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Abstract
Activation of microglia and mitochondrial dysfunction are two major contributors to the pathogenesis of sepsis-associated brain
dysfunction. Mitochondrial dysfunction can alter the immunological profile of microglia favoring to a pro-inflammatory phe-
notype. Mitochondrial transplantation, as an emerging mitochondria-targeted therapy, possesses considerable therapeutic poten-
tial in various central nervous system injuries or diseases. However, the effects of mitochondrial transplantation on microglial
polarization and neuroprotection after sepsis remain unclear. In this study, lipopolysaccharide (LPS)/interferon-γ (IFN-γ) and
interleukin-4 (IL-4)/interleukin-13 (IL-13) were used to induce different phenotypes of BV2 microglial cells. We observed that
mitochondrial content and function were enhanced in IL-4-/IL-13-stimulated microglia. In vitro, mitochondria treatment con-
ferred neuroprotection by enhancing microglial polarization from the M1 phenotype to the M2 phenotype and suppressing
microglial-derived inflammatory cytokine release. Furthermore, microglial phenotypes and behavior tests were assessed after
mice were subjected to sepsis by cecal ligation and puncture (CLP) followed by intracerebroventricular injection of exogenous
functional mitochondria. We found that mitochondrial transplantation induced microglial M2 rather than M1 response 24 h after
sepsis. Mitochondrial transplantation improved behavioral deficits by increasing the latency time in inhibitory avoidance test and
decreasing the number of crossing and rearing in the test session of open field test 10 days after CLP onset. These findings
indicate that mitochondrial transplantation promotes the phenotypic conversion of microglia and improves cognitive impairment
in sepsis survivors, supporting the potential use of exogenous mitochondrial transplantation therapy that may be a potential
therapeutic opportunity for sepsis-associated brain dysfunction.
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Introduction

Sepsis is characterized by various organ dysfunctions and
overwhelming systemic inflammatory responses [1, 2]. It
has been well known that the central nervous system (CNS)
is one of the first organs affected during sepsis [3], and neu-
roinflammation occurs early in the systemic inflammation [4].
Many clinical evidences indicate that sepsis survivors often
develop prolonged form of cognitive dysfunction [5–7] in
which neuroinflammation is a crucial step [8]. Although con-
siderable advances have been made on the treatment of sepsis,

cognitive impairment after sepsis remains a major cause of
mortality and can be further aggravated by constant detrimen-
tal neurological responses [9]. To date, little is known on the
exact mechanisms involved in brain dysfunction during sep-
sis; further attention and effective therapies are needed to be
directed toward the neurological impairment in sepsis.

Microglial activation is one of the major changes during
sepsis [10–12]. Activated microglia with amplified cytokine
production might result in prolonged detrimental effects by
negatively affecting neighboring neurons [13]. Two major
microglial subpopulations, classically activated (M1) pheno-
type and alternatively activated (M2) phenotype, have been
recognized and exerted either detrimental or beneficial effect
on neurological outcomes [14, 15]. It is classically believed
that the promotion of M2 microglia mediated anti-
inflammatory effects while the reduction of M1 microglia–
associated pro-inflammatory mediators may facilitate the res-
olution of uncontrolled inflammation and improve the prog-
nosis of sepsis-associated brain dysfunction [16].
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Mitochondria are critical for cellular metabolism and func-
tion [17]. Brain mitochondrial dysfunction occurs early after
sepsis, which is temporally related to cognitive impairment
[18, 19]. Furthermore, increasing evidences demonstrate that
mitochondrial dysfunction in activated microglia has been ob-
served in several animal models of CNS diseases [20, 21]. In a
recent study, Baik et al. demonstrated that M1 microglia me-
tabolisms are reprogrammed from oxidative phosphorylation
to aerobic glycolysis during the inflammatory process, indi-
cating the changes of mitochondrial function in M1 microglia
[22]. Indeed, mitochondrial dysfunction will change the im-
munological phenotypes of microglia, which hamper the al-
ternative activation ofM2microglia that associatedwith tissue
repair and anti-inflammatory effects [23]. Fortunately, the de-
livery of exogenous functional mitochondria into damaged
tissue has been proposed as a pivotal mechanism for the res-
toration of the function of damaged cells [24, 25]. In addition,
the transfer of mitochondria from an allogeneic cell can re-
store cellular metabolic gene expression, metabolite profiles,
and global energetic [26]. Mitochondrial transplantation,
which aims to restore mitochondrial functions and control
mitochondrial mass, has been considered as a potential master
key for the treatment of various neurological diseases [27, 28].
However, whether the protective effect of exogenous mito-
chondria by inducing M2 microglial polarization on sepsis-
associated brain dysfunction has not yet been well studied.

Therefore, we hypothesized that exogenous mitochondrial
transplantation could effectively drive microglial phenotypic
conversion and then ameliorate inflammatory responses and
further improve cognitive impairment after sepsis. Here, we
examined mitochondrial content and function in both lipo-
polysaccharide (LPS)-/interferon-γ (IFN-γ)- and interleukin-
4 (IL-4)-/interleukin-13 (IL-13)-stimulated BV2 murine
microglial cell lines and found that mitochondrial status was
restored in IL-4-/IL-13-stimulated microglia. We explored the
ability of exogenous transplanted mitochondria to modulate
microglial phenotypic conversion both in vivo and in vitro. In
addition, the effects of exogenous mitochondria on microglia-
mediated inflammation and neuronal survival were also inves-
tigated. Furthermore, we assessed the impacts of transplanted
functional mitochondria on long-term cognitive outcomes in
the mice model of cecal ligation and puncture-induced sepsis
to support the potential of transplanted mitochondria for the
improvement of cognitive decline after sepsis.

Materials and Methods

Animals

All animal experiments were approved by the Institutional
Animal Care and Use Committees of Xi’an Jiaotong
University (Xi’an, Shaanxi, China). Male C57BL/6 mice (6

to 8 weeks old) were obtained from Experimental Animal
Center of Xi’an Jiaotong University (Xi’an, Shaanxi, China)
and housed in specific pathogen-free cages with a constant
temperature of 21 ± 1 °C at 12-h light–dark cycle and free
access to food and water.

