioxidant TEMPO caused Caspase-3 cleavage (Figure 2B). 
Western blotting for cellular CD9truc-EGFP and TSG101 
showed no significant changes in abundance in DCA- 
and TEMPO-treated cells (Figure  2B; Figure  S2B). Still, 
spinning-disc confocal microscopy and flow cytometry 
of living CD9truc-EGFP cells revealed a higher CD9truc-
EGFP fluorescence intensity that was not sensitive to 
TEMPO (Figure 2C; Figure S2C and S3A). Strikingly, DCA 
treatment was associated with an increased size of the in-
tracellular green fluorescent compartments (Figure  2C). 
Nanoparticle tracking analyses (NTA) were used to quan-
tify EV secretion rates. The drug interventions did not 
affect EV size; however, the DCA treatment induced a 
significant ~twofold increase in EV concentration in the 
cell-conditioned medium, blocked by co-treatment with 
TEMPO (Figure 2D). The NTA results were corroborated 
by western blot analyses of the PEG-precipitated cell-
conditioned medium, where the DCA increased cellular 
secretion rate of EV markers CD9truc-EGFP and TSG101 
was prevented by TEMPO (Figure  2E). Moreover, the 
Complex I inhibitor rotenone, which decreases electron 
deposition into the ETC through complex I inhibition 
(Figure 2F), abolished the DCA-induced secretion of EV 
marker CD9truc-EGFP (Figure  2G). Thus, the data are 
consistent with our hypothesis that increased electron 
deposition into the ETC augments EV secretion through 
the generation of ROS.

3.3  |  Inhibition of oxygen reduction 
by Complex III inhibition increases 
ROS-dependent EV secretion rates

When oxygen reduction is hampered by hypoxia, 
electrons delivered to the ETC by enzymes such as 
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dihydroorotate dehydrogenase (DHODH) and succinate 
dehydrogenase (SDH) can reduce NAD+ by reversal of 
Complex I activity, known as reverse electron transfer, 
which produces mitochondrial ROS.36 To mimic this, 
we inhibited the ETC's Complex III antimycin A37,38 
(Figure  3A). Antimycin A did not cause Caspase-3 
cleavage or significant changes in CD9truc-EGFP abun-
dance in cells (Figure  3B; Figure  S4B). NTA analyses 
of cell-conditioned medium showed a tendency toward 
higher EV concentration with antimycin A, which was 
not detected by co-treatment with TEMPO (Figure 3C). 
Western blotting of PEG-precipitated cell-conditioned 
medium corroborated this observation and showed a 
significant increase EV markers CD9truc-EGFP and 
TSG101 by antimycin A, which could be inhibited 
by TEMPO (Figure  3D). Together, this indicates that 

preventing oxygen reduction by Complex III blockage 
cause ROS-dependent stimulation of EV secretion.

3.4  |  Pharmacological inhibiting 
coenzyme Q biosynthesis increases 
ROS-dependent EV secretion rates

The reduction of oxygen to molecular water enables the 
oxidation of ubiquinol (QH2) to ubiquinone (Q), also 
known as coenzyme Q, created by condensation of the 
mevalonate pathway and tyrosine metabolites.39 We first 
tested whether pitavastatin—an inhibitor of the rate-
limiting enzyme 3-hydroxy-3-methyl-glutaryl-coenzyme 
A reductase (HMG-CoA reductase) of the mevalonate 
pathway (Figure  4A)—affected EV secretion. In this 

F I G U R E  1   Pharmacological HIF-1α stabilization does not affect EV marker release rate. (A) Schematic illustration of how Roxadustat 
and COCl2 cause PHD inhibition and HIF-1α stabilization. (B) Western blotting of CD9truc-EGFP cell lysates from 100 μM CoCl2 treatment 
for 24 h increased cellular HIF-1α and Caspase-3 cleavage abundance in CD9truc-EGFP cell lysates (n = 3). (C) Western blotting of CD9truc-
EGFP cell lysates showed that 30 μM Roxadustat treatment for 24 h increased cellular HIF-1α abundance without Caspase-3 cleavage 
(n = 6) in CD9truc-EGFP cell lysates. (D) Western blotting on PEG-precipitated cell-condition medium from the 30 μM Roxadustat-treated 
cells showed no significant difference to control-treated CD9truc-EGFP cells in EV marker CD9truc-EGFP, TSG101, ALIX and Flotillin 
abundances (n = 3–9). (E) Quantification on EV markers from (D). An unpaired t-test was used to compare groups. Full-length blots and 
normalized cellular CD9truc-EGFP abundance are shown in Figure S1A,B.
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experiment, we detected a low degree of cellular Caspase-3 
cleavage in all groups; however, there was no difference in 
cleavage levels between groups, and we, therefore, ana-
lyzed the effect of pitavastatin. Pitavastatin treatment did 
not affect cellular CD9truc-EGFP expression (Figure 4B; 
Figure  S5B). Pitavastatin treatment alone did not affect 
EV secretion rate or particle size (Figure  4C); however, 
pitavastatin augmented the EV secretion induced by DCA 

