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Extracellular vesicles are increasingly recognized for their role 
in intercellular communication and are associated with cardi-

ovascular disease.1,2 Microvesicles, a major class of extracellular 
vesicles also known as microparticles, are phosphatidylserine ex-
posing membrane vesicles with a diameter of 0.1 to 1 µm that are 
released by cells under normal and stressed conditions.3 Changes 
in numbers and cell origin of circulating microvesicles have been 
described in different pathologies where they have been proposed 

to promote inflammation.2,4 The cargo (eg, nucleic acids, lipids, 
and proteins) of microvesicles may reflect the state of activation 
of the cells they originate from and different mechanisms by 
which microvesicles activate target cells have been described.1
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Rationale: Extracellular vesicles, including microvesicles, are increasingly recognized as important mediators in 
cardiovascular disease. The cargo and surface proteins they carry are considered to define their biological activity, 
including their inflammatory properties. Monocyte to endothelial cell signaling is a prerequisite for the propagation 
of inflammatory responses. However, the contribution of microvesicles in this process is poorly understood.

Objective:To elucidate the mechanisms by which microvesicles derived from activated monocytic cells exert 
inflammatory effects on endothelial cells.

Methods and Results: LPS (lipopolysaccharide)-stimulated monocytic cells release free mitochondria and microvesicles 
with mitochondrial content as demonstrated by flow cytometry, quantitative polymerase chain reaction, Western Blot, 
and transmission electron microscopy. Using RNAseq analysis and quantitative reverse transcription-polymerase chain 
reaction, we demonstrated that both mitochondria directly isolated from and microvesicles released by LPS-activated 
monocytic cells, as well as circulating microvesicles isolated from volunteers receiving low-dose LPS-injections, induce 
type I IFN (interferon), and TNF (tumor necrosis factor) responses in endothelial cells. Depletion of free mitochondria 
significantly reduced the ability of these microvesicles to induce type I IFN and TNF-dependent genes. We identified 
mitochondria-associated TNFα and RNA from stressed mitochondria as major inducers of these responses. Finally, we 
demonstrated that the proinflammatory potential of microvesicles and directly isolated mitochondria were drastically 
reduced when they were derived from monocytic cells with nonrespiring mitochondria or monocytic cells cultured in 
the presence of pyruvate or the mitochondrial reactive oxygen species scavenger MitoTEMPO.

Conclusions: Mitochondria and mitochondria embedded in microvesicles constitute a major subset of extracellular 
vesicles released by activated monocytes, and their proinflammatory activity on endothelial cells is determined by 
the activation status of their parental cells. Thus, mitochondria may represent critical intercellular mediators in 
cardiovascular disease and other inflammatory settings associated with type I IFN and TNF signaling.   (Circ Res. 
2019;125:43-52. DOI: 10.1161/CIRCRESAHA.118.314601.)
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Leukocyte to endothelial cell signaling is important for 
vascular endothelium activation, which is a major part of in-
flammatory responses. Microvesicles released from THP-1 
monocytic cells and peripheral blood mononuclear cells af-
ter LPS (lipopolysaccharide)-stimulation have been shown 
to activate a proinflammatory response in endothelial cells.5 
Therefore, microvesicles are proposed as mediators of mono-
cyte to endothelial cell communication.2

Interestingly, the presence of mitochondrial proteins has 
been reported in microvesicles released by LPS-stimulated 
monocytes.6 Intriguingly, it has been recently found that mi-
tochondria or mitochondrial components are associated with 
platelet-derived microvesicles.7 In addition, increased circu-
lating levels of microvesicles containing mitochondrial DNA 
have been reported in mouse models of hepatic inflammation.8 
Nucleic acids and oxidized nucleic acids, in particular, have 
been shown to induce IFN (interferon) responses.9 Extracellular 
mitochondria and mitochondria-derived molecular patterns 
(mitochondrial DAMPs [damage associated molecular pattern]) 
are recognized as potent inducers of inflammatory responses.10 
On the other hand, LPS-stimulation alters the activity of mito-
chondria,11,12 which themselves are known as important intra-
cellular mediators of the immune response.11,13 Therefore, we 
hypothesized that mitochondria may actively contribute to the 
content and ability of microvesicles shed by activated mono-
cytes to induce a proinflammatory response in endothelial cells.

Methods
All data, analytic methods, and study materials supporting the find-
ings of this study are provided in the article, Online Data Supplement, 
and available from the corresponding author on reasonable request. 

Online Data Supplement contains detailed description of methods.

