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Abstract

Endophilin B1 is a member of the Endophilin family and has been shown to be involved in apoptosis, mitochondrial
morphological changes and autophagy. Although Endophilin B1 is highly expressed in the heart, its role in the mainte-
nance of normal cardiac function and myocardial ischemia and reperfusion (I/R) injury remains unclear. Here, we found
that Endophilin B1 deletion provoked spontaneous cardiac contractile dysfunction, cardiac hypertrophy and fibrosis at 16
weeks of age. Moreover, at 8 weeks of age, although spontaneous cardiac dysfunction in Endophilin B1 deletion mice had
not developed, the deletion of Endophilin B1 exacerbated I/R-induced cardiac contractile dysfunction and cardiomyocyte
death, whereas restoration of Endophilin B1 expression in the heart reduced I/R injury. Furthermore, we discovered that
Endophilin B1 is indispensable for maintaining normal mitochondrial structure and function. In addition, we found that
Endophilin B1 is localized in extracellular mitochondrion-containing vesicles and is required for mitocytosis, a process by
which damaged mitochondria are disposed through extracellular vesicles. In conclusion, our study identified Endophilin
B1 as an essential mitocytosis regulator for maintaining mitochondrial homeostasis and cardiac function. These findings
suggest that Endophilin B1 is a novel therapeutic target for cardiac disorders such as I/R injury, myocardial infarction
and heart failure.
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Introduction mitochondrial dysfunction, and apoptotic process activa-

tion [1]. Mitochondria have been recognized as a key trig-

Cardiomyocytes death occurs during myocardial ischemia-
reperfusion (I/R) injury, which is related to reactive oxygen
species (ROS) release, calcium overload, energy depletion,
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ger of cardiac I/R injury. Maintaining a well-functioning
mitochondrial population is critical for cardiac homeosta-
sis because damaged mitochondria produce less ATP and
more ROS. The build-up of ROS destroys the complex of
mitochondrial DNA, membrane phospholipids, and electron
transport chain, leading to oxidative damage and ultimately
cell death [2-5]. However, the regulatory mechanisms and
biochemical contributions of mitochondrial dysfunction in
cardiac I/R injury remain incompletely understood.

The Endophilin family is a group of proteins containing a
carboxy-terminal SH3 (Src homology 3) structural domain
and an amino-terminal BAR (Bin-amphiphysin-Rvs) struc-
tural domain [6, 7]. The SH3 domain plays a key role in
forming complexes with proteins containing a proline-rich
region (PRR), whereas the BAR domain is involved in pro-
tein—protein dimerization, membrane binding, and curva-
ture formation and sensing [8]. In mammals, the Endophilin
family consists of two subfamilies, Endophilin A and
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Endophilin B, comprising Endophilins A1-A3 and B1 and
B2, respectively. Endophilin A regulates clathrin-depen-
dent endocytosis, including clathrin-encapsulated vesicle
outgrowth, division, and decapsulation, and is involved
in dynamin 1-mediated plasma membrane fission [9—14].
While the role of the Endophilin A family is well character-
ized, the physiological functions of Endophilin B family are
not fully understood.

Endophilin B1, also known as SH3 domain-containing
GRB2-like protein B1 (SH3GLB1) or Bax-interacting Fac-
tor 1 (Bif 1), is an Endophilin B protein. Endophilin B1
is expressed in most tissues, with high expression in the
heart and skeletal muscle [15]. Studies have reported that
Endophilin B1 plays a key role in cancer [16, 17], Parkin-
son’s disease [18], Alzheimer’s disease [19] and cerebral
ischemic injury [20]. A recent study demonstrated that
SUMO2-mediated SUMOylation of Endophilin B1 pro-
motes ionizing radiation-induced hypertrophic cardiomy-
opathy [21]. However, whether Endophilin B1 is involved
in maintaining normal cardiac function and myocardial I/R
injury remains unclear. Furthermore, the molecular mecha-
nism responsible for Endophilin B1 related cardiac regula-
tion requires further investigation.

Therefore, in the present study, we aimed to investigate
the role of Endophilin B1 in maintaining physiological car-
diac function and myocardial I/R injury and to elucidate the
potential molecular mechanisms involved.

Materials and methods
Animals

The animal experiments were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals,
eighth edition (2011). All of the animal experimental pro-
tocols were reviewed and approved by the Fourth Military
Medical University Committee on Animal Care. Endophilin
B1 knockout (KO) mice (C57BL/6J background) and their
wild-type (WT) littermates were established by Shanghai
Model Organisms Center, Inc. The mice were maintained
under identical temperature (224+0.5 °C) and humidity
(60+5%) conditions and under a 12-h light—dark cycle. For
this study, the animals were randomly assigned, and the
experimenters were blinded to the results of the histological
and in vivo functional assessments.

Myocardial I/R model
The myocardial I/R model was established as previ-

ously described [22]. In brief, adult male C57BL/6J and
Endophilin B1-KO mice were anaesthetized with 2%
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isoflurane throughout the procedure. A left thoracotomy
was performed to exteriorize the heart, and a silk suture
(6-0) slipknot was reversibly tied around the left anterior
descending (LAD) coronary artery. After 40 min of isch-
emia, reperfusion was induced by releasing the slipknot.
Sham mice underwent the same procedure except for liga-
tion around the left descending coronary artery.