Mitochondrial Isolation and Fluorescent Labeling

The mitochondrial isolation was the same as previous
studies [29, 30]. Briefly, the pectoralis major was used
to obtain allogeneic biopsies of muscle samples through
a biopsy punch. The samples were washed with ice-cold
homogenization buffer (300 mM sucrose, 10 mM
HEPES, and 1 mM EGTA, pH 7.4) and then homoge-
nized using Dounce tissue grinders. After homogeniza-
tion, subtilisin A protease (Sigma-Aldrich, St. Louis,
MO, USA) was added for 5 min and then filtered across
40-μm Falcon Cell Strainers (Thermo Fisher Scientific,
Waltham, MA, USA). The filtrate was centrifuged at
600×g for 10 min at 4 °C. The supernatant was collect-
ed and filtered across a 10-μm pluriSelect mesh
(PluriSelect, San Diego, CA, USA). Then, the filtrate
was centrifuged at 9000×g for 10 min at 4 °C. The
number of mitochondria was determined as previously
described [29].

Cell Culture and Treatment

Mouse BV2 microglial cell line and HT22 hippocampal cell
line were cultured in Dulbecco’s modified Eagle’s medium
(HyClone, Logan, UT, USA) with 10% fetal bovine serum
(Gibco, Rockville, MD, USA) and 1% penicillin/
streptomycin (Gibco, Rockville, MD, USA) in a humidified
atmosphere of 95% air and 5% CO2 at 37 °C. Microglial
polarization into M1 and M2 states was induced according
to the described protocol [31, 32].

Primary mouse microglial cells were isolated from the
whole brain of postnatal day 1 C57BL/6 mouse pups.
Briefly, the meninges were removed, and single-cell suspen-
sions were generated by trypsinization and trituration. Mixed
glial cultures were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. After 7–10 days, microglia were har-
vested from the mixed glial cultures by using a rocking device
and were allowed to rest for 24 h prior to treatment.

To generate M1 microglia, cells were treated with LPS
(100 ng/ml, Sigma-Aldrich, St. Louis, MO, USA) and recom-
binant mouse IFN-γ (10 ng/ml, PeproTech, Rocky Hill, NJ,
USA) for 24 h. To generate M2 microglia, cells were treated
with IL-4 (20 ng/ml, PeproTech, Rocky Hill, NJ, USA) and
IL-13 (20 ng/ml, PeproTech, Rocky Hill, NJ, USA) for 24 h.
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Mitochondrial Transplantation Protocol In vitro

About 3 × 106 intact mitochondria from C57BL/6 donor mice
skeletal muscle were immediately added into different stimu-
lated microglia media. LPS-/IFN-γ-stimulated microglia were
treated with mitochondria for 24, 48, or 72 h. The control +
mitochondria (ctrl + mito) group was given equivalent num-
bers of mitochondria for 24, 48, or 72 h without stimulating
microglia using LPS/IFN-γ. After each treatment, cells were
harvest for further testing.

Cellular MitoTracker Red Fluorescence Staining

After microglia were stimulated using LPS/IFN-γ and IL-4/
IL-13, respectively, cells were incubated with MitoTracker
Red CMXRos dye (M7512, Thermo Fisher Scientific,
Waltham, MA, USA) for 20 min at a concentration of
200 nM. Then, cells were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis,
MO, USA). The fluorescence microscopy of staining cells
was observed by a confocal microscope system (TCS SP8
STED 3×, Leica, Germany) with excitation wavelength
579 nm and emission wavelength 599 nm.

mtDNA Quantitation

The levels of mtDNA copy number were assessed by quanti-
tative polymerase chain reaction (qPCR) using TB Green
Premix Ex Taq™ II Kit (TaKaRa, Kusatsu, Shiga, Japan)
and the ABI StepOne plus Real-Time PCR System (Applied
Biosystems). Cell total DNA was isolated using QIAamp
DNA Mini Kit (Qiagen, Valencia, CA, USA). The mtDNA
contents were determined as mtDNA-encoded nicotinamide
adenine dinucleotide dehydrogenase subunit 1 (ND1) gene
and normalized against the nuclear-encoded POU class 5 ho-
meobox 1 gene as in a previous study [33]. Relative quantifi-
cation of mtDNA copy number was calculated using the
comparative-Ct method (ΔΔCt method). Specific primers
were synthesized by the Shenggong (Wuhan, China) as fol-
lows: ND1: forward 5′-GTGACGTTGACATCCGTAAA
GA-3′ and reverse 5′-GTAACAGTCCGCCTAGAAGCAC-
3 ′ , POU class 5 homeobox 1: forward 5 ′-AGAG
TATGAGGCTACAGGGAC-3′ and reverse 5′-CAGA
GCAGTGACGGGAACAGA-3′.

Mitochondrial Membrane Potential

The mitochondrial membrane potential was assessed by flow
cytometry using JC-1 mitochondrial membrane potential de-
tection assay kit (Beyotime, Nantong, China). Microglia were
seeded at a density of 5 × 105 cells/well in 6-well plates. After
incubating for 24 h, the cells were treated with different agent
combinations for 24 h to induce corresponding phenotypes.

The cells were collected and resuspended in 0.5 ml complete
medium and then added 0.5 ml JC-1 working solution follow-
ed by incubating at 37 °C for 20 min in the dark according to
the manufacturer’s instructions. After washing with buffer
solution, cells were analyzed by flow cytometry.

ATP Determination

Intracellular ATP levels were measured using a firefly
luciferase-based ATP assay kit (Beyotime, Nantong, China)
according to the manufacturer’s instructions. After treatments,
microglia were lysed and centrifuged at 12,000×g for 5 min.
Supernatants were mixed with ATP detection working dilu-
tion in a black 96-well plate. Luminescence was measured
using a Varioskan® Flash microplate reader (Thermo Fisher
Scientific, Inc., Rockford, IL). Standard curves were also gen-
erated, and the protein concentration of each treatment groups
was determined using the bicinchoninic acid method. Total
ATP levels were expressed as micromoles per milligram of
protein.