Results
LPS-Stimulated THP-1 Monocytic Cells Release 
Proinflammatory Microvesicles Enriched in 
Mitochondrial Content and Free Mitochondria
To assess the capacity of monocyte-derived microvesicles to 
activate endothelial cells, we measured their ability to induce 
an inflammatory response. THP-1 monocytic cells, stimu-
lated with LPS, released an increased amount of microves-
icles (MV

Stress
) as compared with vehicle-stimulated cells 

Nonstandard Abbreviations and Acronyms

ρ0 cell THP-1 monocytic cells with impaired oxidative phosphorylation

ALIX ALG-2-interacting protein X

CD cluster of differentiation

COXIV mitochondrial cytochrome c oxidase subunit IV

DAMP damage associated molecular pattern

HUVEC human umbilical vein endothelial cell

ICAM intercellular adhesion molecule

IFN interferon

IL interleukin

LPS lipopolysaccharide

MitoCo mitochondria, isolated from unstimulated THP-1 monocytic 
cells

MitoStress mitochondria, isolated from LPS-stimulated THP-1 monocytic 
cells

MVCo microvesicles, derived from unstimulated THP-1 monocytic 
cells

MVStress microvesicles, derived from LPS-stimulated THP-1 monocytic cells

ROS reactive oxygen species

THP-1 human monocytic leukemia cell line, THP-1 monocytic cell

TNF tumor necrosis factor

TOM22 translocase of the outer membrane, subunit 22

VCAM vascular cell adhesion molecule

Novelty and Significance

What Is Known?

• Microvesicles, a subtype of extracellular vesicles, contribute to mono-
cyte-endothelial cell signaling.

• Cargo and surface proteins are considered to define the inflammatory 
properties of microvesicles.

• Mitochondria are a source of damage-associated molecular patterns.
• Altered mitochondrial activity and cellular metabolism contribute to 

cardiovascular disease and other pathologies.

What New Information Does This Article Contribute?

• Lipopolysaccharide-activated monocytic cells release mitochondria 
and mitochondria embedded in microvesicles.

• Both free mitochondria and microvesicle-embedded mitochondria con-
tribute to the ability of microvesicles to activate endothelial cells.

• This proinflammatory capacity is determined by the mitochondrial ac-
tivity of parental cells rather than the mere presence of mitochondrial 
content.

• Mitochondria-associated TNF (tumor necrosis factor) and interferono-
genic mitochondrial RNA are the major proinflammatory mediators of 
microvesicles released from activated monocytic cells.

Extracellular vesicles, including microvesicles, are increasingly 
recognized as important mediators of intercellular communica-
tion. Their cargo is considered to define their biological activity, 
including inflammatory properties. Monocyte to endothelial cell 
signaling is crucial for the propagation of inflammatory responses. 
However, the contribution of microvesicles in this process is poorly 
understood. Here, we show that activated monocytic cells release 
both free and microvesicle-embedded mitochondria with the ca-
pacity to trigger inflammatory responses in endothelial cells. This 
capacity is predetermined by the mitochondrial activity in parental 
cells rather than by the mere presence of mitochondrial content 
released. We identified mitochondria-associated TNF, and interfer-
onogenic mitochondrial RNA as the major proinflammatory media-
tors of mitochondria released from activated monocytic cells Thus, 
extracellular mitochondria released by activated monocytic cells 
may represent critical proinflammatory mediators in diseases as-
sociated with TNF- and type I IFN (interferon) signaling pathways, 
for example, sepsis, SLE (systemic lupus erythematosus), rheuma-
toid arthritis, and psoriasis. In summary, mitochondria represent a 
critical component of extracellular vesicles released by activated 
monocytes, and their inflammatory potential is determined by the 
activation status of their parental cells.
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(MV
Co

; Online Figure IA and IB). Both, MV
Co

 and MV
Stress

 
were obtained after 18 000g centrifugation of conditioned 
media and exposed phosphatidylserine (Online Figure IB), 
but only contained minute amounts of the exosomal marker 
ALIX (ALG-2-interacting protein X)14 as compared with 
extracellular vesicles (exosomes) obtained after 100 000g 
centrifugation (Online Figure IC). The mean size of MV

Stress
 

obtained after 18 000g was 206.6 nm (SD±89.8; Online 

Figure ID). MV
Stress

 induced IL (interleukin)-8 secretion by 
endothelial cells and THP-1 monocytic cells in a concentra-
tion-dependent manner (Figure 1A). In contrast, even high 
numbers of MV

Co
 were not able to induce IL-8 secretion 

(Figure 1A). This suggested that specific components, rather 
than only quantity of microvesicles, define their biological 
activity. Importantly, MV