Echocardiography

Twenty-four hours after the sham or I/R operation, the mice
were anaesthetized with 2% isoflurane. M-mode images of
the mice were obtained via an echocardiography system
(Vevo 2100, VisualSonics, Canada), as previously described
[23]. The hearts were viewed along the long axis between
the two papillary muscles. Each measurement was obtained
in M-mode by averaging the results from three consecutive
heartbeats. The left ventricular ejection fraction (LVEF),
left ventricular brachyaxis shortening (LVFS), and left ven-
tricular internal dimensions (LVID) at diastole and systole
(LVIDd and LVIDs) were measured.

Evaluation of cardiac infarct size

Cardiac infarct size was measured by Evans blue/triphenyl-
tetrazolium chloride (TTC) staining after 24 h in the sham
or I/R operation group, as previously described [24]. The
mice were anaesthetized with 2% isoflurane, and the LAD
coronary artery was re-ligated with a suture at the original
ligature site. 2% Evans blue dye (Sigma, Cat No: E2129,
USA) in PBS was injected into the brachiocephalic artery to
visualize nonischemic tissue (blue area) and ischemic tissue
(area at risk, AAR), and the hearts were extracted and sliced
into five 1.0-mm-thick sections. The sections were subse-
quently incubated with 2% TTC (Sigma, Cat No: T8877,
USA) in PBS at 37 °C for 5 min to visualize the infarct size
(IS, white area) and viable myocardial tissue (red area). The
red plus white area indicates the AAR. Image] software was
used to measure the AAR and infarct area in the third sec-
tion, and the values obtained were averaged.

Terminal deoxynucleotide transferase dUTP Nick
end labelling (TUNEL) staining

TUNEL staining was performed via a Roche In Situ Cell
Death Detection Kit (Roche, Cat No: 11684795910, Ger-
many) following the manufacturer’s instructions. The
apoptosis index was determined by the number of TUNEL-
positive nuclei/the total number of nuclei.
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Concentrations of serum cardiac damage markers

To determine the concentrations of serum LDH, troponin
T and CK-MB, blood was drawn from the carotid artery
after 24 h of reperfusion. The serum was collected after cen-
trifugation at 1000 rpm for 10 min at 4 °C and stored at
-80 °C. The concentrations of LDH, troponin T and CK-MB
were measured via an LDH ELISA kit (LSBio, Cat No:
F54173, USA), a troponin T ELISA kit (ABclonal, Cat No:
RK03251, China) and a CK-MB ELISA kit (LSBio, Cat No:
F20753, USA), respectively, according to the manufactur-
ers’ instructions.

Masson'’s trichrome and wheat germ agglutinin
staining

Heart tissues from Endophilin B1 KO and control mice were
collected, fixed in 10% neutralized formalin, embedded in
paraffin and sectioned into 5-pum-thick slices. The sections
were stained with Masson’s trichrome or wheat germ agglu-
tinin (WGA) according to the manufacturer’s protocol. The
levels of collagen deposition were determined by Masson
trichrome staining. After dyeing the cell nucleus for 5 min
by wiegert’s iron haematoxylin solution (Sigma-Aldrich, St.
Louis, MO, USA), the sections were rinsed with distilled
water 3 times, then stained with 0.7% Masson-Ponceau-acid
fuchsin staining solution (Sigma-Aldrich) for 10 min. Fol-
lowing rinsing in 2% glacial acetic acid, samples were dif-
ferentiated in phosphomolybdic acid for 4 min. Then 2%
aniline blue dye solution (Sigma-Aldrich) was used to stain
the sections. Following 100% ethanol for 5 min, Xylene
for 5 min and sealing with neutral gum finally. And images
were obtained with a microscope (Olympus SLIDEVIEW
VS200, Japan). The collagen fibers (infarct area) were
stained blue and normal myocardium were stained red.The
degree of fibrosis was calculated as the ratio of the fibrotic
area to the left ventricle area. For WGA staining, the cross-
sectional area of cardiomyocytes was measured in images
captured in sections stained with 5 uM WGA (Thermo, MA,
United States) anda microscope (Olympus SLIDEVIEW
VS200, Japan).

Adenovirus construction and administration

Adenoviruses carrying a specific plasmid for overexpressing
Endophilin B1 (NM_ 019464.3) or adenoviruses carrying a
negative control plasmid were designed and synthesized by
WZ Bioscience Inc. (Shandong, China). The adenoviruses
were delivered into the heart via intramyocardial injection
as previously described [25]. In brief, the mice were anaes-
thetized with 2% isoflurane during the surgical procedure.
After a left thoracic incision was made to expose the heart,

the adenoviruses were resuspended in PBS at 1.5 x 10'2 pfu/
mL and intramyocardially injected at 3 different sites (10
uL per site) from the apex of the left ventricle free wall to
the aortic root via a 30-gauge needle. Finally, the chest was
carefully closed. On day 7 after adenovirus injection, the
transduction efficiency of the adenovirus was examined via
analysis of protein expression and the presence of GFP in
the heart. Then, the mice underwent myocardial sham or I/R
operation.

