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Introduction
Traumatic brain injury (TBI) is a leading cause of death 
and disability among young adults, affecting approxi-
mately 69  million people per year worldwide [1]. More 
than 50% of patients with isolated severe TBI develop 
acute lung injury (TBI-ALI) [2, 3], which can progress to 
more severe conditions, such as acute respiratory distress 
syndrome (ARDS) with a mortality rate of 30–40% [4, 5]. 
TBI-ALI not only exacerbates systemic hypoxia and met-
abolic dysfunction of the body but also affects cerebral 
tissue oxygenation and hemodynamics, creating a vicious 
cycle that promotes secondary cerebral injuries [6, 7]. 
The question is how a localized brain trauma injures 
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Abstract
Acute lung injury (ALI) is the most frequently developed complication in patients with severe traumatic brain 
injury (TBI), but its underlying mechanism remains poorly understood. Here, we report results from a study 
designed to investigate the mechanistic link between TBI and ALI in mouse models, in vitro experiments, and a 
patient study, specifically focusing on the role of extracellular mitochondria (exMt). We detected high levels of 
exMt in the alveolar lavage fluid of patients with TBI. The bronchoalveolar lavage fluid (BALF) of mice subjected 
to controlled cerebral cortical impact contained 4.2 ± 1.4 × 104/µl of exMt. We further showed that non-injured 
mice infused with exMt intravenously developed pulmonary edema, perivascular accumulation of macrophages, 
inflammation, and dysfunction. Results from complementary in vitro experiments showed that exMt bound to 
and were phagocytosed by interstitial macrophages, resulting in autophagic flux reduction and activation of 
macrophages. The phagocytosis of exMt depended on the CD36 and dynamin mediated pathway, and activation 
of macrophages depended on exMt-derived reactive oxygen species. This study discovered a novel mechanism by 
which exMt contribute to the pathogenesis of TBI-induced ALI through macrophages, which are activated, develop 
dysfunctional autophagy, and become inflammatory after phagocytosis of exMt.
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remote organs, such as the lungs, and what mediators are 
involved in the process.

We have previously reported significant presence of 
anti-brain antibodies, primarily in IgM class in TBI mice 
[8]. The antibody with the highest titer in these TBI mice 
is anti-cardiolipin, which is almost exclusively expressed 
in the inner membrane of intracellular mitochondria, 
suggesting that mitochondria are released from cells and 
the anionic phospholipid cardiolipin is transmigrated to 
the surface of extracellular mitochondria (exMt). These 
exMt account for more than 50% of anionic phospho-
lipid-expressing extracellular vesicles (EVs) found in 
these mice. More importantly, exMt promote systemic 
intravascular coagulation through the surface exposed 
anionic cardiolipin [8] and activate platelets by reactive 
oxygen species (ROS) released from these metaboli-
cally active exMt [9]. ExMt also activate endothelial cells 
(ECs) to increase endothelial permeability in the brain 
and lungs [8, 10], but its underlying mechanism remains 
largely unknown.

ExMt may cause pulmonary inflammation through sev-
eral closely related pathways. First, cardiolipin exposed 
on the surface of exMt serve as the substrate of secreted 
phospholipase A2 group IIA [11] to induce inflamma-
tion [12, 13]. Second, exMt produce ROS that cause local 

oxidative cellular injuries [9, 14]. Third, disintegrated 
exMt become mitochondrial damage-associated molecu-
lar patterns (mtDAMPs), which are known to propagate 
inflammation and impair monocyte and T cell functions 
[15, 16]. However, the pathway linking the procoagu-
lant and proinflammatory activities of exMt to TBI-ALI 
remains largely unknown. Here, we provide evidence that 
exMt are closely involved in the pathogenesis of TBI-ALI 
by interacting with pulmonary interstitial macrophages.

Materials and methods
Reagents
Critical reagents and commercial assays are listed in Sup-
plemental TableS1.

TBI patients
Four patients with traumatic brain injury (TBI) were 
enrolled based on the following inclusion criteria: (1) 
TBI confirmed by head computed tomography (CT) or 
magnetic resonance imaging (MRI) scans during the first 
6 h of injury, and (2) 18 to 80 years of age. Patients were 
excluded when they had (1) spinal cord injury or complex 
trauma with extracranial injuries; (2) recent neurological 
disorders, such as stroke; (3) ongoing or recent infections 
(within a month before admission). A total of 5 patients 
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were excluded based on the exclusion criteria. TBI sever-
ity was categorized by the Glasgow Coma Scale (GCS) as 
mild (13–15), moderate (9–12), and severe (3–8). Demo-
graphics and clinical data were gathered from electronic 
medical records (Supplemental Table S2). Age- and sex-
matched healthy subjects (n = 12) were recruited as con-
trols. Due to limited sample size, this patient study was 
not designed to link exMt to clinical outcomes of patients 
but to validate data generated from mouse models and 
lay the foundation for a future clinical study with prop-
erly powered sample size. This study was approved by 
the Ethics Committee of the Tianjin Medical Univer-
sity General Hospital (IRB2023-YX-270-01). Patients or 
their legal representatives were fully informed about the 
study’s protocol and provided consent.

Animals
All mouse experiments were approved by the Animal 
Ethics Committee of the Tianjin Medical University. 
Male and female C57BL/6J mice were purchased from 
Beijing HFK BIOSCIENCE CO., LTD (Beijing, China) 
and were 6–8 weeks old, weighing 22–25  g at the time 
of experiments. Mice at this age range were chosen to be 
consistent with the age distribution of TBI patients [3]. 
Before experiments, the mice were housed in 4–6/cage, 
with autoclaved wood chip bedding. They were fed a 
standard rodent chow and had free access to water. The 
animal facility maintained a 12-hour light/dark cycle at a 
temperature of 20 ± 2 °C and a humidity of 55 ± 5%.