Stress
 were able to activate endothe-

lial cells in the absence of serum, while the response to LPS 

Figure 1. LPS (lipopolysaccharide)-stimulated THP-1 monocytic cells release proinflammatory microvesicles enriched in mitochondrial content and free 
mitochondria. Microvesicles were isolated from culture media after 16 h stimulation of THP-1 monocytic cells with vehicle (MVCo) or LPS (MVStress). A, 
Levels of IL (interleukin)-8 protein released by human umbilical vein endothelial cell (HUVEC) or THP-1 monocytic cells, stimulated for 8 h with increasing 
concentrations of MVCo or MVStress(n=4). B, Levels of IL-8 protein released by HUVECs stimulated for 8 h with MVStress or LPS in presence or absence of 5% 
FBS (n=4). C, Flow-cytometric analysis of microvesicles released by THP-1 monocytic cells, colabeled with mitotracker and cytotracker, following vehicle-
stimulation or LPS-stimulation (n=5). D, Analysis of 16S and 18S rRNA content and ratio in microvesicles by reverse transcription-quantitative polymerase 
chain reaction (n=4). E, Western Blot analysis of COXIV, Bcl-2 and GAPDH protein in lysates of equal numbers of MVCo and MVStress, mitochondria and 
THP-1 monocytic cells. Complete Western Blot is shown in Online Figure XII. F, Representative electron microscopy images of MVStress. The pictures show 
microvesicles (white arrow), mitochondria (black arrowhead), and vesicles containing mitochondria (black arrow). Scale bar=500 nm (G) flow-cytometric 
analysis of microvesicles stained with Annexin-V and anti-TOM22 (translocase of the outer membrane 22) antibody. The left shows numbers of Annexin-V 
positive events and the right shows the frequency of TOM22-positive events of Annexin-V positive microvesicles (n=4). Data shown as mean±SEM. COXIV 
indicates cytochrome c oxidase subunit IV.
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was serum-dependent (Figure 1B). This excludes a signifi-
cant contribution of LPS-carryover to the effect of MV

Stress
 

as endothelial cells require serum-derived soluble CD14 
(cluster of differentiation 14) for the recognition of LPS.15 
Because activated leukocytes have been shown to release 
mitochondria-derived DAMPs with robust proinflammatory 
properties,9 we hypothesized that mitochondria contribute to 
the content and activity of MV

Stress
. Indeed, THP-1 mono-

cytic cells, prelabeled with mitochondria- and cytoplasm-
specific dyes, released microvesicles particularly enriched 
in mitochondria-specific dye following stimulation with 
LPS (Figure 1C). Furthermore, MV

Stress
 were particularly en-

riched in mitochondrial 16S rRNA over cytosolic 18S rRNA 
as compared with MV

Co
 (Figure 1D). Consistent with this, 

high amounts of COXIV (mitochondrial cytochrome c oxi-
dase subunit IV) and mitochondria-associated protein Bcl-2 
were detected in MV

Stress
 compared with MV

Co
 (Figure 1E, 

Online Figure XII). Electron-microscopy identified the pres-
ence of free mitochondria and mitochondria within MV

Stress
 

(Figure 1F). Additionally, LPS-stimulation of THP-1 mono-
cytic cells resulted in an increased release of vesicles pre-
senting the mitochondria outer membrane protein TOM22 
(translocase of the outer membrane 22; Figure 1G). Thus, 
LPS induces the release of free mitochondria and microvesi-
cles enriched in mitochondrial content by THP-1 monocytic 
cells. Of note, MV

Co
 did not induce IL-8 expression by target 

cells even at high concentrations (Figure 1A), despite the 

fact that TOM22+ vesicles were detectable. Thus the bio-
logical activity of MV

Stress
 cannot be explained simply by an 

increased presence of mitochondrial content.

Mitochondrial Activity of Parental Cells Defines the 
Proinflammatory Potential of Microvesicles
We next tested whether the vesicular integrity of MV

Stress
 is re-

quired for their proinflammatory properties. Disintegration of 
MV

Stress
 by sonication (Online Figure IIIA) did not alter their 

capacity to induce IL-8 production and ICAM-1 (intercellular 
adhesion molecule)/VCAM (vascular cell adhesion molecule) 
mRNA expression by endothelial cells (Figure 2A). We next 
checked the ability of MV

stress
 to activate inflammasome us-

ing LPS-primed THP-1 derived macrophages as model sys-
tem, because a role of mitochondrial DAMPs (eg, ATP) in 
inflammasome activation has been reported.12,16 However, in 
contrast to ATP, MV

stress
 did not induce inflammasome-depen-

dent IL-1β release (Online Figure IIA and IIB). Microvesicle-
associated IL-1β has been reported to activate endothelial 
cells.5 We tested the contribution of MV

stress
-associated IL-1β 

to endothelial cell activation and observed that blocking of 
IL-1 receptor on endothelial cells only partially reduced the 
ability of MV

Stress
 to induce IL-8 production (Online Figure 

IIC through IIE).
LPS stimulation has been shown to alter mitochondrial 

activity.11 Therefore, we hypothesized that this defines the 
proinflammatory potential of MV