Cardiomyocyte isolation, culture, transfection and
adenoviral infection

Neonatal mouse cardiomyocytes (NCMs) were isolated
from 1- to 3-day-old neonatal C57BL/6J mice [22]. Briefly,
the hearts of suckling mice were excised and fully washed
with PBS under aseptic conditions. The ventricular tis-
sues were minced with sterile scissors and digested with
buffer containing 1 mg/mL collagenase type II (Gibco,
Cat No: 17101015, USA) for 3 min at 37 °C. The diges-
tion was repeated until the digestion mixture became clear
(approximately 4—6 times). Cardiomyocytes were collected
via differential plating and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 20% foetal
bovine serum (FBS) and 1% penicillin—streptomycin. After
another 48 h to allow the cardiomyocytes to completely
plate, the NCMs were subjected to various treatments.

NCMs were transfected with the siRNA according to the
manufacturer’s protocol (Invitrogen™ Lipofectamine™
RNAIMAX, 13778075) for 6 h and then cultured in fresh
complete medium for another 48 h before subsequent exper-
iments. The sequences of the siRNAs targeting Endophilin
B1 were as follows: sense, 5'-GCACAGUGUUACCAGUA
UA; antisense, 5'-UAUACUGGUAACACUGUGC.

For adenoviral infection, NCMs were infected with
recombinant adenoviruses for 6 h at an MOI of 50. The
medium containing the virus was then replaced with fresh
medium, and the cells were cultured for another 48 h. The
efficiency of gene overexpression was detected by Western
blot analysis.

Hypoxia/reoxygenation (H/R) model

Briefly, NCMs were cultured for 4 h in serum-free and glu-
cose-free medium in a hypoxic chamber with 95% N, and
5% CO, at 37 °C. The NCMs were subsequently cultured in
complete medium in an incubator supplemented with 21%
0O, and 5% CO, for 2 h to achieve reoxygenation.
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Quantitative real-time PCR

Total RNA was extracted via TRIzol reagent (Thermo
Fisher Scientific, Cat No: 15596026, USA). cDNA was syn-
thesized via a PrimeScript™ RT Reagent Kit with gDNA
Eraser (Takara, Cat No: RR047A, Japan), and quantitative
RT-PCR was performed with SYBR® Premix Ex Taq™ II
(Takara, Cat No: RR820L, Japan). Gene expression was
calculated via the standard comparative CT method and
normalized to the expression of GAPDH. The sequences of
primers used were as follows: Endophilin B1: 5'-GTGTG
AGCGGAGAGGCG-3', 5-TCTTCTGTGAACTGCACG
GC-3'; GAPDH: 5'-GGAGCGAGATCCCTCC AAAAT-3',
5'-GGCTGTTGTCATACTTCTCATGG-3".

Western blot analysis

Heart tissues and NCMs were collected and lysed in RIPA
lysis buffer. The proteins were electrophoresed and trans-
ferred to polyvinylidene difluoride (PVDF) membranes.
Then, the membranes were blocked with 5% nonfat milk
for 1 h and incubated with primary antibodies overnight
at 4 °C. The primary antibodies used were as follows:
HSPI0 (1:1000, Cat No: 13171-1-AP, Proteintech, China),
Endophilin B1 (1:1000, Cat No: sc-374146, Santa Cruz,
USA), and cleaved caspase 3 (1:1000, Cat No: A11021,
ABclonal, China). The membranes were incubated with
secondary antibodies (1:5000, Cat No: 7074 S/7076S,
CST, USA). The bands were visualized with enhanced
chemiluminescence (ECL)-HRP (Cat No: WBAVDCHO1,
Millipore, USA) and analysed with Image Lab software
(Bio-Rad, USA).

Seahorse analysis

The mitochondrial OCR was recorded with an XF24 Extra-
cellular Flux Analyzer (Agilent Seahorse Bioscience, USA).
Briefly, cardiomyocytes were seeded into XF24 Seahorse
plates at a density of 160,000 cells/well and transfected with
siRNA for 48 h. After the cells were subjected to normoxia
or H/R, the OCR was measured according to the manufac-
turer’s protocol. The optimal concentrations of the inhibi-
tors were as follows: oligomycin, 0.6 uM; trifluoromethoxy
carbonyl cyanide phenylhydrazone (FCCP), 0.75 uM; anti-
mycin A, 2 pM; and rotenone, 1 pM. Basal respiration,
maximal respiration, ATP production and spare respiration
capacity were calculated via XF Cell Mito Stress Test Gen-
erator software (Agilent Seahorse Bioscience, USA). Basal
respiration and maximal respiration were obtained using
the XF Cell Mito Stress Test Generator software (Agilent
Seahorse Bioscience). ATP production and spare respiration
capacity were obtained by calculation.

@ Springer

Transmission electron microscopy

Heart pieces and NCMs were first fixed with 4% glutaral-
dehyde in PBS overnight at 4 °C. The samples were sub-
sequently fixed in 1% osmium tetroxide for 1 h. Then,
the rings were dehydrated, embedded in resin and cut
into 80-nm-thick sections. The samples were examined
via transmission electron microscopy (JEM-1230, JEOL
Ltd., Japan) at 80 kV. Mitochondrial size was analysed via
ImagelJ software.

Detection of mitochondrial reactive oxygen species
(ROS)

Mitochondrial ROS were detected with the fluorescent
probe MitoSOX (Invitrogen, Cat No: M36008, USA) fol-
lowing the manufacturer’s protocols. Images were obtained
with a confocal laser scanning microscope (FV3000, Olym-
pus, Japan) and analysed with ImageJ software.