Experimental design
In all experiments, mice were randomly assigned to 
receive various treatments. The outcomes were evalu-
ated by independent researchers, who were blinded to 
the experimental conditions and group assignments. The 
schematic representation of the experimental design is 
shown in Scheme 1.

Controlled cortical impact (CCI) model of TBI
Mice were subjected to isolated TBI using a digital elec-
tromagnetically controlled cortical impact (CCI) device 
(eCCI-6.3 device, Custom Design & Fabrication, Inc., 
Sandston, VA, USA) [17]. Briefly, a mouse was anesthe-
tized with 4% isoflurane in 70% N2O and 30% O2 (0.8 L/
min) and remained under anesthesia with 2% isoflurane 
(0.8  L/min) during TBI. The anesthetized mouse was 
placed on a stereotactic platform (RWD Life Science Co., 
Ltd., Shenzhen, China) and trepanned with a 3.0  mm 
diameter hole on the right between bregma and lambda 
and lateral to the sagittal suture with the dura mater 
intact after removing fur from the head. A single force 
calibrated to the depth of 1.8 mm and velocity of 4.5 m/s 
for 200 ms was applied to the brain. The scalp was closed 
immediately after TBI with 6 − 0 silk sutures. The mouse 
was placed on a heating pad to maintain body tempera-
ture for 30 min post-injury and then housed individually 
in a cage. All TBI mice were closely monitored for the 
duration of apnea and any signs of distress or complica-
tions. Sham mice underwent identical surgery without 
CCI.

ExMt isolation
The exMt were isolated from mouse brains using the 
Qproteome mitochondria isolation kit (Qiagen, Hilden, 
Germany) and bronchoalveolar lavage fluid (BALF) of 
TBI mice using a mitochondria isolation kit (Miltenyi, 
Bergisch Gladbach, Germany). The brains were dissected 
aseptically from non-injured mice with age matching TBI 
mice, homogenized, and suspended in the lysis buffer. 
After a 10-minute incubation at 4℃, the brain homog-
enates were centrifuged at 1,000 g for 10 min at 4℃. The 
pellets were resuspended in the disruption buffer and 
centrifuged at 6,000  g for 10  min at 4℃ to collect the 
supernatant. The supernatant was collected, resuspended 
in phosphate-buffered saline (PBS), and centrifuged at 

Scheme 1  Schematic diagram of time points for animal experiments of this study. TBI, traumatic brain injury; HE, hematoxylin and eosin; IHC, immu-
nohistochemistry; FCM, flow cytometry; qPCR, quantitative polymerase chain reaction; TEM, transmission electron microscopy; WB, western blot; IVIS, in 
vivo imaging system; IF, immunofluorescence
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6,000 g for 10 min at 4℃ to collect exMt pellets. On aver-
age, approximately 5 × 108 exMt were obtained from each 
mouse brain using this method, as quantified using flow 
cytometry (Supplemental Methods). The exMt isolation 
from BALF were analyzed for size by nanoparticle track-
ing analysis (NTA) and ATP (Adenosine Triphosphate) 
production to compare with exMt isolation from brain 
(Supplemental methods).

ExMt adaptive transfer model
An adaptive transfer model was employed to specifically 
examine the effects of exMt without the confounding 
influence of TBI [8]. Briefly, C57BL/6J mice were infused 
through the tail vein with a single dose of 3 × 107 exMt 
(in 150 µL) enriched from the brains of non-injured 
mice using the Qproteome Mitochondria Isolation Kit 
(Qiagen, Hilden, Germany) This dose was chosen based 
on the peak exMt counts detected in plasma samples of 
TBI mice at 3 h post-injury [8]. Control mice received an 
equal volume of the vehicle PBS. Blood, BALF, and organ 
samples were harvested following euthanasia under anes-
thesia at 3, 6, 12, and 24  h post-infusion for laboratory 
assays and histopathology.

Cell culture
We used cells from three clonal lines (ATCC, Manassas, 
VA, USA) for in vitro experiments: (1) the mouse mac-
rophage line RAW264.7, derived from BALB/c mice with 
tumor induced by Abelson murine leukemia virus [18], 
(2) the endothelial cell line bEnd.3 derived from mouse 
brain microvessels [19], and (3) the human monocyte 
line THP-1 derived from an acute monocytic leuke-
mia patient [20]. RAW264.7 cells and bEnd.3 cells were 
cultured in high-glucose Dulbecco’s Modified Eagle’s 
medium (DMEM; Gibco, New York, USA). THP-1 cells 
were cultured in RPMI 1640 medium (Gibco). Both 
media were supplemented with 10% fetal bovine serum 
(FBS). These cells were grown at 37℃ in a 5% CO2 incu-
bator (ThermoFisher, Waltham, Massachusetts, USA).

Phagocytosis of ExMt by macrophages
RAW264.7 macrophages were incubated with exMt 
at a cell-to-exMt ratio of 1:100 for 30  min at 37oC in 
the presence and absence of either 80 µM dynasore or 
10 µM Rapamycin (RAPA) for 30  min before incuba-
tion with exMt. For species-crossover experiment, the 
human THP-1 cells were incubated with mouse exMt for 
60 min at 37  °C followed by incubation with 1% trypsin 
for 10  min to remove surface-bound exMt adherent to 
the surface of THP-1 macrophages. The cells were then 
extensively washed with PBS, resuspended in PBS, and 
subjected to further testing.

Additional details regarding the in vitro experi-
ments, including Endothelial permeability assay, 

immunoblotting, qPCR, and ELISA are provided in the 
supplementary methods.