Direction of Transplanted Mitochondria In vitro

To observe isolated mitochondria transfer into M1 microglia,
microglia were seeded on glass coverslips in 24-well plates
and stimulated using LPS/IFN-γ. The prepared mitochondria
stained with MitoTracker Red CMXRos dye (M7512,
Thermo Fisher Scientific, Waltham, MA, USA) were imme-
diately co-incubated with LPS-/IFN-γ-stimulated microglia
for 24 h and proceed with the following immunocytochemis-
try experiments. The images were captured using a Nikon A1
confocal microscope (Nikon, Tokyo, Japan).

Immunocytochemistry

After control microglia and LPS-/IFN-γ-stimulated microglia
were treated with mitochondria, cells were washed in
phosphate-buffered saline (PBS), fixed for 20 min in 4% para-
formaldehyde at room temperature, and were permeabilized in
PBS containing 0.1% Triton X-100 for 15 min, followed by
blocking in PBS with 1.5% bovine serum albumin (BSA) for
60 min. Then, they were incubated for 24 h at 4 °C with the
following primary antibodies: an anti-Arg-1 rabbit antibody
(1:50 dilution, Abcam, San Francisco, CA, USA) and an anti-
iNOS rabbit antibody (1:50 dilution, Abcam, San Francisco,
CA, USA). To visualize the transfer of mitochondria into
LPS-/IFN-γ-stimulated microglia, cells were incubated with
an anti-Iba-1 mouse antibody (1:100 dilution, Santa Cruz
Biotechnology, USA) only. After three 10-min rinses in
PBS, cells were incubated with Alexa Fluor 488–labeled goat
anti-rabbit IgG (1:200 dilution, Invitrogen, Carlsbad, CA,
USA) and Alexa Fluor 488–labeled goat anti-mouse IgG
(1:200 dilution, Invitrogen, Carlsbad, CA, USA) for 2 h at
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room temperature in the dark and counterstained with DAPI
(Sigma-Aldrich, St. Louis, MO, USA). Cells without the ad-
dition of primary antibody served as negative controls. Images
were performed under a fluorescence microscope (Carl Zeiss,
Jena, Germany) or Nikon A1 confocal microscope (Nikon,
Tokyo, Japan). Fluorescence intensity of cells was measured
using the ImageJ software.

Enzyme-Linked Immunosorbent Assay

The supernatant of different treated microglia was rapidly har-
vested. Tumor necrosis factor-α (TNF-α), interleukin-1β (IL-
1β), interleukin-6 (IL-6), IL-4, interleukin-10 (IL-10), and
transforming growth factor-β (TGF-β) levels were quantified
with specific enzyme-linked immunosorbent (ELISA) assay
kits for mice according to the manufacturer’s instructions
(eBioscience, San Diego, CA, USA).

Co-culturing HT22 Cells and BV2 Cells Using the
Transwell System

Here we use a transwell contact-independent neuron-microg-
lia co-culture system. LPS-/IFN-γ-stimulated BV2 cells (5 ×
104/well) with or without mitochondria treatment for 24 h
were seeded in transwell inserts, and HT22 cells (2 × 105/well)
were cultured in 24-well culture plates in the lower compart-
ment. To evaluate the effects of the BV2 cells on the survival
of the HT22 cells, we divided the cells into three groups: (1)
control group—BV2 cells were seeded on transwell inserts;
(2) LPS/IFN-γ group—BV2 cells were stimulated with LPS/
IFN-γ for 24 h; (3) LPS/IFN-γ + mito group—LPS-/IFN-γ-
stimulated BV2 cells were treated with mitochondria for 24 h.
Then, microglia were co-cultured with HT22 cells in a humid-
ified incubator at 37 °C for 24 h.

Determination of Apoptotic Rate by Flow Cytometry

After HT22 cells co-culture with microglia for 24 h, HT22
cells were collected, washed twice with cold PBS, resuspend-
ed at a density of 5 × 105 cells/ml, and then stained with 5μl of
Annexin V-FITC and 5 μl of PI for 15 min at room tempera-
ture in the dark according to the manufacturer’s instructions.
Cell apoptosis was analyzed by using flow cytometry
(Calibur, BD Biosciences, USA).

Cell Proliferation and Cytotoxicity Assay

After HT22 cells were co-cultured with microglia for 24 h, the
HT22 cells were washed and evaluated via the CCK-8 assay.
CCK-8 solution was added to each well of the plate according
to manufacturer’s instructions (Beyotime, Nantong, China),
which was then incubated for 4 h. Finally, the absorbance
was measured at 450 nm using a microplate reader.

LDH Release Assay

LDH release was measured using an LDHCytotoxicity Assay
Kit (Beyotime, Nantong, China) according to the manufac-
turer’s instructions [34]. In brief, LDH activity in the super-
natants of HT22 cells after co-culture with different treated
microglia was collected. The blank control was the wells with-
out cells but containing 200 μl of culture medium, and the
maximum control was the wells containing 10% lactate re-
lease reagent. OD was measured at a wavelength of 490 using
a Varioskan® Flash microplate reader (Thermo Fisher
Scientific, Inc., Rockford, IL). LDH release was calculated
by the following: Cytotoxicity (%) = [Experimental ODs −
Blank ODs] / [Maximum LDH release ODs −Blank ODs] ×
100.

CLP Model

Mice were subjected to cecal ligation and puncture (CLP)
model as previously described with some additional modifi-
cations [35]. Briefly, mice were anesthetized using an inhala-
tion of isoflurane and the midline laparotomy was performed.
A longitudinal 1-cm incision was then made in the peritone-
um. The cecum was exteriorized and ligated using a 4-0 silk
suture at half of the distance between the basis of the cecum
and the distal pole. Then, a 21-gauge needle was used to
perforate with through-and-through puncture and the cecum
was squeezed to extrude a small amount of feces. The cecum
was returned to the peritoneal cavity. In the sham group, the
cecum was taken out and returned without ligation or punc-
ture. Survival rate and body weight were evaluated over a 10-
day period with assessment every 12 h after treatment. In
addition, mice were resuscitated with pre-warmed saline
(50 ml/kg) subcutaneously (s.c.) immediately after CLP. All
animals received antibiotics (ceftriaxone at 30 mg/kg and
clindamycin 25 mg/kg) every 12 h s.c. for a total of 3 days
to minimize incidence of infection [36].