Mitochondrial membrane potential measurements

The mitochondrial membrane potential (Aym) was mea-
sured with JC-1 kits (Beyotime, China) according to the
manufacturer’s instructions. NCMs were incubated in
JC-1 staining solution at 37 °C for 20 min. Cells with a
normal mitochondrial membrane potential presented red
fluorescence (570 nm), while JC-1 release emitted green
fluorescence (535 nm) in damaged cells with mitochondrial
membrane potential depolarization. The ratio of red (aggre-
gate JC-1)/green (monomeric JC-1) fluorescence intensity
was detected via a confocal microscope (FV3000, Olympus,
Japan) and was proportional to the Aym.

Statistical analysis

The data are expressed as the means+standard deviations.
An unpaired Student’s ¢ test was performed for analysis
of differences between two groups. One-way or two-way
ANOVA followed by Tukey’s post hoc test or post hoc
paired/unpaired t tests with Bonferroni correction was used
for multiple group comparisons. All the statistical analy-
ses were performed with GraphPad Prism 6.0 (GraphPad
Software, La Jolla, CA, USA). P<0.05 indicated statistical
significance.
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Results

Endophilin B1 deficiency provokes spontaneous
cardiac contractile dysfunction, cardiac hypertrophy
and fibrosis

We first examined the expression profiles of Endophilin B1
in different tissues/organs, including the heart, brain, liver,
skeletal muscle, kidney, lung, spleen and white adipose tis-
sues, and detected the highest protein and mRNA levels
of Endophilin B1 in the heart (Fig. SIA—-C). To assess the
effects of Endophilin B1 on cardiac physiology and disease,
we generated Endophilin B1 KO mice (Fig. S2A). Western
blot analysis confirmed the absence of Endophilin B1 pro-
tein in the hearts of Endophilin B1 KO mice (Fig. S2B and
C). The contents of fasting serum glucose, triglyceride and
total cholesterol were not significantly different between
Endophilin B1 KO mice and control WT mice at 8, 16 and 24
weeks of age (Fig. S2D—F). Echocardiography analysis was
used to detect cardiac contractile function in Endophilin-B1
KO and control WT mice at 8, 16 and 24 weeks of age.
No significant cardiac dysfunction was observed at § weeks
of age. However, by 16 weeks of age, we observed a sig-
nificant decrease in cardiac contractile function, which was
exemplified by a decreased LVEF, decreased LVFS, and
increased LVIDs and LVIDd (Fig. 1A-E), in Endophilin B1
KO mice compared with control WT mice. Moreover, at 24
weeks of age, we observed a progressive decline in cardiac
contractile function in Endophilin-B1 KO mice (Fig. 1A—
E). Furthermore, Endophilin B1 KO mice presented a
greater cross-sectional area of myocytes and more myocar-
dial interstitial fibrosis at 16 weeks of age (Fig. 1F-I). Addi-
tionally, Endophilin B1 KO mice presented significantly
reduced viability at 15 weeks of age (Fig. 1J). These data
showed that Endophilin B1 deficiency results in spontane-
ous cardiac contractile dysfunction, cardiac hypertrophy
and fibrosis without pathological stress.

Endophilin B1 deficiency exacerbates I/R-induced
cardiac contractile dysfunction and cardiomyocyte
death

We next determined Endophilin B1 expression after cardiac
I/R injury. Western blot analysis revealed that the protein
levels of Endophilin B1 were significantly lower in the
heart tissues of I/R model mice than in those of sham model
mice (Fig. 2A). Consistent with these results, qPCR assays
showed that the mRNA levels of Endophilin B1 were sig-
nificantly reduced in the heart after I/R injury (Fig. 2B). We
also subjected mouse neonatal cardiomyocytes (NCMs)
to hypoxia for 4 h and reoxygenation for 2 h (H/R) and
revealed decreased protein and mRNA levels of Endophilin

B1 in H/R-treated NCMs (Fig. S3A—C). These results indi-
cated a strong association between decreased Endophilin B1
expression and cardiac I/R injury.

To gain insight into the function of reduced Endophilin
B1 in cardiac I/R injury, we subjected Endophilin BI KO
and control WT mice to I/R surgery or a sham operation
at 8 weeks of age, a time point at which spontaneous car-
diac dysfunction has not developed in Endophilin Bl KO
mice. Echocardiography was used to evaluate cardiac func-
tion at 1 day post-I/R. Both Endophilin B1 KO and control
WT mice subjected to I/R presented significantly decreased
cardiac contractile function compared with their respective
sham mice (Fig. 2C—G). Notably, Endophilin-B1 deficiency
significantly aggravated I/R-induced cardiac contractile
dysfunction (Fig. 2C-G). We next measured cardiac infarct
size via Evans blue and TTC double staining and found
that Endophilin B1 deficiency markedly increased the I/R-
induced myocardial infarct size (Fig. 2H-J). In agreement
with these results, Endophilin B1 deficiency increased
the I/R-induced elevations in the serum concentrations of
LDH, CK-MB and troponin T (Fig. 2K-M). Furthermore,
Endophilin B1 deficiency increased the number of TUNEL-
positive cells in the left ventricular ischemic area, which
indicated increased apoptosis (Fig. 2N and O).