Collection of bronchoalveolar lavage fluid (BALF) and lung 
histopathology
After a mouse was anesthetized using isoflurane, as 
described earlier, the trachea was surgically exposed, 
intubated with a 23-gauge lavage tube, and lavaged three 
times with 1  ml of sterile PBS. After a 30-second dwell 
time for each lavage, the fluid was gently aspirated using a 
1 ml syringe. For patients, BALF collected at the patient’s 
bedside was immediately placed on ice and transported 
to the laboratory within 3  h. The BALF was passed 
through a 40-µm nylon filter and centrifuged at 1,000 g 
for 10 min at 4 °C to obtain the supernatant, which was 
centrifuged at 6,000 g for 10 min at 4 °C to collect pellets 
for further analyses.

For histopathology, the mouse was anesthetized by iso-
flurane overdose and then euthanized by cervical disloca-
tion. Immediately after euthanasia, the chest was opened 
to allow cardiac puncture to perfuse 20  ml of cold PBS 
through the right ventricle to remove blood from the vas-
culature. After perfusion, the lungs were removed and 
then rinsed with PBS, fixed in 4% paraformaldehyde, par-
affin-embedded, and processed into 3 μm sections. These 
sections were stained with hematoxylin and eosin. The 
degree of lung injury was determined using a semiquan-
titative scoring system by an investigator blinded to the 
treatment group [21].

Additional details regarding the experimental methods, 
including Pulmonary function test, In vivo imaging sys-
tem, Evans Blue Dye Extravasation, Immunohistochem-
istry, Immunofluorescence imaging, and Hematoxylin 
and Eosin Staining, are provided in the supplementary 
methods.

Flow cytometry
Flow cytometry (FACS Forttesa, Becton Dickinson, New 
Jersey, USA) was used for detecting: (1) ExMt in plasma 
samples of TBI patients and mice subjected to CCI [8]. 
Briefly, samples were incubated with MitoTracker Green 
(100nM, Invitrogen, Carlsbad, California, United States) 
and BV421-Annexin V (5  µl in 100  µl cell suspension, 
Biolegend, San Diego, California, USA) for 30  min at 
room temperature to specifically detect exMt that also 
expressed anionic phospholipids. To determine the cel-
lular origin of exMt, they were individually incubated 
with three distinct antibodies: Alexa Fluor® 488-anti-
NSE (neuron-specific enolase, 1:100 dilution, Biolegend, 
San Diego, California, USA), PE/Cyanine7-anti-CD144 
(VE-cadherin, 1:100 dilution, Biolegend, San Diego, 
California, USA), and PE-anti-CD41 (the integrin α2b, 
1:100 dilution, Biolegend, San Diego, California, USA) 
for 30 min at 37  °C to detect neuronal, endothelial, and 
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platelet exMt. All samples were incubated with antibod-
ies for 30 min at 37  °C (2) The interaction of exMt with 
mouse RAW 264.7 macrophages [18]. Briefly, exMt 
labeled with MitoTracker Green for 30  min at room 
temperature (100nM, Invitrogen, Carlsbad, California, 
USA) were incubated with RAW 264.7 cells for 1  h at 
room temperature. The exMt-RAW264.7 cell mixture 
were incubated with a brilliant violet 421-conjugated 
F4/80 antibody (1  µl in 100  µl cell suspension, Bioleg-
end, San Diego, California, USA, 30 min at atmospheric 
conditions). The F4/80 antibody binds the macrophage 
marker EMR1 (EGF-like module-containing mucin-like 
hormone receptor-like 1). The samples were analyzed 
using the ImageStream® X Mk II system (Amnis, Seattle, 
WA, USA) at 60 x magnification to visualize and quan-
tify exMt-macrophage complexes. (3) The phagocytic 
activity of RAW264.7 macrophages after incubation with 
0.5 μm fluorescent red carboxylate-modified polystyrene 
beads (Sigma-Aldrich, Missouri, USA) for 3 h at 37oC in 
a cell incubator. (4) The generation of ROS labeled with 
DCFH-DA from cardiolipin-expressing exMt detected 
by 10-N-nonyl acridine orange (Supplemental Methods). 
Isotype-specific Immunoglobulin Gs (IgGs) were used as 
antibody controls. Flow cytometric data were analyzed 
with the FlowJo program 7.6.1 (Tree Star, Ashland, Ore-
gon, USA).

Transmission electron microscopy (TEM)
Isolated exMt were incubated with macrophages for 
30 min at 37oC. After being extensively washed with PBS 
for 5 times, they were fixed with 2.5% glutaraldehyde 
overnight followed by fixation with 1% osmium tetroxide 
for 2 h at 4 °C. They were then dehydrated with ethanol 
and cut into ultrathin Sects.  (50–70  nm). The sections 
were viewed under a transmission electron microscope 
(Hitachi HT7700, Tokyo, Japan) and photographed using 
Digital Micrograph software (Gatan Inc., CA, USA).

Isolation and quantification of mitochondrial DNA
We used the QIAamp DNA Mini Kit (Qiagen) to isolate 
DNA from BALF of TBI patients (Supplemental Table S2) 
and mice, as well as from monocytic THP-1 cells (ATCC, 
Manassas, VA, USA) that had been incubated with exMt 
at 37  °C for 60 min. Mitochondrial DNA (mtDNA) was 
then amplified for isolated DNA using quantitative PCR 
(qPCR) by synthetic primers (Supplemental Table S3) and 
the SYBR Green PCR Master Mix (Invitrogen, Carlsbad, 
California, US) through 40 cycles of 95  °C for 15  s and 
60 °C for 45 s after initial denaturation at 95 °C for 30 s. 
The qPCR standard was mtDNA from human umbilical 
vein endothelial cells (HUVEC, ATCC, Manassas, VA, 
US) and the mouse brain at known concentrations of 
0.008, 0.04, 0.2, 1 and 5 ng/mL.