Mitochondrial Transplantation Protocol In vivo

Mice were randomly divided into the following groups: sham
+ vehicle, sham + mito, CLP + vehicle, and CLP + mito. The
CLP + vehicle and CLP + mito underwent CLP and received
an ICV injection of isolated mitochondria or isometric control
solution immediately after CLP. Freshly prepared mitochon-
dria or equivalent amount of vehicle was injected into the left
lateral ventricle (0.4 mm posterior, 1 mm lateral, and 2.5 mm
ventral to the bregma) over 10 min, and the needle was left in
place afterwards for another 10 min. No animals died after
transplantation. Mice received a unilateral injection with 4 ×
106/5 μl mitochondrial particles or only 5 μl of vehicle sol-
vent. During the whole procedure, the temperature of rectal
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was monitored and maintained at 37.0–37.5 °C by surface
heating or cooling until the mice recovered from anesthesia.

Direction of Transplanted Mitochondria In vivo

The isolated mitochondria were staining with 0.1 μM
MitoTracker Red CMXRos for 20 min. The ICV injection
of labeled mitochondria was given as previously described.
Then, the brains were fixed in 4% paraformaldehyde for
24 h after operation. To verify the presence of exogenous
mitochondria in hippocampal microglia, the images were cap-
tured using a Nikon A1 confocal microscope (Nikon, Tokyo,
Japan).

Immunohistochemistry

At 24 h after operation onset, the mice were anesthetized and
transcardially perfusedwith normal saline and 4% paraformal-
dehyde, and their brains were removed and post-fixed over-
night in 4% paraformaldehyde in PBS at 4 °C. After dehydra-
tion in 20% and 30% sucrose, the brains were sectioned
(13 μm) using a CryoStar NX50 cryostat (Thermo
Scientific, San Jose, CA, USA). The sections were washed
three times with PBS and permeabilized with 0.3% Triton
X-100 in PBS for 15 min at room temperature. After the sec-
tions were washed with PBS, they were blocked for 60 min
with 2% BSA in PBS; then, the sections were incubated over-
night at 4 °C with primary antibody: an anti-Iba-1 mouse
antibody (1:100 dilution, Santa Cruz Biotechnology, USA).
After three washes times with PBS, sections were incubated
with secondary antibody Alexa Fluor 488–labeled goat anti-
mouse IgG (1:200 dilution, Invitrogen, Carlsbad, CA, USA)
for 2 h at room temperature. Nuclei were counterstained with
DAPI (Servicebio Technology Co., Ltd., Wuhan, Hubei,
China). Fluorescence images were captured using a Nikon
A1 confocal microscope (Nikon, Tokyo, Japan).

Western Blot Analysis

The hippocampus was rapidly isolated on ice at 24 h after
operation, and western blot was performed as previous de-
scribed [31]. The following primary antibodies to iNOS
(1:1000, Abcam, San Francisco, CA, USA), IL-6 (1:1000,
Proteintech, Wuhan, China), CD206 (1:1000, Proteintech,
Wuhan, China), arginase-1 (Arg-1, 1:1000, Abcam, San
Francisco, CA, USA), and β-actin (1:1000, Proteintech,
Wuhan, China) were used. The immunoreactive bands were
detected by enhanced chemiluminescence detection kit
(Pierce, Rockford, IL). Images were captured using a chemi-
luminescence system (Bio-Rad, Hercules, CA, USA) and an-
alyzed with QuantityOne software (Bio-Rad Laboratories).

Behavioral Tests

All behavioral tests were performed between 9:00 am
and 4:00 pm during the light cycle in a sound-isolated
room. To avoid interference of fecal boli and urination
from other mice, the trial site was thoroughly cleaned
after each test. All mice were evaluated in the open
field test and the step-down inhibitory avoidance test
10 days after CLP.

Open Field Test The training session and the test session
were used to assess motor performance and non-
associative memory respectively as previous study [8,
37]. During the test session, each trial lasted for 300 s,
the number of lines crossed on the floor of the arena
(number of crossing), and the number of rearing (eleva-
tion on rear paws) was recorded. After 24 h, the mice
were submitted again in the test session. The behaviors
were recorded by an open field system (Chengdu
Taimeng Software Co. Ltd., Sichuan, China). The de-
creases in the number of crossing and rearing between
the two sessions represented the retention of habituation
memory.

Step-down Inhibitory Avoidance Test The test was performed
as previously described [8]. For training, mice were placed on
a platform in the left corner of an inhibitory avoidance box.
When mice stepped down on the grid with all four paws, they
received a 0.3-mA, 2.0-s foot shock. After 24 h of the training
session, mice were placed on the platform again and their
latency to step down on the grid with all four paws was re-
corded. Amaximum time of 180 s was used in the test session.
The test trial latency of the test session was used to evaluate
the aversive memory and was recorded by a step-down inhib-
itory avoidance system (Chengdu Taimeng Software Co. Ltd.,
Sichuan, China).

Statistical Analysis

Comparisons of differences in continuous variables were
conducted using two-tailed unpaired Student’s t test or
one-way ANOVA test followed by Tukey’s test for mul-
tiple comparisons. Data are presented as mean ± SD.
Kaplan–Meier survival curves were analyzed using the
log-rank test. The changes of body weight were deter-
mined by two-way ANOVA with two-factor repeated
measures ANOVA. The mean latency of step-down inhib-
itory avoidance test was expressed as median and inter-
quartile ranges using Mann–Whitney U test. Data were
analyzed using GraphPad Prism (GraphPad Software
8.0, Inc., San Diego, CA, USA) and SPSS 20.0 (SPSS,
Inc., Chicago, IL, USA). P < 0.05 was considered statisti-
cally significant.
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Results