Stress
. First, we generated 

Figure 2. Mitochondrial activity of parental cells defines proinflammatory potential of microvesicles. Secretion of IL (interleukin)-8 protein (8 h) and expression 
of ICAM (intercellular adhesion molecule)-1 and VCAM (vascular cell adhesion molecule) mRNA (6 h) in stimulated human umbilical vein endothelial cell 
(HUVEC). Stimulation with (A) either intact or sonicated MVStress; (B) MVStress released by THP-1 monocytic cells or ρ0 THP-1 monocytic cells; (C) MVStress 
released by THP-1 monocytic cells in presence or absence of 1 mmol/L pyruvate; (D) MVStress released by THP-1 monocytic cells in presence or absence of 
50 µmol/L MitoTEMPO. Co=unstimulated; Data shown as mean ±SEM, n=4. 
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THP-1 monocytic cells (ρ0 cells) with impaired oxidative 
phosphorylation by depleting mitochondrial DNA using 
extended low-dose Ethidium-Bromide treatment (Online 
Figure IIIB). LPS-stimulation of ρ0THP-1 monocytic cells 
resulted in the release of similar numbers of microvesicles 
(Online Figure IIIC). However, ρ0 cell-derived MV

Stress
 dis-

played a dramatically reduced ability to induce IL-8 protein, 
as well as ICAM-1 and VCAM mRNA expression in endo-
thelial cells compared with equivalent numbers of MV

Stress
 

derived from intact cells (Figure 2B). Second, we stimulated 
THP-1 monocytic cells with LPS in the presence of pyru-
vate, which has been reported to preserve mitochondrial 
membrane potential.17 Pyruvate treatment did not affect 
the number of microvesicles released by THP-1 monocytic 
cells after LPS stimulation (Online Figure IIID). However, 
MV

Stress
 derived from pyruvate-treated cells displayed a re-

duced capacity to induce proinflammatory responses in en-
dothelial cells (Figure 2C). Thus, mitochondrial activity of 
parental cells contributes to the proinflammatory activity 
of MV

Stress
 released by them. Because of the critical role of 

mitochondrial reactive oxygen species (ROS) in innate im-
mune responses,12 we tested if the treatment of parental cells 
with the mitochondria-specific ROS scavenger MitoTEMPO 
could affect the proinflammatory capacity of MV

Stress
. 

LPS stimulation of THP-1 monocytic cells in presence of 
MitoTEMPO resulted in the release of similar quantities 
of microvesicles (Online Figure IIE) but with significantly 
reduced proinflammatory potential (Figure 2D). Moreover, 
pyruvate supplementation and mitoTEMPO both reduced 
LPS-induced mitochondrial ROS production in THP-1 cells 

(Online Figure IIIF and IIIG). These data indicate that LPS-
induced changes in mitochondrial activity of parental cells 
determine specific proinflammatory constituents of MV

Stress
 

released by them.

Mitochondria Released by or Isolated From 
LPS-Activated THP-1 Monocytic Cells Activate 
Endothelial Cells
To evaluate the contribution of free mitochondria within iso-
lated MV

Stress
 to activate endothelial cells, we depleted MV

Stress
 

of TOM22+ vesicles (free mitochondria) using the antibody 
specific for mitochondrial protein TOM22. This led to com-
plete reduction of TOM22+ vesicles and significant decrease 
in mitochondrial 16S rRNA within the depleted MV

Stress
 frac-

tion (Online Figure IVA and IVB). MV
Stress

 depleted of the 
TOM22+ vesicles (free mitochondria) displayed a significantly 
reduced ability to induce IL-8, ICAM-1, and VCAM mRNA 
in endothelial cells compared with sham-depleted MV

Stress
 

(Figure 3A). Thus free mitochondria significantly contribute 
to the proinflammatory activity of MV

Stress
. The remaining 

proinflammatory activity of the depleted MV
stress

 fraction can 
be explained by the presence of microvesicle-encapsulated 
mitochondria. Indeed, MV

Stress
 depleted of TOM22+ vesicles 

were still significantly enriched for 16S rRNA as compared 
with parental cells (Online Figure IVC). Moreover, these de-
pleted MV

stress
 were still positive for the mitochondria-specific 

dye inherited from parental cells (Online Figure IVD).
To test whether LPS-induced cellular activation alters the 

proinflammatory capacity of mitochondria, we directly com-
pared the ability of mitochondria isolated from LPS-activated 

Figure 3. Mitochondria released by or isolated from LPS (lipopolysaccharide)-activated THP-1 monocytic cells activate human umbilical vein endothelial cells 
(HUVECs). Secretion of IL (interleukin)-8 protein (8 h) and expression of ICAM-1 (intercellular adhesion molecule) and VCAM (vascular cell adhesion molecule) 
mRNA (6 h) in stimulated endothelial cells HUVEC. A, Stimulation with sham-depleted MVStress (ShamFT) or TOM22+ (translocase of the outer membrane 22) 
subset depleted MVStress (TOM22FT). MVStress were subjected to immune-affinity based depletion by TOM22 antibody-coupled magnetic beads. Stimulation 
with (B) mitochondria isolated from LPS- (MitoStress) or vehicle-treated (MitoCo) THP-1 monocytic cells; (C) MitoStress isolated from THP-1 monocytic cells or ρ0 
THP-1 monocytic cells; and (D) sonicated or nonsonicated MitoStress. Co=unstimulated; Data shown as mean±SEM, n=4.
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(Mito
Stress