To determine whether Endophilin B1 defect directly
caused cardiomyocyte apoptosis, we isolated NCMs and
then infected them with siRNA targeting Endophilin B1
or a control scrambled siRNA. Western blot and qPCR
analyses revealed that the siRNA effectively knocked down
Endophilin Bl expression (Fig. S4A-C). As expected,
TUNEL staining analysis demonstrated that Endophilin
B1 knockdown in NCMs significantly promoted cell
apoptosis under H/R conditions compared with that in the
control group (Fig. S4D and E). Additionally, Endophilin
B1 knockdown in NCMs significantly increased the H/R-
induced expression of cleaved caspase 3 (Fig. S4F and G).

Taken together, our data indicate that Endophilin Bl
defects are critical for I/R-induced cardiac contractile dys-
function and cardiomyocyte death.

Adenoviral intramyocardial endophilin B1
transfer improves I/R-induced cardiac contractile
dysfunction and cardiomyocyte death

To determine whether Endophilin Bl overexpression
can rescue I/R-induced cardiac dysfunction, we restored
Endophilin Bl expression by injecting adenoviruses
expressing the Endophilin B1-GFP fusion protein into
mouse hearts. Seven days after injection, these mice were
subjected to I/R surgery or a sham operation (Fig. SSA). We
observed GFP-positive cardiomyocytes scattered around
the injection site in the left ventricular myocardium at 7
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Fig. 1 Endophilin Bl deficiency results in contractile dysfunction,
cardiac hypertrophy and fibrosis. A Representative long-axis M-mode
echocardiographic images from male control (WT) and Endophilin B1
KO (KO) mice. B-E Left ventricular ejection fraction (LVEF, B), left
ventricular shortening fraction (LVFS, C), left ventricular diastolic
internal dimension (LVIDd, D) and left ventricular systolic internal
dimension (LVIDs, E) were measured via long-axis M-mode echo-
cardiography (n=12/14). F and G Representative microscopy image
of immunohistochemical staining for WGA and quantification of its

days post-injection (Fig. S5B). Significant overexpression
of Endophilin B1 was observed in the hearts of the mice
injected with Ad-Endophilin B1 (Fig. S5C and D). The
echocardiography results revealed that Endophilin Bl
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overexpression alleviated I/R-induced cardiac contractile
dysfunction (Fig. 3A—E) and reduced the I/R-induced myo-
cardial infarct size (Fig. 3F—H). Furthermore, Endophilin
B1 overexpression in the heart resulted in resistance to
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two-way ANOVA, followed by Tukey’s post hoc test
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Fig. 3 Endophilin B1 overexpression in the heart alleviates I/R injury.
A Representative long-axis M-mode echocardiographic images
from mice 1 day after sham or I/R surgery. B-E LVEF (B), LVFS
(C), LVIDd (D) and LVIDs (E) were measured by long-axis M-mode
echocardiography. n=14/group. F-H Representative images of Evans
blue and TTC staining and assessment of the AAR/LV and IS/AAR for
hearts from mice 1 day after I/R surgery. Scale bar: 3 mm. n=6/group.
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I-K The concentrations of serum cardiac damage markers, including
LDH (I), CK-MB (J) and troponin T (K), were determined via ELISA
kits. n=6/group. L-M: Representative images and quantitative analy-
sis of TUNEL-stained heart sections. Scale bar: 20 um. n=6/group.
The data are presented as the means+SDs. The data were analysed via
two-way ANOVA, followed by Tukey’s post hoc test
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I/R-induced necrosis, as indicated by reductions in LDH
levels and CK-MB and troponin T release (Fig. 3I-K). In
addition, Endophilin B1 overexpression decreased the num-
ber of TUNEL-positive cells in the left ventricular ischemic
area, which suggested decreased apoptosis (Fig. 3L and M).

To demonstrate whether restoring Endophilin B1 directly
decreases H/R-induced cardiomyocyte apoptosis, we over-
expressed Endophilin B1 in NCMs via adenovirus infection.
Western blot and qPCR analyses revealed that the adenovi-
ral vector carrying Endophilin B1 significantly increased
the expression of Endophilin B1 in NCMs. (Fig. S6A—C).
As expected, compared with NCMs infected with adeno-
viral empty vectors, Endophilin B1 overexpression signifi-
cantly reduced cell apoptosis under H/R conditions (Fig.
S6D and E). Additionally, Endophilin B1 overexpression in
NCMs significantly decreased the H/R-induced expression
of cleaved caspase 3 (Fig. S6F and G).

Overall, our data revealed that restoring Endophilin B1
expression in the heart improved I/R-induced cardiac con-
tractile dysfunction and cardiomyocyte death.

Endophilin B1 deficiency results in mitochondrial
morphological abnormalities

Cardiomyocyte survival and function are closely correlated
with mitochondrial homeostasis. We next examined myo-
cardial mitochondrial morphology via transmission electron
microscopy (TEM) in Endophilin B1 KO and control WT
mice at 8 and 16 weeks of age, respectively. No significant
alterations in mitochondrial morphology were observed in
Endophilin B1 KO mice compared with control WT mice
at 8 weeks of age. However, at 16 weeks of age, we found
that Endophilin Bl KO provoked mitochondrial morpho-
logical abnormalities, as indicated by greater swelling, a
decreased number of mitochondrial cristae, a reduced cris-
tae area (Fig. 4A—D), and a significantly reduced number of
mitochondria per pm? (Fig. 4E). These findings indicate that
defects in Endophilin B1 impair mitochondrial structure in
the heart.