Mitochondrial Content and FunctionWere Restored in
M2 Microglia

To verify the content and function of mitochondria in different
phenotypes of microglia, LPS and IFN-γ as M1 triggers and
IL-4 and IL-13 as M2 triggers were used to stimulate BV2
microglia. The protein expression of induced nitric oxide syn-
thase (iNOS) (P = 0.0002, control vs. LPS/IFN-γ; Fig. 1a)
was enhanced by LPS/IFN-γ treatment in microglia. In con-
trast, the expression of Arg-1 was dramatically increased in
IL-4-/IL-13-stimulated microglia (P < 0.0001, control vs. IL-
4/IL-13; Fig. 1b). We also found that the expression of mito-
chondrial biomarker COX IV was decreased after LPS/IFN-γ
treatment (P = 0.0208, control vs. LPS/IFN-γ) and increased
in the presence of IL-4/IL-13 (P = 0.0058, LPS/IFN-γ vs. IL-
4/IL-13; Fig. 1c). Consistently, we used MitoTracker Red
CMXRos, a probe that is dependent on mitochondrial mem-
brane potential and its staining correlates with mitochondrial
function. MitoTracker fluorescence intensity was decreased in
LPS-/IFN-γ-stimulated microglia (P = 0.0475, control vs.
LPS/IFN-γ) and markedly increased in IL-4/IL-13 treatment
group (P = 0.0099; Fig. 1d, e) compared with those in LPS/
IFN-γ treatment group, which indicated that M2 microglia
contained more functional mitochondria. Additionally, the
mtDNA copy number, normalized against the nuclear DNA,
was reduced after LPS/IFN-γ treatment (P = 0.0309, control
vs. LPS/IFN-γ) and increased IL-4/IL-13 treatment group
(P = 0.0145, LPS/IFN-γ vs. IL-4/IL-13; Fig. 1f). These data
indicated that M2 microglia presented more mitochondria
content and more functional mitochondria than M1 detrimen-
tal phenotype. To determine the mitochondrial energy supply
in different phenotypes of microglia, we tested the intracellu-
lar ATP levels. The results demonstrated that the intracellular
ATP levels were obviously increased in IL-4-/IL-13-stimulat-
ed microglia compared with the LPS/IFN-γ group (P =
0.0016; Fig. 1g). To further explore the integrity and function
of mitochondria in different phenotypes of microglia, we mea-
sured the mitochondrial membrane potential by flow cytome-
try. As shown in Fig. 1 h and i, mitochondria stained with JC-1
had higher red fluorescence signal in IL-4-/IL-13-stimulated
microglia (P = 0.0063) than LPS-/IFN-γ-stimulated microg-
lia, which indicated that the function and integrity of mito-
chondria were collapsed inM1 phenotype. These results dem-
onstrate that mitochondrial content and function are restored
in M2 beneficial microglial phenotype.

Mitochondrial Transplantation Tended to Prime
Microglia Toward M2 Phenotype In vitro

We first confirmed whether transplanted mitochondria
could be internalized into LPS-/IFN-γ-stimulated

microglia. Confocal microscopy images suggested that
MitoTracker Red CMXRos–labeled mitochondria were
internalized into LPS-/IFN-γ-stimulated BV2 microglia
(Fig. 2a). To further establish a direct link between ex-
ogenous mitochondria and the activation state of mi-
croglia, isolated mitochondria were applied for 24, 48,
and 72 h to LPS-/IFN-γ-stimulated microglia, and pro-
tein expressions were analyzed after mitochondria treat-
ment. As seen in Fig. 2b, the expression levels of iNOS
(P < 0.0001) and IL-6 (P = 0.0101) were increased after
LPS/IFN-γ stimulation, while iNOS (P < 0.0001, P =
0.0009, P < 0.0001, respectively) and IL-6 (P = 0.0085,
P = 0.0062, P = 0.0260, respectively) protein levels were
significantly decreased after the stimulated microglia ex-
posure to mitochondria for 24, 48, and 72 h. In con-
trast, the expression of Arg-1 (P = 0.0014, P = 0.0016,
P = 0.0210, respectively) was dramatically increased at
24, 48, and 72 h. Meanwhile, the level of CD206 was
only increased at 24 and 48 h (P = 0.0030, P = 0.0354,
respectively; Fig. 2c). Thus, exogenous mitochondria
applied for 24 h were sufficient to induce the phenotyp-
ic switch of microglia.

Accordingly, the immunofluorescence assay about the
primary microglial cells also showed that iNOS protein lev-
el (P < 0.0001) was increased after LPS/IFN stimulation.
Compared with the LPS/IFN-γ group, the expression of
iNOS (P = 0.0025) was lower and the expression of Arg-1
(P < 0.0001) was higher in mitochondria-treated M1 mi-
croglia for 24 h (Fig. 3a–d). We next assessed possible
alterations of inflammatory factors secreted by primary mi-
croglia stimulated with LPS/IFN-γ in the absence or pres-
ence of mitochondria. The results showed that compared
with the LPS/IFN-γ group, pro-inflammatory cytokines

�Fig. 1 Mitochondrial content and function in different BV2 microglial
phenotypes. The M1microglia were induced by LPS plus IFN-γ, and the
M2 microglia were induced by IL-4 plus IL-13. a Quantitative analysis
showed that LPS/IFN-γ treatment increased iNOS expression (n = 3). b
IL-4/IL-13 treatment increased Arg-1 expression (n = 3). c IL-4/IL-13
treatment increased COX IV expression (n = 4). d, e MitoTracker Red
CMXRos fluorescence staining and its fluorescence intensity showed the
increased mitochondrial content in IL-4/IL-13 treatment group (n = 5). f
Mitochondrial DNA (mtDNA) copy number of different stimulated
microglia was assessed by quantitative polymerase chain reaction (n =
3). g Intracellular ATP levels in different stimulated microglia (n = 5). h
Flow cytometry analysis of the mitochondrial membrane potential of
different stimulated microglia stained with JC-1. FL1 represents JC-1
green, and FL2 represents JC-1 red. In the normal cells, JC-1
aggregates and emits red fluorescence, but when the mitochondrial
membrane potential collapsed, JC-1 is not able to accumulate in the
mitochondria and emits green fluorescence. i Quantitation of the JC-1
red/JC-1 green ratio showed increased mitochondrial membrane
potential after IL-4/IL-13 treatment (n = 6). Data are expressed as mean
± SD. *P < 0.05, ***P < 0.001 versus the control group; #P < 0.05,
##P < 0.01, ####P < 0.0001 versus the LPS/IFN-γ group, by one-way
ANOVA and Tukey’s test
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TNF-α (P < 0.0001), IL-6 (P < 0.0001), and IL-1β (P =
0.0115) were increased in the LPS/IFN-γ group, while mi-
tochondria treatment significantly reduced the levels of
TNF-α (P = 0.0034), IL-6 (P = 0.0020), and IL-1β (P =
0.0073). Anti-inflammatory cytokines were also analyzed.
There were no differences in IL-10 levels after mitochon-
dria treatment compared with the LPS/IFN-γ group. The
levels of TGF-β (P = 0.0002) and IL-4 (P = 0.0005) were
significantly increased in the LPS/IFN-γ + mito group
compared with the LPS/IFN-γ group (Fig. 3e). Moreover,
there were no differences in inflammatory cytokines be-
tween the ctrl and the ctrl + mito groups. Thus, these results
indicate that microglia treated with exogenous mitochon-
dria for 24 h after LPS/IFN-γ stimulation was adequate for
skewing the microglia functional polarity from M1 to M2
phenotype and greatly easing the inflammatory storm trig-
gered by LPS/IFN-γ.