) and vehicle-stimulated cells (Mito
Co

) to activate en-
dothelial cells. Similar to MV

Stress
, only Mito

Stress
 but not Mito

Co
 

were able to induce IL-8 production, ICAM-1, and VCAM 
mRNA expression by endothelial cells (Figure 3B). Moreover, 
Mito

Stress
 isolated from ρ0 THP-1 monocytic cells had greatly 

reduced proinflammatory potential (Figure 3C). Importantly, 
disintegration of Mito

Stress
 sonication (Online Figure IVE) did 

not change their ability to induce IL-8 production, ICAM-1/
VCAM mRNA in endothelial cells (Figure 3D). These results 
further support that the presence of proinflammatory constitu-
ents in extracellular mitochondria and mitochondria-contain-
ing microvesicles is influenced by activation of the parental 
cells and predetermined before their release.

Isolated Mitochondria and Microvesicles From 
LPS-Activated THP-1 Monocytic Cells Induce 
Type I IFN and TNF Signaling Pathways in Human 
Umbilical Vein Endothelial Cells
To obtain insights into proinflammatory constituents of 
Mito

stress
, we performed transcriptomic profiling of endothe-

lial cells stimulated with Mito
Stress

 and Mito
Co

 using RNA-
sequencing. Kyoto Encyclopedia of Genes and Genomes 
pathway and gene ontology analysis of the transcripts differ-
entially regulated by Mito

Stress
 compared with Mito

Co
 identified 

type I IFN and TNF (tumor necrosis factor) signaling as the 
pathways with the highest enrichment (Figure 4A). From the 
144 differentially expressed genes, we selected 11 genes previ-
ously shown to be regulated either by one or both of the iden-
tified pathways. These include OAS2 (2’-5’-oligoadenylate 
synthetase 2), MX1 (interferon-induced GTP-binding protein 
Mx1), IFIT1 (interferon-induced protein with tetratricopeptide 
repeats 1), RSAD2 (radical S-adenosyl methionine domain-
containing protein 2) (type I IFN pathway),18 CCL2 (C-C mo-
tif chemokine 2), IL-8, VCAM, ICAM-1 (TNF pathway),5 and 
CXCL10 (C-X-C motif chemokine 10), CXCL11 (C-X-C mo-
tif chemokine 11; TNF and type I IFN).19 Their induction by 
Mito

Stress
 was confirmed by reverse transcription-polymerase 

chain reaction (Figure 4B, Online Figure VA). To elucidate the 
role of IFN and TNF signaling in the expression of selected 
genes, we stimulated endothelial cells with Mito

Stress
 either in 

presence of a type I IFN decoy receptor (B18R) or a TNFα-
blocking antibody (Infliximab). Induction of IFN-dependent 
genes by Mito

Stress
 was reduced in the presence of B18R 

(Figure 4C, Online Figure VB), while TNFα-blocking reduced 
induction of TNF-dependent genes (Figure 4C, Online Figure 
VC). Induction of CXCL10 and CXCL11 mRNA was only af-
fected by blocking of TNFα (Figure 4C, Online Figure VB and 
VC), although both TNF and type I IFN pathways have been 
implicated in expression of these genes.19 These data point to 
a primary role of TNFα in immediate activation of endothelial 
cells by Mito

Stress
. Notably, TNFα was already present in the 

supernatant of endothelial cells immediately after addition of 
Mito

Stress
 but did not further increase over time (Online Figure 

VD). In contrast, production of IL-8 by endothelial cells was 
significantly increased only 4 hours after stimulation (Online 
Figure VD). This suggested that TNFα is already associated 
with Mito

Stress
 rather than produced by Mito

Stress
 stimulated 

cells. Preincubation of Mito
Stress

 with TNFα-blocking antibody 
was sufficient to inhibit the induction of IL-8 protein, ICAM-1, 

and VCAM mRNA in stimulated endothelial cells, even by re-
moving of unbound antibodies by washing and centrifugation 
(Online Figure VE). Notably, TNFα protein was only detecta-
ble in Mito

Stress
 and MV

Stress
 preparation but not Mito

Co
 or MV

Co
 

(Online Figure VF). To identify the interferonogenic compo-
nent, we tested the ability of mitochondrial RNA and DNA 
isolated from Mito

Stress
 to induce type I IFN response. Mito

Stress
 

RNA, but not Mito
Stress

 DNA was able to induce expression of 
IFN-dependent genes in endothelial cells (Online Figure VIA). 
Moreover, neither Mito