Endophilin B1 knockdown in NCMs aggravates H/R-
induced mitochondrial damage

Given that Endophilin B1 deficiency impairs myocar-
dial mitochondrial structure, we next determined whether
Endophilin B1 can directly affect mitochondrial function in
cardiomyocytes. Therefore, we used confocal microscopy
images and quantitative analysis of mitochondrial ROS pro-
duction to assess mitochondrial ROS levels and found that
Endophilin Bl knockdown increased mitochondrial ROS
production in NCMs under H/R conditions (Fig. 5A and
B). We also tested the mitochondrial membrane potential

via JC-1 staining and found that Endophilin B1 knockdown
significantly decreased the mitochondrial membrane poten-
tial in NCMs under H/R conditions (Fig. 5C and D). Given
these profound changes in mitochondrial structure and mito-
chondrial oxidative damage, we analysed the mitochondrial
OCR to assess the mitochondrial respiratory capacity. As
expected, Endophilin B1 knockdown significantly sup-
pressed mitochondrial respiratory capacity, as indicated by
basal respiration, ATP production, maximal respiration and
spare respiration, in NCMs under HR conditions (Fig. SE and
F). Taken together, these data demonstrate that Endophilin
B1 knockdown exacerbates H/R-induced mitochondrial
membrane potential loss and increases mitochondrial ROS
production and mitochondrial respiratory dysfunction.

Endophilin B1 overexpression in NCMs ameliorates
H/R-induced mitochondrial damage

To further demonstrate the role of Endophilin B1 in H/R-
induced mitochondrial injury, we overexpressed Endophilin
B1 in NCMs through adenovirus infection. As expected,
Endophilin B1 overexpression significantly reduced mito-
chondrial ROS production after H/R compared with that
in NCMs infected with adenoviral empty vectors (Fig. 6A
and B). Moreover, JC-1 staining revealed that Endophilin
B1 overexpression attenuated the H/R-induced loss of the
mitochondrial membrane potential in NCMs (Fig. 6C and
D). We further analysed the mitochondrial OCR to assess
the mitochondrial respiratory capacity and found that
Endophilin B1 overexpression significantly improved the
mitochondrial respiratory capacity, as indicated by basal
respiration, ATP production, maximal respiration and spare
respiration, in NCMs under HR conditions (Fig. 6E and F).
Collectively, our data demonstrate that Endophilin B1 over-
expression in NCMs alleviates H/R-induced mitochondrial
membrane potential loss and increases mitochondrial ROS
production and respiratory dysfunction.

Endophilin B1 is localized in extracellular
mitochondrion-containing vesicles and promotes
mitocytosis

To understand how Endophilin B1 regulates mitochondrial
function, we infected NCMs with adenoviruses expressing
the Endophilin B1-GFP fusion protein and then treated them
with MitoTracker (red) to observe whether Endophilin B1
and mitochondria were colocalized. Interestingly, we found
that Endophilin B1 localized to extracellular vesicles, many
of which contain mitochondria, in NCMs under HR condi-
tions (Fig. 7A). Cardiomyocytes eject dysfunctional mito-
chondria in extracellular vesicles to control mitochondrial
quality and thus support cardiomyocyte function [25]. This
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Normal

Fig.5 Endophilin B1 knockdown A
in NCMs aggravated H/R-induced
mitochondrial injury. A—B Represen-
tative confocal microscopy images
and quantitative analysis of mito-
chondrial ROS production (MitoSOX
fluorescence; red) in control (NC)

or Endophilin B1-knockdown (KD)
NCMs under normal or H/R condi-
tions. Scale bar: 50 um. n=3/group.
C-D Immunofluorescence analysis
and quantification of the mitochondrial
membrane potential by JC-1 stain-

ing in control (NC) or Endophilin
B1-knockdown (KD) NCMs under
normal or H/R conditions. Scale bar:
50 um, n=4/group. E-F Measure of
the OCR and respective quantitative
analysis of mitochondrial respiratory
capacity, including basal respiration,
ATP production, maximal respira-

tion and spare respiration, in control
(NC) or Endophilin B1-knockdown
(KD) NCMs under normal or H/R
conditions. n=>5/group. The data are
presented as the means=+SDs. The data
were analysed via two-way ANOVA,
followed by Tukey’s post hoc test.
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process of disposing damaged mitochondria via extracellu-
lar vesicles has also been found in neutrophils and is named
mitocytosis [26]. We next examined whether Endophilin B1
is involved in mitocytosis. We stained NCMs with WGA
(red) and MitoTracker (green) and found that Endophilin
B1 knockdown blocked mitochondrion-containing vesicle
secretion in NCMs under HR conditions (Fig. 7B). TEM
images of NCMs also demonstrated that Endophilin Bl
knockdown markedly inhibited the secretion of mitochon-
drion-containing vesicles under HR conditions (Fig. 7C).
The majority of mitochondria inside these vesicles

exhibited morphological abnormalities. In addition, TEM
of heart sections revealed that compared with control WT
mice, Endophilin B1 KO mice presented reduced extracel-
lular mitochondrion-containing vesicle secretion and more
severe mitochondrial damage such as greater swelling, a
decreased number of mitochondrial cristae, a reduced cristae
area at 1 day post-I/R (Fig. 7D-G). In parallel, Endophilin
B1 overexpression in the heart increased extracellular
mitochondrion-containing vesicle secretion and amelio-
rated I/R-induced mitochondrial morphological abnormali-
ties (Fig. 7D-G). Taken together, these data suggest that
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Fig.6 Endophilin B1 overexpression A __ Normal
in NCMs protects against H/R-
induced mitochondrial injury. A-B
Representative confocal microscopy
images and quantitative analysis