Statistical analysis
Data were analyzed using SPSS 22.0 statistical software 
(IBM, Armonk, NY, USA). Results were presented as 
mean ± SEM. For quantitative data, an initial assess-
ment of data normality was performed by the Shapiro-
Wilk normality test. Comparative analyses between two 
groups were performed using the independent samples 
t-test and comparisons among results from more than 
two groups were performed using one-way analysis of 
variance (ANOVA) followed by post hoc Bonferroni’s 
multiple comparison test. A P value of < 0.05 was consid-
ered statistically significant.

Results
TBI induced the accumulation of ExMt in BALF and acute 
lung injury
CCI on a small region of the brain (3  mm in diameter) 
at the given intensity calibrated to a depth of 1.8  mm 
and a velocity of 4.5 m/s for a duration of 200 ms caused 
substantial and localized cortical lesions and bleeding 
(Fig.  1A, left column). These TBI mice developed ALI, 
defined by enlarged lungs (Fig.  1A, right column) with 
extensive pulmonary edema and thickened septa in the 
alveolar cavity (Fig.  1B) and interstitial neutrophil infil-
tration, detected by the antibody against myeloperoxi-
dase (MPO, Supplemental Figure S1), and worse lung 
injury score (Fig.  1B). Immunohistochemistry further 
showed a significant increase in the numbers of macro-
phages in the interstitial tissues of the lungs from mice at 
3 h post-TBI (Fig. 1C).

We also detected exMt in BALF of TBI mice using 
complementary techniques. First, transmission electron 
microscopy (TEM) identified exMt in BALFs of patients 
with TBI (Fig. 1D, left panel) and mice subjected to CCI 
(Fig. 1D, right panel). These exMt exhibited a typical dou-
ble membrane and were measured 100–500 nm in diam-
eter. Nanoparticle tracking analysis (NTA) revealed that 
the peak diameter of exMt was between 100 and 200 nm 
(Supplemental Figure S2D). Second, flow cytometry 
detected MitoTracker Green-labeled exMt in BALFs of 
TBI patients (Fig. 1E) and mice subjected to CCI (Fig. 1F). 
In TBI patients, the mean concentration of exMt was 
19.6 ± 10.5 × 104 exMt/µl, and the longitudinal sampling 
from mouse BALF showed that exMt reached the highest 
level of 4.2 ± 1.4 × 104 exMt/µl at 3 h post-injury (Fig. 1F). 
A majority of exMt were annexin V-bound, suggesting 
that they expressed anionic phospholipids on their sur-
face (Supplemental Figure S3B). For the mouse experi-
ments, we were able to collect blood samples at 3, 6, 12, 
and 24 h post-TBI to allow us to longitudinally follow the 
dynamic changes in levels of circulating exMt and link 
these changes to the progressive injury to the lungs. The 
time points of longitudinal sampling were chosen based 
on our early observation that (1) plasma exMt reached 
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the peak levels at 3–6 h followed by a gradual decline [8, 
22] and (2) significant lung injury reaches its peak sever-
ity at 4 hours post-injury but persists up to 24  h after 
TBI [23]. For data validation, we also detected elevated 
levels of mitochondria-specific DNA in BALF samples 
from TBI patients (Fig.  1G) and mice subjected to CCI 
(Fig.  1H). Some of the exMt found in the BALF of TBI 
mice were also labeled with markers for neurons (NSE), 
endothelial cells (CD144), and platelets (CD41) (Supple-
mental Figure S4). Third, these exMt were metabolically 
active in producing ATP (Supplemental Figure S5A) and 
ROS (Supplemental Figure S5B). Fourth, both female and 
male mice subjected to TBI had comparable BALF lev-
els of exMt (Supplemental Figure S6A). Together, these 

results demonstrate that (1) isolated TBI caused ALI 
that was characterized by pulmonary edema and mac-
rophage/neutrophil infiltration to the interstitial space 
of the lungs, (2) exMt were detected in BALF samples 
from TBI patients and C57BL/6J mice exposed to TBI, (3) 
exMt found in BALF derived from the brain, endothelial 
cells, and platelets, and (4) Sex did not appear to signifi-
cantly influence the release of exMt following TBI.

ExMt caused lung injury in mice independent of traumatic 
insults
The detection of macrophages and exMt in BALF sam-
ples from TBI mice raised the question of whether ROS-
generating exMt and mitochondrial DNA, both are 

Fig. 1  TBI induced acute lung injury and exMt accumulation in BALF. (A) Visible cerebral damage in the right parietal lobe and hemorrhage in lung tissue. 
(B) Representative H&E images (scale bars: 100 μm) for lung injury at 3 h after CCI compared with Sham surgery and ALI score (n = 5/group, paired t test). 
(C) Representative immunohistochemical images of CD68 positive cells (black arrow) in lung tissues (scale bars: 100 μm) and related statistical analysis 
(n = 5/group, paired t test). (D) Representative TEM images of exMt in BALF of TBI mice and TBI patients. exMt (left panel, white arrow) in the BALF of clini-
cal TBI patients (scale bars: 0.2 μm); exMt (right panel, white arrow) in normal form in the BALF of TBI mice model (scale bars: 0.2 μm). (E) Changes of exMt 
in BALF samples from healthy humans and TBI patients (n = 4 and 12/group, paired t test). (F) Changes of exMt in BALF samples from TBI and Sham mice 
over time (n = 8–16/group, one-way ANOVA). (G) mtDNA detected in BALF samples from healthy humans and TBI patients (n = 4–12/group, paired t test). 
(H) mtDNA detected in BALF samples from TBI and Sham mice over time (n = 10–17/group, one-way ANOVA)
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highly pro-inflammatory [24], contribute to the devel-
opment of ALI during acute TBI. We used an adap-
tive transfer model [8, 22] to investigate this possibility 
because this model can exclude the confounding influ-
ence of trauma to the brain (e.g., TBI-induced sympatho-
adrenal activation [25]). Specifically, non-injured mice 
were infused intravenously with 3 × 107 exMt/mouse of 
isolated exMt (to be consistent with the number of exMt 
found in the peripheral blood of TBI mice) and were 
examined 3  h post-infusion. The exMt extracted from 
mouse brains using the commercial kit retained their 
structural integrity and metabolic activity as those found 
in BALF samples of TBI mice (Supplemental Figure S2). 

