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ABSTRACT

Organisms produce high levels of reactive oxygen
species (ROS) to kill pathogens or act as signaling
molecules to induce immune responses; however,
excessive ROS can result in cell death. To maintain
ROS balance and cell survival, mitophagy selectively
eliminates damaged mitochondria via mitophagy
receptors in vertebrates. In marine invertebrates,
however, mitophagy and its functions remain largely
unknown. In the current study, Vibrio splendidus
infection damaged mitochondrial morphology in
coelomocytes and reduced mitochondrial membrane
potential (ΔΨm) and mitophagosome formation. The
colocalization of mitochondria and lysosomes further
confirmed that lipopolysaccharide (LPS) treatment
increased mitophagy flux. To explore the regulatory
mechanism
of
mitophagy,
we
cloned
Bcl2/adenovirus E1B 19 kDa protein-interacting
protein 3 (BNIP3), a common mitophagy receptor,
from sea cucumber Apostichopus japonicus
(AjBNIP3) and confirmed that AjBNIP3 was
significantly
induced
and
accumulated
in

mitochondria after V. splendidus infection and LPS
exposure. At the mitochondrial membrane, AjBNIP3
interacts with microtubule-associated protein 1 light
chain 3 (LC3) on phagophore membranes to mediate
mitophagy. After AjBNIP3 interference, mitophagy
flux decreased significantly. Furthermore, AjBNIP3mediated mitophagy was activated by ROS following
the addition of exogenous hydrogen peroxide (H2O2),
ROS scavengers, and ROS inhibitors. Finally,
inhibition of BNIP3-mediated mitophagy by AjBNIP3
small interfering RNA (siRNA) or high concentrations
of lactate increased apoptosis and decreased
coelomocyte survival. These findings highlight the
essential role of AjBNIP3 in damaged mitochondrial
degradation during mitophagy. This mitophagy
activity is required for coelomocyte survival in A.
japonicus against V. splendidus infection.
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associated protein 1 light chain 3
INTRODUCTION
Invertebrate species depend on a series of innate immune
responses that mediate physiological and pathological
processes to eliminate pathogen invasion. Reactive oxygen
species (ROS) are primarily produced as a byproduct of
respiratory burst in innate immune cells and are critical for
resisting pathogen invasion and promoting bactericidal
capacity (Deng et al., 2009; Liu et al., 2010). Recently,
mitochondrial ROS (mtROS) have also been shown to be
important contributors to bactericidal capacity and immune
signaling in innate immune cells (West et al., 2011). Typically,
low levels of ROS are controlled by an efficient system of
endogenous antioxidant scavengers. However, redox
homeostasis in host cells is disrupted under excessive
generation of ROS, which are not detoxified by cellular
antioxidants (Fleury et al., 2002). Excessive ROS oxidize
mitochondrial DNA, proteins, and lipids, resulting in strand
breaks and base modifications, which lead to various
pathologies, including cancer, neurological diseases, and cell
death (Bjelland & Seeberg, 2003). Massive accumulation of
ROS in the mitochondria can also trigger the release of
additional ROS, further increasing oxidative stress and cell
death (Suzuki et al., 2001). Moreover, the release of ROS
from one mitochondrion can trigger release from its neighbors,
resulting in a positive-feedback loop (Zorov et al., 2000). In
contrast, mtROS production and mitochondrial DNA (mtDNA)
damage can induce NLRP3 activation and subsequent NLRP3
inflammasome assembly (Zhou et al., 2011). Furthermore,
mtROS
regulate
lipopolysaccharide
(LPS)-mediated
production of different cytokines, including proIL-1b (Mills & O’
Neill, 2016; Tannahill et al., 2013). However, the functions of
excessive mtROS and balance in invertebrates remain largely
unknown.
Mitophagy, a term originally proposed by Lemasters (2005),
is a cell survival mechanism responsible for clearing damaged
mitochondria by forming double-membrane autophagosomes
(Tolkovsky, 2009). Damaged mitochondria can generate
excessive ROS, impair mitochondrial metabolic functions, and
trigger apoptosis (Youle & Bliek, 2012). However, ROS can
induce mitophagy, which, in turn, reduces ROS levels.
Defective removal of damaged mitochondria can lead to ROS
accumulation in the cell, resulting in hyperactivation of
inflammatory
signaling
pathways,
chronic
systemic
inflammation, and development of inflammatory diseases
(Guo et al., 2014; Wu et al., 2016). Currently, the mechanisms
of mitophagy can be classified into Parkin-dependent and
Parkin-independent mitophagy (Youle & Narendra, 2011), with
the latter mediated by mitophagy receptors. Mitophagy
receptors are proteins localized to the outer mitochondrial
membrane. Different types of mitophagy receptors have been
identified in mammalian cells (Liu et al., 2014). A common
feature of mitophagy receptors is that they harbor an LC3interacting region (LIR) that interacts with microtubuleassociated protein 1 light chain 3 (LC3), thus promoting the