(Figure  4C). Supporting the increased EV secretion rate 
into the cell-conditioned medium determined by NTA, 
CD9truc-EGFP cells co-treated with DCA and pitavasta-
tin showed a significant increase in EV markers CD9truc-
EGFP and TSG101 in PEG-precipitated cell-conditioned 
medium (Figure  4D). With flow cytometry, CD9truc-
EGFP fluorescence was significantly increased in cells 
co-treated with DCA and pitavastatin (Figure  S3A). By 

F I G U R E  2   ETC stimulator DCA increase EV secretion rates through ROS production. (A) Schematic illustration of how DCA inhibits 
PDK, prevents phosphorylation and inhibition of PDH, and increases acetyl CoA and NADH levels in the mitochondria. (B) Western 
blotting of CD9truc-EGFP cell lysates showed no significant difference in PDH1α, CD9truc-EGFP, TSG101, β-Actin, and caspase-3 
cleavage abundances after 24 h of treatment with 30 mM DCA; however, PDH1α-S293 and -S300 phosphorylation levels were decreased 
by DCA (n = 3–6), and cellular CD9truc-EGFP and TSG101 expression were increased by 2 mM TEMPO. Full-length blots and normalized 
CD9truc-EGFP abundance are shown in Figure S2A,B. (C) Top, spinning disc confocal microscopy of living DCA-treated CD9truc-EGFP 
demonstrates increased green fluorescent intensities and diameter of fluorescent organelles (n = 2). Bottom, zoom area outlined in white 
box in top images. An unpaired t-test was used to compare groups in Figure S2C. The scale bars are 50 μm. (D) NTA of cell-conditioned 
medium showed increased particle concentration from DCA-treated CD9truc-EGFP cells, which TEMPO abolished. Drug intervention did 
not affect particle size (n = 3). Groups were compared with one-way ANOVA followed by Tukey's multiple comparisons test. ***indicates 
p < 0.001 compared to the control. (E) Western blotting of PEG-precipitated cell-conditioned medium showed increased EV markers TSG101 
(n = 3), and CD9truc-EGFP (n = 6) abundances from DCA-treated CD9truc-EGFP treated cells. Full-length blots are shown in Figure S2d. 
(F) Rotenone blocks electron deposition in the mitochondrial ETC by preventing ubiquinone reduction. (G) Western blotting of CD9truc-
EGFP abundance in PEG-precipitated cell-conditioned medium from CD9truc-EGFP cells treated with 10 μM rotenone shows blockage of 
DCA-induced EV marker secretion (n = 3). Full-length blots and normalized cellular CD9truc-EGFP and TSG101 abundance are shown in 
Figure S2e. **, *** and **** indicate p < 0.01, p < 0.001 and p < 0.0001.
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inhibiting the mevalonate pathway with pitavastatin, we 
intervene with coenzyme Q biosynthesis and other highly 
relevant EV components, such as the prenylation of Rab 
proteins essential for multivesicular body docking and 
fusion.40,41 Thus, decreased Rab prenylation could mask 
the potential stimulatory effects of coenzyme Q inhibi-
tion on EV secretion. We, therefore, used 4-nitrobenzoate 
(4-NBA) to inhibit the condensation of mevalonate and 
tyrosine metabolite by 4-Hydroxybenzoate polyprenyl 
transferase (COQ2) (Figure  5A).42,43 Cellular CD9truc-
EGFP abundance was unaffected by 4-NBA, and no 
Caspase-3 cleavage was observed (Figure 5B; Figure S6B). 
By flow cytometry, CD9truc-EGFP fluorescence intensity 
was increased in 4-NBA-treated cells. The increased fluo-
rescence was not normalized by TEMPO (Figure S3A), but 
4-NBA caused a ~twofold TEMPO-sensitive increase in EV 
markers CD9truc-EGFP and TSG101 in PEG-precipitated 

cell-conditioned medium. (Figure  5C). Supporting the 
TEMPO-sensitive EV secretion found by western blot-
ting, NTA on cell-conditioned medium showed a simi-
lar TEMPO-sensitive increase in EV secretion rates from 
4-NBA-treated cells (Figure 5D). 4-NBA treatment did not 
affect EV size. Together, these data indicate that pharma-
cological coenzyme Q biosynthesis inhibition causes an 
increased ROS-dependent EV secretion.