Several lines of evidence from this study support a causal 
role of exMt in TBI-ALI. First, the lung tissue from exMt-
infused mice had thickened alveolar walls, infiltrated 
with inflammatory cells, and had worse lung injury score 
as compared to mice receiving an equal volume of PBS 
(Fig. 2A), without significant differences between female 
and male mice (Supplemental Figures S6B and D). Sec-
ond, exMt-infused mice had a greater wet-dry weight 
ratio of the total lungs (Fig. 2B), indicative of pulmonary 
edema, and more proteins in BALF (Fig. 2C), indicative 
of vascular leakage, as compared to mice receiving PBS. 
Third, the pulmonary function test found mice receiving 
exMt had markedly increased inspiratory resistance (RL) 

Fig. 2  ExMt caused lung injury in mice independent of traumatic insults. (A) Representative images of H&E staining for lung tissues (scale bars:100 μm) 
with thickened alveolar wall (short arrow), the infiltration of inflammatory cells (long arrow) and ALI score (n = 5/group, paired t test). (B) Lung wet/dry 
tissue weight ratios (n = 5–7/group, paired t test). (C) BALF total protein concentration (n = 7/group, paired t test). (D) The lung function of mice was 
measured via the AniRes 2005 system (n = 8, paired t test). (E) Representative immunohistochemical images of CD68 positive cells in lung tissues (scale 
bars: 100 μm) and related statistical analysis (n = 6/group, paired t test). (F) The expression levels of inflammatory markers of lung tissue were measured by 
RT-qPCR (n = 3–6/group, one-way ANOVA). (G) Protein levels of Cleaved caspase3, BAX and β-actin were expressed in lung and related statistical analysis 
(n = 4–5/group, one-way ANOVA)
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and expiratory resistance (Re) but reduced dynamic lung 
compliance (Cdyn, Fig. 2D). Fourth, macrophage infiltra-
tion was increased in the interstitial tissue of the lungs 
from exMt-infused mice (Fig. 2E), with comparable lev-
els between female and male mice (Supplemental Figures 
S6C and E). Fifth, the quantitative PCR detected higher 
expressions of the pro-inflammatory factors TNF-α and 
IL-1β in the lung tissue of TBI mice than control mice 
(Fig. 2F). Finally, immunoblots detected increased levels 
of cleaved-caspase-3 and pro-apoptotic protein BAX in 
the lung tissue of exMt-infused mice (Fig. 2G). We spe-
cifically selected caspase 3 and BAX as markers for apop-
tosis because (1) they are the most common apoptosis 
markers used in animal study, thus allowing us to com-
pare our results to other reported in the literature, (2) 
caspase-3 is a general apoptosis marker without be lim-
ited to specific pathways (e.g., vs. caspase-12), and (3) the 
two markers define the progression of apoptosis.

ExMt disrupted the endothelial barrier
We infused DiR-labeled exMt into TBI and Sham mice 
and detected, in real time, the greater accumulation of 
the labeled exMt in the lungs of TBI mice than those 
of Sham mice using an in vivo imaging system (IVIS, 
Fig. 3A). The finding was further supported by additional 
results. First, exMt labeled with the MitoTracker Green 
accumulated in interstitial tissue of the lungs detected by 
immunofluorescence (Supplemental Figure S7). Second, 
cultured endothelial b.End3 cells, which derived from a 
clonal endothelial cell line [26], increased permeability to 
10 kDa FITC dextran after incubation with exMt for 3 h 
in vitro (Fig. 3B) and enhanced Evans blue extravasation 
in the lungs of exMt-infused mice (Fig. 3C) as compared 
to mice infused with PBS. Third, immunoblots (Fig. 3D) 
and immunofluorescent staining (Fig.  3E) detected the 
reduced expression of the tight junction protein Occludin 
in endothelial cells of the lungs from mice infused with 
exMt. Additionally, both female and male mice injected 
with exMt exhibited comparable severity of pulmonary 
vascular permeability (Supplemental Figure S6F). These 
results demonstrate that exMt disrupted the endothelial 
integrity without sex-dependent variation, transmigrated 
through the endothelium, and caused inflammation in 
the perivascular tissue of the lungs.

Pulmonary macrophages phagocytosed ExMt
When infused into non-injured mice through the tail 
vein, the MitoTracker Deep Red-labeled exMt transmi-
grated to and colocalized with macrophages in the inter-
stitial tissue of the lungs (Fig. 4A). Consistent with the in 
vivo observation, exMt rapidly bound to RAW264.7 cells 
in vitro in a concentration-dependent manner (Fig. 4B). 
When macrophages were incubated with exMt for 1 h at 
37℃, followed by extensive washing and processed for 

TEM, we found that macrophages formed pseudopo-
dia that interact with exMt (Fig.  4C and Supplemental 
Figure S8). Furthermore, in a species-crossing experi-
ment, where we incubated exMt from mouse brains with 
human monocytic THP-1 cells for 60  min at 37℃, fol-
lowed by treatment with 1% of trypsin to remove surface-
bound exMt, mouse mtDNA was amplified from THP-1 
cells (Fig.  4D). Developmental endothelial locus-1 (Del-
1) promoted the binding of exMt to RAW264.7 cells in 
vitro in a concentration-dependent manner (Supplemen-
tal Figure S10A) and reduced levels of mtDNA in plasma 
samples of mice infused with exMt (Supplemental Figure 
S10B). Del-1 has been shown to promote the phagocy-
tosis of exMt by serving as a coupling factor to capture 
anionic phospholipid-expressing exMt to monocytes/
macrophages to facilitate phagocytosis [27]. The binding 
of exMt to macrophages was blocked by CD36 antibody 
(Supplemental Figure S10C). CD36 is the main scav-
enging receptor that promotes lipid phagocytosis [28]. 
Together, these data suggest that macrophages phagocy-
tosed exMt in the interstitial space of the lungs.