Co
 RNA nor total cellular RNA from 

LPS-activated THP-1 (THP-1
Stress

) showed this effect (Online 
Figure VIB and VIC). Furthermore, we tested whether ele-
vated mitochondrial ROS generation in LPS-activated THP-1 
cells (Online Figure IIIF and IIIG) leads to increased oxidative 
modification of mitochondrial RNA. To assess this, we per-
formed an immunoprecipitation-quantitative reverse transcrip-
tion-polymerase chain reaction assay of Mito

Co
 and Mito

Stress
 

RNA using an antibody against 8-hydryoxyguanine (8-oxoG)20 
(Online Figure VID). We found significantly increased levels 
of 8-oxoG in mitochondrial 12S and 16S RNAs isolated from 
Mito

Stress
 compared with Mito

Co
 (Online Figure VID).

Next, we tested if mitochondrial activity affects the ca-
pacity of Mito

Stress
 to induce type I IFN and TNF signaling. 

Mito
Stress

 isolated from ρ0 THP-1 monocytic cells or THP-1 
monocytic cells pretreated with pyruvate or MitoTEMPO had 
a reduced potential to induce the expression of IFN-signaling– 
and TNF-signaling–dependent genes in endothelial cells 
(Figure 4D, Online Figure VIIA through VIIC).

To confirm that MV
Stress

 also induce IFN and TNF signal-
ing, we analyzed the expression of the same set of genes in 
microvesicle-stimulated endothelial cells. Stimulation with 
MV

Stress
 resulted in a similar gene expression profile as in-

cubation with Mito
Stress

 (Figure 4E, Online Figure VIIIA). 
Preparations of MV

Stress
, which were immunodepleted of free 

mitochondria, had a significantly decreased potential to ac-
tivate IFN- and TNF-dependent genes compared with sham-
treated MV

Stress
 (Figure 4F, Online Figure VIIIB). Moreover, 

Infliximab and B18R treatment also significantly reduced the 
remaining capacity of depleted MV

Stress
 to induce type I IFN 

and TNF responses in endothelial cells (Online Figure IXA 
and IXB). This indicates that the microvesicle-encapsulated 
mitochondria trigger the same inflammatory pathways as free 
mitochondria released by activated THP-1 monocytic cells.

To investigate whether uptake of mitochondrial content by 
endothelial cells is required for induction of type I IFN and 
TNF responses, we stimulated endothelial cells with intact 
and MV

Stress
 disintegrated by sonication (Online Figure XA). 

Uptake of mitotracker-positive MV
Stress

 by endothelial cells 
was dramatically reduced when these microvesicles had been 
disintegrated by sonication (Online Figure XB and XC). The 
induction of IFN-dependent genes, but not TNF-dependent 
genes, was significantly reduced when human umbilical vein 
endothelial cells were stimulated with disintegrated MV

Stress
 

compared with intact MV
Stress

 (Online Figure XD). Thus, 
uptake of MV

Stress
 is a prerequisite for the induction of IFN-

dependent genes.
To test the in vivo relevance of our findings, we performed 

a low-grade endotoxemia model in humans. Fifteen healthy 
volunteers received 2 ng/kg LPS intravenously. Blood was 

D
ow

nloaded from
 http://ahajournals.org by on July 18, 2019



Puhm et al  Stressed Mitochondria Activate Endothelial Cells  49

Figure 4. Isolated mitochondria and microvesicles from LPS (lipopolysaccharide)-activated THP-1 monocytic cells induce Type I IFN (interferon) and TNF 
(tumor necrosis factor) signaling pathways in human umbilical vein endothelial cells (HUVECs). A, HUVECs were stimulated for 6 h with MitoStress or MitoCo 
isolated from THP-1 monocytic cells and differentially expressed genes were identified by RNAseq analysis. Bar graphs show 10 most enriched pathways 
based on analysis of gene ontology (GO) biological processes and Kyoto Encyclopedia of Genes and Genomes (KEGG). B–F, Analysis of mRNA expression 
of selected genes in stimulated HUVECs by quantitative reverse transcription-polymerase chain reaction. Detailed results of individual mRNA level 
comparisons presented in online Figures V, VII, and VIII. B, Fold induction of mRNA expression in cells stimulated with MitoCo and MitoStress as compared with 
untreated cells. C–D, Percentage of reduction of mRNA expression in cells stimulated with (C) MitoStress in the presence of B18R or infliximab, (D) MitoStress 
obtained from ρ0 THP-1 monocytic cells/pyruvate-treated THP-1 monocytic cells, and MitoTEMPO-treated THP-1 monocytic cells. mRNA levels induced by 
stimulation of cells with MitoStress were set as 100%. E, Fold induction of mRNA expression in cells stimulated with Co-microvesicle and MVStress as compared 
with untreated cells. F, Percentage of reduction of mRNA expression in cells stimulated with sham-depleted MVStress (ShamFT) or TOM22+ (translocase of the 
outer membrane 22) subset depleted MVStress (TOM22FT). mRNA levels induced by stimulation of cells with sham-depleted MVStress were set as 100%. MVStress 
were preincubated with magnetic beads-coupled with anti-TOM22 antibodies and passed through paramagnetic columns to obtain (Continued )
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collected before and at indicated time-points after the injec-
tion. LPS injection resulted in increased levels of TOM22+ 
vesicles, which peaked 2-hour post injection (Figure 4G). 
Interestingly, the induction of TNFα in plasma coincided 
with the occurrence of TOM22+ vesicles (Figure 4H), while 
the concentration of sVCAM-1 (soluble vascular cell ad-
hesion molecule-1), reflecting endothelial cell activation, 
was increased only 8 hours after LPS-injection (Figure 4I). 
Stimulation of human umbilical vein endothelial cells with 
circulating microvesicles, isolated from plasma obtained af-
ter LPS-injection, induced the expression of TNF and IFN-
dependent genes, consistent with our findings obtained with 
in vitro generated MV