4   |   DISCUSSION

We used hypoxia-mimetics to investigate how a re-
stricted oxygen supply can increase EV secretion 
rates. Similar to previous studies,4 we found that sta-
bilization of HIF-1α during normoxia did not cause 
significant changes in EV secretion rates. However, 

F I G U R E  3   Inhibition of oxygen reduction by Complex III inhibition increase ROS-dependent EV secretion rates. (A) Antimycin A 
mimics hypoxia by inhibiting the ETC's Complex III, causing increased mitochondrial ROS by ubiquinol (QH2) oxidation blockage. (B) 
Western blotting of CD9truc-EGFP cell lysates treated with 1 μM antimycin A for 24 h did not affect cellular CD9truc-EGFP (n = 6) and 
Caspase-3 cleavage abundance (n = 3). (C) NTA of cell-conditioned medium showed non-significant increased particle concentration and 
particle size from DCA-treated cells (n = 3). A nonparametric Kruskal–Wallis test was performed between the control and treated groups. 
(D) Western blotting on PEG-precipitated cell-condition medium showed that EV markers TSG101 (n = 3) and CD9truc-EGFP (n = 6) were 
increased by antimycin A. The significance level was determined by one-way ANOVA followed by Tukey's multiple comparisons test. 
Full-length blots and normalized cellular CD9truc-EGFP abundance are shown in Figure S4A. *, **, and *** indicate p < 0.05, p < 0.01 and 
p < 0.001.
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pharmacological interventions that increase ROS pro-
duction by the mitochondrial ETC were associated with 
higher EV secretion rates. Corroborating that ROS is 
involved, we found that the antioxidant TEMPO nor-
malized the drug-induced EV secretion rates. Although 
HIF-1 signaling can modify EV secretion under hypoxic 
conditions,4 our data suggest that the ETC's production 
of ROS is a potent stimulator of EV secretion also dur-
ing normoxia. While this does not rule out other mecha-
nisms for stimulation of EV secretion, our data provide 
a foundation to understand the large variability in EV 
secretion rates between cell types,19,44–46 and the in vitro 
and in vivo evidence for the association between cellu-
lar metabolic and EV secretion rates.46–48 Moreover, our 
study adds new candidates to the list of pharmacologi-
cal targets49 for modification of EV secretion, enabling a 
deeper understanding of EV biology.

Similar to our previous finding,50 we observed that 
EV protein level does not reliably reflect cellular pro-
tein abundance in that cellular EV secretion rates can be 

dynamically modified by the local milieu and metabolic 
state. This also indicates that the cell-specific EV abun-
dance is not directly correlated to cell abundance and sug-
gests that, for example, EV-associated biomarkers should 
be interpreted with care in that there appears to be an ex-
tensive dynamic range for cellular EV secretion rate even 
for the same cell type.

Our data suggest that metabolic ROS influences 
the cellular EV secretion rate under physiological and 
pathophysiological conditions. This is consistent with 
the observations that diseases, such as cancer and ar-
teriosclerosis, characterized by high cellular ROS lev-
els,51,52 display high circulating EV levels.53,54 Moreover, 
genetically modified mice with augmented mitochon-
drial ROS production in adipocytes have elevated 
adipocyte-derived EV serum levels.27 Mitochondria re-
lease ROS into the mitochondrial matrix and intermem-
brane space,23 and whether the EV stimulatory effect 
of mitochondrial ROS is sensitive to the topology of 
ROS release remains to be determined by, for example, 

F I G U R E  4   Pharmacological inhibiting of the mevalonate pathway potentiates EV secretion in DCA-treated cells. (A) Pitavastatin 
inhibits mevalonate synthesis and affects multiple downstream metabolic pathways. (B) Western blotting of CD9truc-EGFP cell lysates for 
CD9truc-EGFP (n = 6) and Caspase-3 cleavage (n = 3) showed that abundances were unaffected by 24-h treatment with 30 mM DCA and 
5 μM pitavastatin compared to control. Full-length blots and normalized cellular CD9truc-EGFP abundance are shown in Figure S5A,B. 
(C) NTA of cell-conditioned medium showed increased particle concentration, but not particle size, from DCA and pitavastatin-treated 
CD9truc-EGFP cells (n = 3). (D) Western blotting of EV markers TSG101 (n = 3) and CD9truc-EGFP in PEG-precipitated cell-conditioned 
medium (n = 6) shows increased abundances in DCA and pitavastatin-treated cells. The significance level was determined by one-way 
ANOVA followed by Tukey's multiple comparisons test. Full-length blots are shown in Figure S5C. The significance level was determined by 
one-way ANOVA followed by Tukey's multiple comparisons test. *, **, and **** indicate p < 0.05, p < 0.01 and p < 0.0001.
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measuring the EV secretion in response to selective in-
creased ROS production in the mitochondrial matrix 
or intermembrane space. We cannot exclude that other 
ROS sources may also trigger EV secretion; however, our 
data and others indicate that mitochondria-derived ROS 
can drive EV secretion.