Phagocytosed ExMt activated macrophages
When examined 3  h after infusion, the lungs of mice 
infused with 3 × 107 of exMt contained increasing num-
bers of proinflammatory macrophages defined by CD86 
expression and decreasing levels of anti-inflammatory 
macrophages defined by CD206 (Fig. 5A and B). These in 
vivo observations were supported by the in vitro detec-
tion of increased pro-inflammatory macrophages defined 
by CD86 expression through flow cytometry (Fig.  5C). 
The exMt-treated RAW264.7 macrophages also enhanced 
the mRNA expression of the proinflammatory cyto-
kine IL-1 and TNF-α (Fig. 5D) and increased the release 
of these cytokines into the supernatant (Fig.  5E). This 
proinflammatory response of RAW 264.7 cells to exMt 
stimulation was not observed in cells treated with exMt 
in the presence of dynasore, which inhibits the GTPase 
dynamin-medicated endocytosis of extracellular vesicles 
(Supplemental Figure S11) [29]. Furthermore, exMt-
stimulated RAW 264.7 cells increased their phagocytic 
activity defined by their increased uptake of fluorescent 
microspheres (Fig.  5F). These results demonstrate that 
macrophages transmigrated to the pulmonary interstitial 
space during acute TBI and phagocytosed exMt through 
the dynamin-mediated pathway and became activated to 
release pro-inflammatory cytokines.

ExMt-derived ROS inhibits autophagy and promotes 
mTOR-dependent macrophage activation in RAW264.7 
cells
Autophagy is an intracellular process to remove dam-
aged organelles and can therefore downregulate exces-
sive inflammatory activation of macrophages [30–32]. 
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Phagocytosed exMt may therefore trigger the process of 
autophagy to remove exMt to restore cellular homeo-
stasis. Because exMt expressed surface exposed cardio-
lipin, which activates a specific type of autophagy called 
mitophagy [33], We found that RAW264.7 cells incubated 
with exMt for 3 h had the elevated expression of p62 and 
a reduced LC3II/I ratio, indicating that autophagy was 
inhibited. This autophagy inhibition was not detected in 
cells treated with exMt together with dynasore (Fig. 6A), 

which prevents exMt phagocytosis. Since these exMt 
were metabolically active to generate ROS (Supplemental 
Figure S12A), which is known to regulate autophagy [34, 
35], we also investigated whether ROS was responsible 
for inhibiting the autophagic activity of the macrophages. 
We found that exMt fixed with 4% of polyformalde-
hyde, which maintained the structural integrity of exMt 
but made them metabolically inert, did not inhibit the 
autophagic activity of the host macrophages (Fig.  6B). 

Fig. 3  ExMt disrupted endothelial barrier. (A) Representative images of lung were captured after DiR-labeled exMt (red) injection via in vivo imaging sys-
tem (IVIS) (n = 4/group, one-way ANOVA). (B) The endothelial permeability was assessed by measuring trans-endothelial leakage of FITC-dextran (10 kDa, 
n = 4/group, paired t test). (C) Statistical analysis of Evans blue extravasation test in mice lung (n = 4/group, paired t test). (D) Representative western blot-
ting bands and densitometric quantifications of Occludin (n = 6/group, paired t test). (E) Representative immunofluorescence images of Occludin staining 
in lung tissue (scale bars:100 μm)
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Similarly, macrophages treated with exMt together with 
50 µM of the cell permeable N-acetyl cysteine (NAC), 
which quenched ROS (Supplemental Figure S12B), 
also had a less degree of autophagy inhibition (Fig. 6C). 
NAC also downregulated the release of proinflamma-
tory cytokines (Fig.  6D) and CD86 expression (Fig.  6E) 
on exMt-treated macrophages. These results indicate that 
ROS generated by exMt was responsible for the proin-
flammatory transformation and autophagy inhibition of 
exMt-phagocytosed macrophages. Consistent with this 
possibility, the inhibition of the basal levels autophagy 
activity of RAW264.7 cells by metabolically active exMt 
was reversed by the autophagy activator rapamycin 
(Fig.  6F), which inhibits mTORC1 (Mechanistic Target 

of Rapamycin Complex 1) to activate autophagy [36]. 
As results, rapamycin reduced the CD86 expression 
(Fig. 6G) and release of pro-inflammatory cytokines into 
the supernatant (Fig. 6H) from cultured RAW264.7 cells 
treated with exMt.