Stress
 (Online Figure XI).

Discussion
The activation of vascular endothelium is a hallmark of 
chronic and acute inflammation, and the intercellular com-
munication between monocytes and endothelial cells repre-
sents a critical aspect of this process.21,22 Extracellular vesicles 
are increasingly recognized as important mediators of this 
process.1,5 Interestingly, the release of microvesicles carry-
ing mitochondrial content and even mitochondria by several 
cell types after activation has been shown.6–8 This is impor-
tant as mitochondria-derived DAMPs are potent inducers of 
inflammation.9,10,23 We here demonstrate that activation of 
monocytic cells by LPS triggers the release of microvesicles 
enriched in mitochondrial content and free mitochondria that 
have the capacity to activate endothelial cells. The proinflam-
matory capacity of the microvesicles released by monocytic 
cells was significantly reduced after immunodepletion of free 
mitochondria. Thus, proinflammatory constituents of free mi-
tochondria released by activated cells are important mediators 
of proinflammatory communication between monocytic and 
endothelial cells. Moreover, the demonstration of increased 
levels of TOM22+ vesicles (free mitochondria) in the circu-
lation of humans receiving low-dose LPS-injections, supports 
our in vitro findings and suggests a role for the release of free 
mitochondria during inflammation in vivo.

Mitochondria are also recognized for their role in inflam-
masome assembly and IL-1β production.24 Monocytic mi-
crovesicles have been demonstrated to carry inflammasome 
components and IL-1β.5 We found that MV

Stress
 did not in-

duce IL-1β production in primed macrophages, while they 
had the capacity to induce IL-8 production in both primed and 
nonprimed macrophages. Thus, MV

Stress
 do not present a sec-

ondary stimulus of inflammasome activation at these concentra-
tions. Moreover, the ability of MV

Stress
 to activated endothelial 

cells was only partially blocked by neutralizing microvesicle-
associated IL-1β. This suggested a significant contribution of 
other components to the biological activity of MV

Stress
.

Several types of DAMPs of mitochondrial origin, such as 
FMLP, nucleic acids, ATP, and cardiolipin, have been identi-
fied.10 Nucleic acids, oxidized nucleic acids, in particular, have 
been shown to induce IFN production.9 Consistent with this, we 
also identified that stressed mitochondria, but not mitochondria 

from nonstressed cells, induce type I IFN signaling in endothe-
lial cells. Here, we identified RNA, but not DNA, as the major 
interferonogenic component of Mito

Stress
. Moreover, our data 

showing high interferonogenic potential of Mito
Stress

 RNA as 
compared with total cellular RNA from LPS-activated THP-1 
cells points to the major role of mitochondrial RNA in induc-
tion of type I IFN genes by Mito

Stress
. Importantly, our results 

demonstrate that RNA isolated from Mito
Stress

, but not Mito
Co

, 
induce a type I IFN response, which suggests that modification 
of RNA in mitochondria of parental during LPS-induced stress 
may promote the interferonogenic potential of released mito-
chondria and microvesicles. Thus, the interferonogenic poten-
tial of extracellular mitochondria is critically determined by 
alterations of mitochondrial components during cell activation 
before their release. Unexpectedly, we also found that Mito

Stress
, 

but not Mito
Co

, induce TNF-dependent signaling in endothe-
lial cells, in particular, the expression of adhesion molecules 
and IL-8. Indeed, we could demonstrate that TNFα is directly 
associated with Mito

Stress
. Thus, next to the classical mitochon-

drial DAMPs such as nucleic acids, TNFα itself represents a 
major proinflammatory trigger associated with Mito

Stress
. Thus, 

the association of TNFα with Mito
Stress

 may preferentially tar-
get interferonogenic content to cells expressing high levels of 
TNF receptors. Altogether, we show that mitochondria isolated 
or released from activated monocytes are manifold stronger in-
ducers of specific inflammatory responses as compared with 
nonstressed mitochondria.