Mitochondrial Transplantation Reduced the Toxicity
of Neuron Co-cultured with M1 Microglia In vitro

To further confirm the effects of mitochondria-mediated
conversion of microglial polarization on neuronal surviv-
al, BV2 microglia were treated with LPS/IFN-γ in either
the presence or the absence of mitochondria, or control,
and co-cultured with HT22 neurons in a transwell co-
culture system for 24 h (Fig. 4a). Results showed that
LPS-/IFN-γ-stimulated microglia increased neuronal ap-
optosis (P < 0.0001; Fig. 4b, c), decreased cell viability
(P = 0.0014; Fig. 4d), and enhanced lactate dehydroge-
nase release (P = 0.0021; Fig. 4e) compared with the
control group, whereas when LPS-/IFN-γ-stimulated mi-
croglia were treated with mitochondria to skew its differ-
entiation and then co-cultured with HT22 cells for 24 h,
the cell apoptosis of HT22 was significantly decreased

Fig. 2 Mitochondrial transplantation promoted the phenotypic
conversion of microglia. a Confocal microscopy of MitoTracker Red
CMXRos–labeled mitochondria was internalized into LPS-/IFN-γ-
stimulated BV2 microglia. b Quantitative analysis of iNOS and IL-6
expressions in LPS-/IFN-γ-stimulated BV2 microglia treated with or
without mitochondria for 24, 48, and 72 h (n = 3). c Quantitative

analysis of Arg-1 and CD206 expressions in LPS-/IFN-γ-stimulated
BV2 microglia treated with or without mitochondria for 24, 48, and
72 h (n = 3). Data are expressed as mean ± SD. *P < 0.05,
****P < 0.0001 versus the control group; #P < 0.05, ##P < 0.01,
###P < 0.001, and ####P < 0.0001 versus the LPS/IFN-γ group, by one-
way ANOVA and Tukey’s test
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(P = 0.0022), the cell viability was enhanced (P =
0.0061), and the release of lactate dehydrogenase was
reduced (P = 0.0203) compared with the LPS/IFN-γ
group. These results demonstrate that exogenous mito-
chondria treatment modulates microglial polarization
and thus enhances neuronal survival.

Mitochondrial Transplantation Enhanced the Switch
of M1 to M2 Phenotypes After Sepsis

To determine whether administration of exogenous mitochon-
dria contributed to microglial polarization through targeting of
these mitochondria into the hippocampal microglia, we

Fig. 3 Immunofluorescence staining and inflammatory cytokine release
after primary microglia treated with exogenousmitochondrial for 24 h. a–
d Representative immunofluorescence staining of iNOS and Arg-1 in
LPS-/IFN-γ-stimulated primary microglia treated with or without
mitochondria (n = 5). e Enzyme-linked immunosorbent assay–based

comparisons of TNF-α, IL-6, IL-1β, TGF-β, IL-4, and IL-10 levels in
the different treatment groups (n = 6). Data are expressed as mean ± SD.
*P < 0.05, ****P < 0.0001 versus the control group; ##P < 0.01,
###P < 0.001, and ####P < 0.0001 versus the LPS/IFN-γ group, by one-
way ANOVA and Tukey’s test
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administered MitoTracker Red CMXRos–labeled mitochon-
dria via ICV injection (5 μl, ~ 7.5 × 108) immediately after
mice were submitted to CLP model. After 24 h, animals were
perfused, and serial sections of hippocampus were processed
for immunofluorescence staining. We observed that the
MitoTracker Red CMXRos–labeled mitochondria were de-
tected and well co-localized with Iba1-positive microglia in
the dentate gyrus dentate (Fig. 5a), suggesting that
MitoTracker Red CMXRos–labeled mitochondria internal-
ized into microglia of the hippocampus. Furthermore, to con-
firm whether mitochondrial transplantation affects microglial
polarization after sepsis, the expression levels of iNOS and
Arg1 in the hippocampus at 24 h after CLP onset were mea-
sured. CLP + vehicle mice displayed an increase in iNOS
protein level (P = 0.0003), which was reversed by the mito-
chondria treatment (P = 0.0120). Arg-1 protein level in the
CLP + vehicle group did not differ from the sham + vehicle
group (P = 0.1468), while it was significantly increased (P =
0.0077) in the CLP + mito group (Fig. 5b) compared with the
CLP + vehicle group, indicating that transplanted mitochon-
dria induced an effective shift of microglia from M1 to M2
state.