of mitochondrial ROS production
(MitoSOX fluorescence; red) in
control (Ad-Vector) or Endophilin
Bl-overexpressing (Ad-Endophilin
B1) NCMs under normal or H/R
conditions. Scale bar: 50 pm. n=3/
group. C—D Immunofluorescence
analysis and quantification of the
mitochondrial membrane potential by
JC-1 staining in control (Ad-Vector)
or Endophilin B1-overexpressing
(Ad-Endophilin B1) NCMs under C
normal or H/R conditions. Scale bar:
50 um, n=4/group. E-F Measure of
the OCR and respective quantitative
analysis of mitochondrial respiratory
capacity, including basal respiration,
ATP production, maximal respiration
and spare respiration, in control (Ad-
Vector) or Endophilin Bl-overex-
pressing (Ad-Endophilin B1) NCMs
under normal or H/R conditions.
n=>5/group. The data are presented as
the means+ SDs. The data were anal-
ysed via two-way ANOVA, followed
by Tukey’s post hoc test
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Endophilin B1 is localized in extracellular mitochondrion-
containing vesicles and is required for mitocytosis.

Discussion

The myocardium is the most energy-consuming tissue in
the human body; thus, it uniquely relies on a large number
of functional mitochondria to continuously produce high-
energy phosphates. It is therefore not surprising that mito-
chondria are critical targets and the root of myocardial I/R
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injury, which is at the centre of the pathology of the most
common cardiovascular diseases [27]. Endophilin B1 has
been shown to be highly expressed in the heart [15]. More-
over, Endophilin B1 defect altered the morphology of mito-
chondria in both HeLa cells and neurons [20, 28]. However,
the roles of Endophilin B1 in maintaining normal cardiac
function and myocardial I/R injury remain unclear. Here,
we found that Endophilin B1 deletion resulted in spontane-
ous development of cardiac contractile dysfunction, cardiac
hypertrophy and fibrosis. Both gain- and loss-of-function
experiments highlighted the requisite role of Endophilin
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Fig.7 Endophilin-B1 is localized A
in extracellular mitochondrion-
containing vesicles and promotes the
secretion of damaged mitochondria.
A Representative confocal image

of Endophilin B1-GFP-expressing
NCMs under H/R conditions stained
with MitoTracker (red). Scale bar:

5 um (left); 20 um (right). B Repre-
sentative confocal images of control
(NC) or Endophilin B1-knockdown
(KD) NCMs under H/R conditions
stained with MitoTracker (green) and
WGA (red). Scale bar: 5 um (left);
20 pm (right). C Representative TEM
images of control (NC) or Endophilin
B1-knockdown (KD) NCMs under
H/R conditions. Scale bar: 5 pm
(left); 1 um (right). D Representative
TEM images of myocardial mito-
chondria and quantitative analysis of

20pm

20pm

20pm

20pum

mitochondrial size (E), cristae num-
ber (F), cristae area (G). Scale bar:
2 pm (top); 500 nm (bottom); n=6/
group. The data are expressed as the
means+ SDs. The data in E, F and G
were analysed via unpaired, 2-tailed
Student’s t test
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B1 in protecting the heart against I/R injury in vivo. More-
over, we elucidated the indispensable role of Endophilin B1
in preserving mitochondrial homeostasis through promot-
ing mitocytosis. Our findings reveal a novel link between
Endophilin B1 and mitochondrial quality control and iden-
tify Endophilin B1 as a potential therapeutic target to coun-
teract ischemic heart disease.

Several novel findings were uncovered in the present
study. First, we suggest that Endophilin B1 plays an essential
role in maintaining cardiac contractile function under physi-
ological conditions. The Endophilin family consists of five

isoforms, Endophilins A1-A3, B1 and B2, which are distrib-
uted in various tissues [29]. Northern blot analysis revealed
that Endophilin B1 is expressed in most tissues and is highly
expressed in the heart and skeletal muscle [15]. However,
whether Endophilin B1 is involved in maintaining normal
cardiac function remains unknown. In this study, among tis-
sues/organs, including heart, brain, liver, skeletal muscle,
kidney, lung, spleen and white adipose tissues, we found
that endophilin B1 was most highly expressed in the heart.
Using a systemic Endophilin B1 deletion mouse model, we
found that Endophilin B1 deletion did not significantly affect
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cardiac function in 8-week-old mice. However, Endophilin
B1 deletion caused the mice to develop progressive cardiac
contractile dysfunction, cardiac hypertrophy and fibrosis at
16 weeks. These findings demonstrate a physiological role
for Endophilin B1 in maintaining normal cardiac function.