Importantly, depletion of TOM22+ vesicles (free mito-
chondria) significantly reduced the capacity of MV

Stress
 to in-

duce TNF and type I IFN responses in endothelial cells. Thus, 
extracellular mitochondria are important contributors to the 
proinflammatory activity of extracellular vesicles released 
from activated monocytic cells. Of note, MV

Stress
 depleted of 

free mitochondria (TOM22+ vesicles) were still enriched in 
mitochondrial content and had the capacity to induce TNF and 
type I IFN responses, which was specifically inhibited by tar-
geting either TNF or IFN sensing. Thus, free mitochondria and 
mitochondria embedded within vesicles induce the same in-
flammatory pathways in endothelial cells. Moreover, we show 
that LPS-administration to humans results in an increase of 
TOM22+ vesicles in the circulation, which coincides with el-
evated levels of TNFα. Notably, circulating microvesicles iso-
lated from these volunteers after LPS-administration were able 
to induce TNF and type I IFN responses in endothelial cells.

In addition to their central role in cellular metabolism, 
mitochondria and mitochondria generated ROS are recog-
nized as regulators of immune responses.25 In particular, the 
degree of oxidative phosphorylation is known to define the 
proinflammatory/anti-inflammatory status of monocytes.26 
Our data demonstrate that the capacity of mitochondria 
from LPS-stimulated monocytic cells to activate endothelial 
cells was drastically reduced when mitochondria were de-
rived from nonrespiring cells. Similarly, mitochondria from 
cells treated with inhibitors of mitochondrial stress or mito-
chondrial ROS generation had a reduced proinflammatory 

Figure 4 Continued. TOM22-depleted vesicles (TOM22-FT). MVStress were passed through paramagnetic columns without preincubation with antibodies to 
obtain sham-depleted microvesicles (ShamFT). G–I, Characterization of the plasma from human low-grade endotoxinemia study (n=15). G, Fold increase 
over the time after LPS injection of the numbers of TOM22 positive vesicles assessed by flow cytometry. Level of TNFα (H), and soluble VCAM (I) after LPS 
injection assessed by ELISA. Data shown as mean±SEM. IL indicates interleukin.
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potential. Increased mitochondrial ROS production induced 
by LPS may result in the oxidative modification of mitochon-
drial lipids (eg, Cardiolipin) and nucleic acids, and thereby 
enhance their proinflammatory activity.8,9,27–30 Our recent find-
ing that lipid peroxidation-derived structures, such as malo-
ndialdehyde (MDA)-adducts, mark a subset of microvesicles 
supports a role for oxidative stress in microvesicle biology.31 
Our new data point to an important role of the oxidation of 
mitochondrial RNA in enhancing the proinflammatory po-
tential of mitochondria and microvesicle-encapsulated mito-
chondria. Indeed, we show increased oxidative modification 
of mitochondrial 12S and 16S RNA isolated from Mito

Stress
 

as compared with Mito
Co

. These data further support the ma-
jor contribution of modified Mito

Stress
 RNA to the induction 

of Type I IFN response in endothelial cells. We show that the 
biological activity of MV

Stress
 is predefined by the activation 

status of their parental cells. Thus, MV
Stress

 have the ability to 
communicate cellular stress between microvesicle-shedding 
and microvesicle-sensing cells.

Importantly, disintegration of MV
Stress

 dramatically re-
duced their uptake by endothelial cells and their ability to 
induce type I IFN-responses. These data, together with the 
identification of mitochondrial RNA as interferonogenic com-
ponent of Mito

Stress
, suggests that uptake of vesicle-embedded 

RNA by endothelial cells is required to induce type I IFN-
responses. This is in agreement with the cytoplasmic sensing 
of nucleic acids.32 In contrast, disintegration of MV

Stress
 did 

not change their capacity to induce a TNF-response in endo-
thelial cells, which is consistent with the surface expression of 
TNF-receptors.

In summary, our work provides new insights to the contri-
bution of mitochondria to the content and biological activity 
of extracellular vesicles. Mitochondrial stress, mitochondrial 
DAMPs, TNF, and IFN signaling have been demonstrated 
to play important roles in acute and chronic inflammation, 
such as trauma, cardiovascular diseases, rheumatoid arthritis, 
neurodegeneration, and psoriasis.23,25,33–37 Our data show that 
free mitochondria and microvesicle-encapsulated mitochon-
dria released by activated monocytic cells serve as a carrier 
of both TNFα and interferonogenic mitochondrial RNA, with 
the capacity to trigger the simultaneous induction of 2 crit-
ical pathways of inflammation in target cells. Moreover, we 
demonstrate that the biological activity of released mitochon-
dria reflects the activation status of their parental cells. Thus, 
approaches targeting mitochondria and their release may 
represent novel points for therapeutic intervention in several 
pathologies.
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