Metabolic ROS impacts several critical cellular path-
ways,7 but how increased ROS activates EV secretion is 

unknown. By spinning disc confocal microscopy and 
flow cytometry, we noticed a brighter cellular EGFP flu-
orescence in cells treated with DCA and 4-NBA, while 
the cellular CD9truc-EGFP levels were unaffected, and 
co-treatment with TEMPO only partially prevented 
this fluorescence rise. The CD9truc-EGFP fluorescence 
likely originates from the multivesicular bodies (late en-
dosomes) with a normal pH of 5.5.55 The pKa of EGFP is 

F I G U R E  5   Pharmacological inhibiting coenzyme Q biosynthesis increases ROS-dependent EV secretion rates. (A) COQ2 inhibition 
with 4-nitrobenzoate (4-NBA) abolishes tyrosine metabolites condensation of the mevalonate pathway and decrease coenzyme Q 
(ubiquinone) biosynthesis. (B) Western blotting of CD9truc-EGFP cell lysates showed that cellular CD9truc-EGFP (n = 6) and Caspase-3 
(n = 3) abundances after 24 h-treatment with 2 mM 4-NBA were not different from control-treated cells. Full-length blots and normalized 
CD9truc-EGFP abundance are shown in Figure S6A,B. (C) Western blotting on PEG-precipitated cell-conditioned medium showed that 
4-NBA treatment increased TSG101 and CD9truc-EGFP abundances in the cell-conditioned medium. The significance level was determined 
by one-way ANOVA followed by Tukey's multiple comparisons test. (n = 6). Full-length blots and normalized CD9truc-EGFP abundance 
are shown in Figure S6A,C. (D) NTA of cell-conditioned medium demonstrated increased TEMPO-sensitive particle concentration by 
4-NBA treatment. 4-NBA and TEMPO did not affect particle size. (E) Model for mitochondrial-produced ROS (red) by the ETC that was 
pharmacologically modified in this study, and its effect on EV secretion rate. Broken lines indicate still unknown molecular targets. * and 
**** indicate p < 0.05 and p < 0.0001.
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5.65,56 suggesting that small changes in MVB pH could 
cause significant fluorescence changes. Thus, MVB pH 
regulation may explain some of the DCA-induced in-
crease in EV secretion rate. Indeed, more alkaline pH 
values in MVB are associated with higher EV secre-
tion,57 and Bafilomycin A1—a V-ATPase inhibitor—is 
a potent stimulator of EV secretion.58 Nonetheless, the 
mechanistic link between mitochondrial ROS and EV 
secretion remains to be identified.

Interestingly, we observed that the statin pitavastatin 
potentiated the EV secretory effect of DCA, while others 
have found that the other statins simvastatin and atorvasta-
tin inhibited EV secretion.59,60 The clinical impact of statins 
is related to their cholesterol-lowering effect by HMG CoA 
inhibition.61 HMG-CoA is the rate-limiting step early in the 
mevalonate pathway, and HMG-CoA inhibition has broad 
effects, including modulation of tRNA modifications, pro-
tein N-glycosylation, protein geranylgeranylation, protein 
farnesylation, and ubiquinone biosynthesis.61,62 Although 
statins reduce Rab11 geranylgeranylation,63 which could 
be involved in EV secretion,64 our data imply that the over-
all effect of statins on EV secretion may depend on the 
cell's metabolic profile. Thus, we only observed an effect 
of pitavastatin on the EV secretion rate in DCA-treated 
CD9truc-EGFP cells. While pharmacodynamic differences 
could also cause the differences in the effects of the statins, 
we found that more selective coenzyme Q biosynthesis in-
hibition induced EV secretion, supporting the metabolic 
influence of statin-sensitive EV secretion.

A limitation of our study is that our analyses did not 
allow for discrimination between large and small-sized 
EVs but instead analyzed EVs in bulk. It is, therefore, 
important to stress that we cannot rule out the possibil-
ity that the secretion of sub-types of EVs is stimulated by 
other means. This is particularly important for the poten-
tial role of EVs as mediators of cell–cell communication in 
that it would allow for metabolic-independent signaling. 
With continuous EV analysis improvements and techno-
logical developments, this will be an important area for 
future research.

In summary, we have used pharmacological interven-
tion to identify that ROS derived from the mitochondrial 
ETC (Figure  5E) controls EV secretion rates in cultured 
cells. Although EV secretion is a highly conserved cellu-
lar mechanism,65 our interventions mimicking hypoxic 
conditions indicate that a combination of mitochondrial 
health and the cellular environment are essential deter-
minants of EV secretion rate. The results enable a better 
interpretation of EV data and a foundation for a deeper 
understanding of the highly diverse EV secretion rates 
among cell types. Moreover, our study identifies molecu-
lar targets for modifying EV secretion, which can be used 
to gain further insight into EV biology.
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