Discussion
We studied on exMt as potential mediators of TBI-
induced ALI for several reasons. First, the high incidence 
of pulmonary pathologies such as ALI in TBI patients 
suggests a significant yet unexplored link between TBI 
and acute lung injury. Second, exMt are known to accu-
mulate in organs with relatively slow blood flow, such 
as the lungs, making them a plausible candidate for 

Fig. 4  Pulmonary macrophages phagocytosed exMt. (A) The confocal laser scanning microscope micrographs show that the exMt labeled with Mito-
Tracker are internalized by macrophages (white arrow, scale bars:100 μm, MitoTracker Deep Red: red, CD68: green, DAPI: blue). (B) Amnis® flow cytometric 
images show exMt binding a macrophage (top panel), endocytosed by a macrophage (bottom panel), after 30 min co-incubation at 37 °C (representative 
images from 20,000 images randomly selected), as shown by a representative histogram in a concentration-dependent manner (n = 3/group, one-way 
analysis of variance). (C) exMt bonded to RAW264.7 cells under transmission electron microscopy (scale bars: 2 μm). (D) Macrophages internalized exMt 
(n = 3/group, paired t test), as determined by the presence of mouse mitochondrial DNA in mouse exMt-treated human macrophage that were trypsin-
ized to remove surface-bound exMt
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mediating injury to these organs. Third, exMt possess 
procoagulant and proinflammatory activities, which are 
widely considered to be the nature of TBI-induced acute 
lung injury. Therefore, we designed this study to investi-
gate whether exMt contribute to the development of ALI 
following TBI.

To elucidate the role of exMt in TBI-induced ALI, we 
examined acute lung injury in mice subjected to TBI and 
in those infused with metabolically competent exMt. 
The findings from mouse models were further vali-
dated through in vitro experiments and analysis of sam-
ples from a small cohort of TBI patients. These results 
are consistent with previous clinical observations that 

patients with severe TBI develop substantial lung injury 
[37] but also delineate a new pathogenic pathway for 
TBI-ALI. We made several new observations.

First, morphologically intact exMt were detected in 
BALF samples from TBI patients and mice subjected to 
severe TBI (Fig. 1D). These exMt were derived not only 
from traumatically injured brains but also from endothe-
lial cells and platelets (Supplemental Figure S4). A criti-
cal note is that while the primary brain trauma of limited 
size, the number of neuronal exMt found in peripheral 
blood samples of TBI mice was comparable to those from 
endothelial cells and platelets, which are much greater in 
numbers. This observation is consistent with the fact that 

Fig. 5  Internalized exMt activated macrophages. (A) Immunofluorescence images showing an increase in pro-inflammatory macrophages (CD86+) and 
decrease in anti-inflammatory macrophages (CD206+) within the pulmonary tissue of mice after exMt exposure (scale bars: 100 μm, n = 6/group, paired t 
test). (B) The expression levels of inflammatory markers of RAW 264.7 macrophages were measured by qPCR (n = 5/group, paired t test). (C) Flow cytom-
etry analysis demonstrates an increase in pro-inflammatory macrophages (CD86+) following exMt treatment (n = 4/group, paired t test). (D) qPCR analysis 
of pro-inflammatory cytokine mRNA expression in lung tissues exposed to exMt (n = 6/group, paired t test). (E) ELISA data showing increased levels of IL-1, 
IL-6, and TNF-α in the supernatants of PBS, exMt and exMt + Dynasore treated RAW264.7 cells (n = 4/group, one-way ANOVA). (F) Flow cytometry assess-
ment of latex beads phagocytic activity of PBS, exMt and exMt + Dynasore treated RAW264.7 cells (n = 4/group, one-way ANOVA)
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Fig. 6 (See legend on next page.)
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neuronal cells are highly enriched in mitochondria, con-
taining 2,000–3,000 mitochondria (> 30% of the cell vol-
ume) because of their high energy needs [38]. In contrast, 
endothelial cells and platelets contain less than 5% of 
those in neurons [11, 39]. We did not test exMt from dif-
ferent cells for contributing to the development of TBI-
ALI because there is no evidence that exMt from different 
cells differ in their structure or express specific makers. 
However, we speculate that exMt are likely released first 
from cerebral cells at the site of primary injury in the 
early time of trauma, followed by exMt from endothelial 
and blood cells that were subjected to secondary isch-
emic, hypoxic, and inflammatory injuries. This sequen-
tial release of exMt may contribute to the propagation of 
injury from the brain to remote organs, such as the lungs, 
which are rich in vasculature with unique blood flow, as 
we found in this study (Fig.  3A). Unless binding to the 
endothelium, exMt are rapidly removed from the circula-
tion through the anionic-phospholipid mediated phago-
cytosis by scavenging factors such as lactadherin. While 
not investigated, some of the circulating exMt may also 
be degraded into substructures such as mitochondrial 
damage-associated molecular patterns (DAMPs). These 
DAMPs could further propagate inflammation and con-
tribute to the pathogenesis of acute lung injury.

We used an adaptive transfer mouse model to reca-
pitulate the pulmonary injuries in non-injured mice 
infused with exMt (vascular permeability, pulmonary 
edema, apoptosis, inflammation and respiratory deficits). 
Results presented in Fig. 2A-D demonstrate a causal link 
between exMt and TBI-ALI. This conclusion is supported 
by previous observations that mitochondrial fragments 
injected into non-injured mice cause edema, inflamma-
tory responses, and infiltration of alveolar macrophages 
of the lungs within 3 h post-injection [40, 41]. This time 
of detecting lung injury is consistent with the time when 
TBI-ALI developed in mice (Fig.  1B) [23]. Addition-
ally, we did not detect the significant effect of sex on the 
development and severity of exMt-induced acute lung 
injury after TBI (Supplemental Figure S6). This observa-
tion aligns with the clinical and epidemiological evidence 
that sex has minimal influence on the rate and sever-
ity of TBI-induced pulmonary complications [42, 43]. 

However, this observation does not exclude the effects of 
sex hormones on secondary injuries induced by TBI. For 
example, estrogen has been reported to reduce infection 
and inflammation associated with TBI [44, 45].