Second, we demonstrated that downregulation of
Endophilin Bl contributes to myocardial I/R injury. We
found that the protein and mRNA levels of Endophilin B1
were reduced in mouse hearts after I/R injury and in NCMs
under H/R conditions. Endophilin B1 deletion exacerbated
I/R-induced cardiac contractile dysfunction and cardiomyo-
cyte death. In parallel, the restoration of Endophilin Bl
expression in the heart protects the heart from I/R injury.
These findings suggest that Endophilin Bl is a promis-
ing therapeutic target for counteracting cardiac I/R injury.
Endophilin B1 was initially identified as a proapoptotic pro-
tein and acted as a novel Bax binding partner and activa-
tor in FL5.12 murine pre-B haematopoietic cells [15]. Loss
of Endophilin B1 in either HeLa cells or mouse embryonic
fibroblasts suppresses the Bax/Bak conformational change
and mitochondrial apoptosis induced by various intrinsic
death signals [17]. In contrast, Endophilin B1 has been
reported to function as a prosurvival factor in neurons.
Endophilin B1 knockdown exacerbates apoptosis induced
by the DNA-damaging agent camptothecin in mouse pri-
mary cortical neurons [20]. Endophilin B1 overexpression
promotes oxygen and glucose deprivation followed by
reperfusion-induced cortical neuron survival and reduces the
cell apoptotic rate [30]. In addition, Endophilin B1-deficient
mice developed larger infarcts after middle cerebral artery
occlusion, suggesting that Endophilin B1 deficiency exacer-
bates ischemic injury-induced neuron death [20]. However,
another study demonstrated that Endophilin B1 knock-
down attenuated 1-methyl-4-phenylpyridinium (MPP+)
and mutant a-synuclein-mediated cell death in cultured
cortical neurons [18]. The reason for the opposite effects of
endophilin B1 on cell death and survival may be that the
levels or activity of Endophilin B1 can either decrease or
increase depending on the type of injury; normalization of
Endophilin B1 function in either direction may have a pro-
tective effect.

Third, we identified Endophilin B1 as an essential regu-
lator for preserving mitochondrial homeostasis in cardiomy-
ocytes. Endophilin B1 knockdown altered the distribution
and morphology of mitochondria and resulted in the dis-
sociation of the outer mitochondrial membrane and inter-
mitochondrial membrane compartments in HeLa cells [28].
Moreover, neurons from Endophilin B1-deficient mice con-
tained fragmented mitochondria, and Endophilin B1 knock-
down in wild-type neurons also resulted in fragmented
mitochondria, which were more depolarized [6]. Here, we
found that Endophilin B1 deficiency reduced the number
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of mitochondria and provoked mitochondrial morphologi-
cal abnormalities in the myocardium. Moreover, Endophilin
B1 knockdown aggravated, whereas Endophilin B1 overex-
pression ameliorated, H/R-induced mitochondrial dysfunc-
tion in NCMs. This evidence suggests that Endophilin B1 is
indispensable for preserving mitochondrial morphology and
function and thus supports normal cardiac function.

Finally, we report for the first time that Endophilin B1 is
localized in extracellular mitochondrion-containing vesicles
and is required for mitocytosis. Recently, cardiomyocytes
were shown to eject dysfunctional mitochondria and other
material in subcellular vesicles, which were named exo-
phers, into the extracellular space. The extruded material
is readily taken up and processed by a network of resident
macrophages that surround cardiomyocytes, thus supporting
heart homeostasis [25]. Jiao et al. reported that, upon expo-
sure to mild mitochondrial stresses, damaged mitochondria
are transported into migrasomes and subsequently disposed
from migrating cells. They named this process mitocytosis
[26]. However, the molecular mechanism regulating mito-
cytosis is unclear. In this study, we found that Endophilin
B1 is localized in extracellular mitochondrion-containing
vesicles. Endophilin B1 defects reduce mitocytosis in car-
diomyocytes and aggravate I/R-induced mitochondrial
morphological abnormalities. While, Endophilin B1 over-
expression in the heart increased mitocytosis and ame-
liorated I/R-induced mitochondrial damage. These data
suggest that Endophilin Bl is required for cardiomyo-
cyte mitocytosis. Previous studies have demonstrated that
Endophilin Bl is involved in autophagosome biogenesis
[21,, 25, 31]. The formation of exophers containing dys-
functional mitochondria and other material ejected from
cardiomyocytes is driven by the autophagy machinery [32].
Another study established that lysosomal inhibition leads to
increased secretion of mitochondria in large extracellular
vesicles, which are produced in multivesicular bodies, and
that the release of large extracellular vesicles is independent
of autophagy [33]. Further studies are needed to determine
whether Endophilin B1 promotes mitocytosis by regulating
autophagy.

There are some limitations of our study. Firstly, further
studies are needed to determine whether Endophilin Bl
promotes mitocytosis by regulating autophagy. Secondly,
we fail to establish the cardiac-specifc Endophilin B1 KO
mice to explore the effect of Endophilin B1 on myocardial
I/R injury in current study. Thirdly, even though we iden-
tified Endophilin B1 is required for the secretion of dam-
aged mitochondrion-containing vesicles, we cannot exclude
other possible mechanisms that contribute to protect against
myocardial I/R injury. Finally, although many conclusions
have been drawn on the basis of mouse models in vivo and
in vitro, further preclinical and clinical studies are needed to
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confirm these results. Despite these limitations, we believe
that our findings provide important novel insights for under-
standing the protective roles of Endophilin B1 and the
underlying regulatory mechanisms in myocardial I/R injury.

Conclusion

In conclusion, our study identified Endophilin B1 as a criti-
cal regulator for preserving cardiac function and attenuating
cardiac I/R injury. Endophilin B1 is required for the secre-
tion of damaged mitochondrion-containing vesicles, thus
supporting mitochondrial homeostasis. These data suggest
that Endophilin B1 is a novel therapeutic target for cardiac
disorders such as I/R injury, myocardial infarction and heart
failure.
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