Mitochondrial Transplantation Ameliorated
Behavioral Deficits in Mice After Sepsis

Here, the survival rates and body weight among the four
groups were monitored consecutively for 10 days. The surviv-
al rates of mice from the sham + vehicle and the sham + mito
groups both exhibited 100% during the 10-day follow-up.
Mice from the CLP + vehicle and the CLP + mito groups
presented 60.61% and 66% respectively 10 days after sepsis
onset, and there were no significant differences between the
two CLP groups (Fig. 6a). There were significant differences
in body weight changes in sham + vehicle vs. CLP + vehicle
group (P < 0.05) or sham + mito vs. CLP + mito group
(P < 0.05). However, we did not observe significant differ-
ences in body weight changes between the CLP + vehicle
and the CLP + mito groups on 10-day follow-up (Fig. 6b).
These results demonstrated that mitochondrial transplantation
did not improve the mortality and body weight of septic mice;
however, it indeed ameliorated the behavioral deficits. In the
open field test, there were no significant differences in the
number of crossing and rearing between the CLP + vehicle
group and the CLP + mito group in the training session (P =

Fig. 4 The effect of exogenous mitochondria–mediated microglial
polarization on neuronal survival in Transwell system. a Mimetic
diagram of in vitro experiment of BV2 microglia and HT22 cells
transwell co-culture system. b, c The apoptosis of HT22 cells after
incubation with LPS-/IFN-γ-stimulated BV2 microglia in the presence
or absence of mitochondria for 24 h was analyzed by flow cytometry (n =

5). Control (ctrl) was HT22 cells co-cultured with untreated BV2
microglia. d Cell viability of HT22 cells were analyzed by the CCK8
assay (n = 6). e Neuronal death was quantified by LDH release (n = 5).
Data are expressed as mean ± SD. **P < 0.01, ****P < 0.0001 versus the
control group; #P < 0.05, ##P < 0.01 versus the LPS/IFN-γ group, by one-
way ANOVA and Tukey’s test
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0.5940), which demonstrated no differences in motor and ex-
ploratory activities between groups after CLP model. During
the test session, after CLP, we could only observe the de-
creased number of crossing (P = 0.0280) and rearing (P =
0.0372) in the mitochondria treatment group as compared
with those obtained in the training session, which indicated
improvement in memory retention performance (Fig. 6c). In
the step-down inhibitory avoidance test, mitochondrial trans-
plantation dramatically increased the latency time when mice
suffering from CLP challenged (P = 0.0286, CLP + mito vs.
CLP + vehicle) (Fig. 6d). Therefore, these results indicate that
mitochondrial transplantation improves cognitive impairment
after sepsis.

Discussion

The present study provides several novel insights regarding
the neuroprotective effects of exogenous functional mitochon-
drial transplantation on modulating microglial polarization af-
ter sepsis. We demonstrated that mitochondrial content and
function were restored in M2 beneficial microglial phenotype.
Our in vivo and in vitro studies identified a pivotal role of
mitochondrial transplantation inmodulatingmicroglial activa-
tion states. Our data also showed that M1 microglia treated

with exogenous mitochondria promoted neuronal survival via
suppressing multiple pro-inflammatory cytokines.
Furthermore, mitochondrial transplantation improved memo-
ry retention and lessened behavioral deficits after sepsis by
modulating microglial phenotype.

Mitochondrial dysfunction was observed in activated mi-
croglia [23]. However, the mitochondrial status in classically
activated M1 microglia and alternatively activated M2 mi-
croglia is still unclear. In our present studies, one of the re-
markable findings is that mitochondrial content increased in
M2 microglia but decreased in M1 microglia. In fact, cellular
mitochondrial content is not constant and could be changed
under different physiological and pathological conditions
[38]. Our results showed that mitochondrial biomarker COX
IV expression, fluorescence intensity of MitoTracker Red
CMXRos staining, and the mtDNA copy number were in-
creased in M2 microglia. In addition, our study observed that
the mitochondrial function in M2 microglia was restored as
shown by increased JC-1 staining and intracellular ATP
levels. These findings indicate that M2 microglia exhibit a
better mitochondrial status including the mitochondrial con-
tent and function.

Given that mitochondrial dysfunction occurs in M1 pro-
inflammatory phenotype, improving mitochondria status
may be an efficient strategy for modulating the functional

Fig. 5 Mitochondria transplantation enhanced microglial phenotypic
switch from M1 to M2 phenotype after sepsis. a After 24 h, the
direction of transplanted mitochondria labeled with MitoTracker Red
CMXRos was detected using the confocal microscopy to verify the
presence of exogenous mitochondria internalized into microglia stained

with anti-Iba1 (green) after sepsis in the hippocampus. bWestern blotting
showed the expressions of iNOS and Arg-1 in the hippocampus at 24 h
after CLP model (n = 4). Data are expressed as mean ± SD. ***P < 0.001
versus the sham + vehicle group, #P < 0.05, ##P < 0.01 versus the CLP +
vehicle group, by one-way ANOVA and Tukey’s test
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phenotype of microglia. Increasing studies have emphasized
the important role of microglial phenotypic switch form M1
phenotype to M2 phenotype [16, 39]. It is argued that this
switch is necessary to repair tissue damage and to promote
the resolution of neuroinflammation during sepsis and thus
may be a promising approach for alleviating sepsis-induced
brain dysfunction. Several preclinical tests have used new
drugs including antioxidants or electron transfer chain-
boosting substrates to improve mitochondrial function; how-
ever, there is little effective treatment to rapidly reverse mito-
chondrial dysfunctions [40, 41]. Recently, the term of “mito-
chondrial transplantation” opens a novel horizon for many
CNS diseases, such as neurodegenerative diseases, stroke,
and spinal cord injury [42–44]. Our previous study have dem-
onstrated that the isolated muscle-derived mitochondria were
functionally intact, and the direct injection of these autologous
mitochondria into the lateral ventricle after brain ischemia-
reperfusion injury reduced cellular oxidative stress, apoptosis,

and participated in neuroprotective effects [29]. In addition, a
recent study has showed that muscle-derived mitochondria
may be a good candidate for isolation and transplantation just
as our previous study suggested [27]. However, skeletal mus-
cle failure was a frequent manifestation of sepsis [45, 46]. In
these cases, potential alternative viablemitochondria with nor-
mal respiratory function from allogeneic donor which derived
from different individuals of the same species are necessary.
Meanwhile, the usage of allogeneic mitochondrial donor
sources would significantly increase the application of mito-
chondrial transplantation therapy. Recent research has report-
ed that the infusion of allogeneic mitochondria does not cause
alloreactivity and allorecognition reaction [47]. In our current
study, we observed that exogenous mitochondria could inte-
grate into M1 microglia in vitro. Furthermore, our results
showed that exogenous mitochondria treatment sufficiently
promoted the microglial shift from classically activated M1
phenotype toward protective M2 phenotype within 24 h.