Second, we demonstrated that the phenotypic trans-
formation of macrophages is the key cellular mediator 
of exMt-induced TBI-ALI. The macrophages accumu-
lated in the perivascular space of the lungs where exMt 
co-exist, (Figs.  1 and 2) interact with and endocytosed 
by macrophages through CD36 and dynamin-mediated 
pathways. This conclusion is supported by: (1) Macro-
phages captured and engulfed exMt in the perivascular 
space of the lungs (Fig. 4). (2) ExMt induced a switch in 
macrophages to a pro-inflammatory type with increas-
ing CD86 and decreasing CD206 expressions in vivo 
(Fig.  5A-B) and in vitro (Fig.  5C), thus releasing pro-
inflammatory cytokines, including IL-1 and TNF-α 
(Fig. 5D). These inflammatory cytokines mediate macro-
phage recruitment and adherence [46]. (4) Macrophages 
simulated with exMt increased their phagocytosis activ-
ity (Fig. 5F), suggesting a pro-inflammatory state [47].

Another critical observation is that CD36 on mac-
rophages and cardiolipin on exMt mediated the exMt-
macrophage interaction because (1) cardiolipin is the 
dominant anionic phospholipid expressed on exMt 
(Supplemental Figure S2B) [8] and (2) the exMt-macro-
phage interaction was blocked by an antibody against 
CD36 (Supplemental Figure S10C), which is a scaven-
ger receptor expressed on macrophages and promotes 
lipid phagocytosis [28]. However, the dynamin-medi-
ated clathrin-endocytosis pathway is also involved in 
the phagocytosis of exMt and resultant pro-inflamma-
tory response because the dynamin inhibitor dynasore 
blocked exMt-induced proinflammatory response of 
macrophages (Fig. 5E-F). These observations suggest that 
exMt-macrophage interaction depends on both CD36 
and dynamin-mediated pathways but how the two sys-
tems work jointly remains to be investigated.

Notably, we demonstrated the ability of Del-1 to clear 
exMt (Supplemental Figure S10A and B), raising an 
important perspective that anionic phospholipid scaven-
ger molecules, such as Del-1, may reduce TBI-associated 
lung injury by removing exMt from the circulation. Del-1 

(See figure on previous page.)
Fig. 6  ExMt-derived ROS inhibits autophagy and promotes mTOR-dependent macrophage activation in RAW264.7 cells. (A)Protein levels of P62, LC3B 
and β-actin were expressed in PBS, exMt and exMt + Dynasore treated RAW264.7 cells and related statistical analysis (n = 5/group, one-way ANOVA). (B) 
Protein levels of P62, LC3B and β-actin were expressed in PBS, fresh exMt and fixed exMt-treated RAW264.7 cells and related statistical analysis (n = 5/
group, one-way ANOVA). (C) Protein levels of P62, LC3B and β-actin were expressed in PBS, exMt and exMt + NAC treated RAW264.7 cells and related 
statistical analysis (n = 5/group, one-way ANOVA). (D) ELISA measurements of pro-inflammatory cytokines in the culture supernatant of PBS, exMt and 
exMt + NAC treated RAW264.7 cells treated with exMt and rapamycin (n = 4/group, one-way ANOVA). (E) Flow cytometry analysis showing a decrease in 
CD86-positive cells in PBS, exMt and exMt + NAC treated RAW264.7 cells (n = 3–4/group, one-way ANOVA). (F) Protein levels of P62, LC3B and β-actin were 
expressed in exMt or exMt + Dynasore treated RAW264.7 and related statistical analysis (n = 5/group, one-way ANOVA). Protein levels of P62, LC3B and 
β-actin were expressed in exMt or exMT + Rapamycin treated RAW264.7 and related statistical analysis (n = 5/group, one-way ANOVA). (G) Flow cytometry 
analysis showing a decrease in CD86-positive cells after rapamycin treatment (n = 4/group, one-way ANOVA). (H) ELISA measurements of pro-inflamma-
tory cytokines in the culture supernatant of RAW264.7 cells treated with exMt and rapamycin (n = 4/group, one-way ANOVA)
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has been reported to promote the remission of inflam-
mation in macrophage, and Del-1 deficiency mice had 
enhanced macrophage polarization [48, 49].

Finally, the metabolic activity of exMt suggests a poten-
tial role of ROS in causing autophagy impairment and 
contributing to the phenotypic transformation of macro-
phages to proinflammation. This conclusion is supported 
by: (1) Impaired autophagic flux in macrophages incu-
bated with exMt (Fig.  6A) and its prevention by block-
ing ROS (Fig.  6B and C). (2) Impaired autophagic flux 
contributes to a proinflammatory response from exMt-
phagocytosed macrophages [47, 50]. (3) The activation 
of macrophages by exMt was blocked by the autophagy 
inducer rapamycin or inhibiting mTORC1 (Fig.  6G and 
H). Given that ROS are known to impair autophagy 
by activating mTORC1 [51–55], ROS carried by exMt 
may promote the classical activation of macrophages by 
impairing mTORC1-regulated autophagic flux.

Our study offers novel insights into exMt’s role in TBI-
ALI. The study limitations include: (1) this study focused 
mainly on the acute phase of TBI whereas the long-term 
effects of exMt were unexplored. For example, the effects 
of exMt on the cerebral endothelium may enhance TBI-
induced brain injury, leading to cognitive decline and 
behavioral abnormalities. Second, the study was con-
ducted in a controlled experimental setting with limited 
validation by a small cohort of TBI patients. Further 
clinical studies are needed to validate the role of exMt 
through fully powered clinical studies.

In summary, we have shown that exMt were released 
into BALF and contribute to the pathogenesis of TBI-
induced ALI by promoting perivascular accumulation 
and activation of proinflammatory macrophages that 
phagocytose exMt. These findings will provide new bio-
markers and therapeutic targets for the prevention of 
TBI-induced secondary lung injury.
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