Fig. 6 Mitochondria transplantation ameliorated behavioral deficits after
sepsis. There were 10 animals in the sham + vehicle group and the sham +
mito group and 16 animals in the CLP + vehicle group and the CLP +
mito group, respectively. a The survival rates were analyzed by the
Kaplan–Meier method and compared by log-rank test and observed for
10 days. b Body weight changes were determined by two-way ANOVA
with two-factor repeated measures ANOVA. c Open field test. The
number of crossing and rearing has significant differences between the
training and test sessions in the sham + vehicle group, sham +mito group,

and CLP + mito group (Student’s t test, *P < 0.05). There were no
differences between the training and test sessions in the CLP + vehicle
group. Data are represented as mean ± SD (n = 10). d Step-down
inhibitory avoidance test. Data are expressed as median and
interquartile ranges (n = 10) for the mean latency in seconds and
analyzed by Mann–Whitney U test. Significant differences of latency in
the test sessions were found between the CLP + vehicle group and the
CLP + mito group (*P < 0.05)
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These results were consistent with the recent study which
demonstrated that the enhancement of mitochondrial biogen-
esis and mitochondrial content in LPS-/IFN-γ-stimulated mi-
croglia could promote protective M2 microglial polarization
[48].

Activated microglia can release a large amount of pro-
inflammatory factors, including IL-1β, IL-6, and TNF-α
[14]; these cytokines worsen the neurons around the activated
microglia and even induce neuronal death after long-term ex-
posure [49]. Here, we observed that the treatment of exoge-
nous mitochondria suppressed LPS-/IFN-γ-mediated surge in
pro-inflammatory cytokines. In addition, a recent study report-
ed that injection of allogeneic mitochondria did not cause an
innate inflammatory response [47]. Our results, in accordance
with this evidence, showed that there was no further enhanced
inflammatory response observed in the ctrl + mito group.
These novel findings reveal that exogenous mitochondria play
a vital role on skewing classically activated M1 phenotype
toward protective M2 phenotype and, as a result, inhibit pro-
inflammatory cytokine release in LPS-/IFN-γ-stimulated mi-
croglia. Microglia can directly protect neurons and promote
hippocampal neurogenesis after brain injury [50]. Indeed, in
our studies, LPS-/IFN-γ-stimulated microglia induced neuro-
nal cell death, which was attenuated by exogenous mitochon-
dria treatment.

Despite that the efficiency of mitochondrial transplantation
has been observed in substantial CNS diseases, the neuropro-
tective effects in a clinically relevant model of sepsis have not
been reported yet. To study the pathophysiology and mecha-
nisms of sepsis, diverse animal models have been developed.
Polymicrobial infection of sepsis induced by CLP is the most
commonly used model because it simulated the progression
and characteristics of sepsis in humans [51]. Antibiotics is one
of the essential strategies for septic treatment [52]. Our present
study showed that there were no differences in body weight
and mortality between the mitochondria- and vehicle-treated
mice after sepsis induction due to the antibiotics administra-
tion. Microglial activation and neuroinflammation have been
implicated in the cognitive decline after sepsis in both animal
models and humans [8, 13, 53, 54]. Memory retention or
habituation to a novel environment can be measured by reduc-
tion in the number of crossing and rearing between the two
sessions of open field task [37, 55]. The current study ob-
served that mice presented a similar exploratory behavior in
the CLP + vehicle group and the CLP + mito group when first
exposed to the box during training session in the open field
task, which indicated no difference in motor and exploratory
activity between groups after CLP model. After 10 days of
CLP onset, mitochondria treatment reduced the number of
crossing and rearing in the test session, which indicated that

Fig. 7 Modulatory effects of mitochondrial transplantation on the
phenotypic switch of microglia both in vivo and in vitro. Resting (M0)
microglia were stimulated by LPS/IFN-γ to convert into the classical
activated (M1) phenotype. The M1 microglia presented high expression
of iNOS and IL-6, as well as pro-inflammatory cytokines TNF-α and IL-
1β, which are cytotoxic. Additionally, the production of Arg-1 and

CD206 was suppressed. Transplanted mitochondria counteracted the
microglia reaction to an inflammatory challenge by converting
microglia from a cytotoxic phenotype to a beneficial M2 microglia, as
indicated by downregulation of iNOS and upregulation of Arg-1 and
CD206. In vivo, mitochondrial transplantation had a neuroprotective
effect by modulating phenotypic switch of microglia after sepsis
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the mice recognized the environment and remembered the
previous exposure to this environment. However, the
vehicle-treated mice did not show this pattern after sepsis,
which reflected memory deficits. Our studies also observed
that mitochondrial transplantation increased the latency time
after sepsis in the step-down inhibitory avoidance task. These
experiments reveal that mitochondria treatment has protective
effects on neurologic function after sepsis as improved mem-
ory retention.

Our experiments elucidate key role for exogenous mitochon-
drial transplantation in mediating the microglial activation states
after sepsis. Microglia could be activated at 24 h after sepsis and
in a region-specific manner, with the hippocampus being more
affected than cortical regions [56, 57]. Previously, we proposed
that the activated microglia were increased significantly in the
hippocampus early after sepsis [58]. Dentate gyrus as the input
region of the hippocampus is thought to contribute to the forma-
tion of memories, the exploration of novel environments, and
learning [59]. In this study, we showed that the transplanted
exogenous mitochondria integrated into microglia in the dentate
gyrus of the hippocampus after 24 h of CLP onset. Our study
also suggested that exogenous mitochondrial transplantation
caused a reduction in M1 phenotype and an increase in M2
phenotype. These in vivo studies indicated that ICV injection
of exogenous functional mitochondria decreases cognitive im-
pairment in sepsis survivors via directly promoting microglial
polarization from M1 pro-inflammation phenotype to M2 anti-
inflammation phenotype.

In conclusion, the current study demonstrated that mito-
chondrial transplantation may provide a promising therapeutic
approach for sepsis-associated brain dysfunction, by modulat-
ing microglial polarization and suppressing pro-inflammatory
cytokine secretion, as a consequence, improving long-term
cognitive impairment after sepsis (Fig. 7). These findings
not only provide new sight into the effect of transplanted mi-
tochondria as a novel regulator of microglial phenotypes but
may have potential to be translated into improved clinical
outcomes in sepsis survivors.
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