286

www.zoores.ac.cn

sequestration of mitochondria into the isolation membrane or
phagophore (Wei et al., 2015).
Although other mitophagy proteins exist, Bcl2/adenovirus
E1B 19 kDa protein-interacting protein 3 (BNIP3), a vital
mitophagy receptor, maintains cellular survival during hypoxia
and nutritional deficiency (Wende et al., 2016). Accumulating
evidence indicates that BNIP3-dependent mitophagy is
required to limit ROS production and promote cell survival in
cardiomyocytes, tumor cells, and hepatocytes (Merjaneh et
al., 2017; Zhou et al., 2018a, 2018b). BNIP3-mediated
mitophagy plays a neuroprotective role in neurodegenerative
diseases such as Parkinson’s disease (Awan et al., 2014).
BNIP3 was first discovered as an atypical member of the BH3only proteins that interacted with adenovirus E1B-19K (Chen
et al., 1997). The BH3 domain determines the biological roles
and functions of BNIP3. Kubli et al. (2008) discovered that
BNIP3 contains a single conserved cysteine residue in the Nterminus and a transmembrane domain (TMD, amino acid (aa)
164–184) in the C-terminal, with the latter being essential for
BNIP3 localization to the outer mitochondrial membrane. At
the outer mitochondrial membrane, BNIP3 interacts with LC3
to promote the sequestration and degradation of dysfunctional
mitochondria (Yurkova et al., 2008). In addition, BNIP3
regulates mitophagy through other mechanisms. For example,
BNIP3 inhibits PINK1 proteolytic processing to promote
PINK1/Parkin-mediated mitophagy (Zhang et al., 2016).
However, the roles and mechanisms of BNIP3 in invertebrates
have not yet been studied.
The sea cucumber (Apostichopus japonicus) is a
commercially important invertebrate species in Chinese
aquaculture and uniquely depends on innate immunity to
defend against invasive pathogens (Ma et al., 2006).
Mitophagy, a cytoprotective negative feedback mechanism,
can selectively eliminate damaged mitochondria and
excessive ROS (Lu et al., 2013). In our previous research, we
found that coelomocytes in A. japonicus generate a
considerable ROS to promote inflammation and eradicate
invading pathogens (Sun et al., 2020). However, whether
mitophagy can be activated to eliminate damaged
mitochondria and excessive ROS in A. japonicus remains
poorly understood. Additionally, although BNIP3 has gained
much attention in mitophagy (Ney, 2015; Roperto et al., 2019),
it has not yet been determined in sea cucumbers. In the
current study, we investigated the mechanism underlying
BNIP3 mitigation of mitochondrial damage during pathogen
invasion in A. japonicus. We first observed morphological
changes in mitochondria and the occurrence of mitophagy
after Vibrio splendidus infection. We then detected
mitochondrial membrane potential (ΔΨm) and mitophagy flux
of coelomocytes after LPS challenge at the cellular level.
Subsequently, we investigated the significance of BNIP3mediated mitophagy in pathogen-induced immune responses
using in vitro and in vivo models to clarify the mechanism.
Further investigation of the regulatory mechanisms of BNIP3
in mitophagy may reveal a novel negative feedback loop
between BNIP3 expression and mitochondrial ROS generation
and facilitate the development of novel therapeutic platforms
for combating ROS-mediated inflammatory diseases.

MATERIALS AND METHODS
Ethics statement
The sea cucumbers and ICR mice used in the present study
were commercially cultured animals. All experiments were
conducted in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. All study protocols were
approved by the Animal Ethics Committee of Ningbo
University (Permit No.: 10 168).
Experimental animals and V. splendidus challenge
Healthy sea cucumbers (weight: 125±15 g) were obtained
from the Dalian Pacific Aquaculture Company (Dalian, China).
All animals were acclimatized in 30 L of aerated natural
seawater for three days (temperature of 16 °C and salinity of
28±1). For the immune-challenge experiment, 90 individuals
were randomly distributed into six tanks. One tank served as
the control, and the other five tanks were treated with live V.
splendidus, the major pathogen of skin ulceration syndrome
(SUS), at a final concentration of 1×107 CFU/mL. Coelomic
fluids were randomly collected from three individuals (pooled
as one sample), with five replicates performed in the control
and challenge groups at 0, 6, 24, 48, and 72 h, respectively.
The coelomocytes were filtered using a 200 mesh cell cribble
to remove large tissue debris, then mixed with anticoagulant
solution (0.02 mol/L EGTA, 0.48 mol/L NaCl, 0.019 mol/L KCl,
and 0.068 mol/L Tri-HCl, pH 7.6) at a 1:1 (v:v) ratio and
centrifuged at 800 g and 16 ℃ for 10 min. All harvested cells
were washed twice with isotonic buffer (0.001 mol/L EGTA,
0.53 mol/L NaCl, and 0.01 mol/L Tri-HCl, pH 7.6) and ground
into powder in liquid nitrogen using a mortar and pestle for
time-course expression analysis at the mRNA and protein
level. Finally, all samples were stored at −80 ℃ for RNA
extraction.
LPS-exposed primary coelomocytes
Primary coelomocytes were isolated and cultured in vitro as
described in our previous study (Zhang et al., 2014). Briefly,
coelomic fluids from healthy sea cucumbers were filtered,
mixed with anticoagulant solution, and centrifuged at 800 g for
10 min at 16 ℃ to collect coelomocytes. The harvested cells
were washed twice with isotonic buffer and resuspended in
Leibovitz’s L-15 cell culture medium (Invitrogen, USA)
containing penicillin (100 U/mL) and streptomycin sulfate (100
mg/mL). The L-15 cell culture medium (500 μL, containing
1×106 cells) was dispensed into 24-well culture microplates
and incubated at 16 °C. After incubation for 12 h, the cells
were stimulated with 10 μg/mL LPS (Sigma, USA) purified
from Escherichia coli (055: B5) for 1, 3, 6, 12, and 24 h. Cells
untreated with LPS served as the controls.
Detection of mitochondrial structure and mitophagosome
by transmission electron microscopy (TEM)
To confirm activation of mitophagy during pathogen infection,
the sea cucumbers were exposed to V. splendidus at a final
concentration of 1×107 CFU/mL for 48 h. Changes in
mitochondrial morphology and mitophagosome appearance
were then analyzed via TEM. Briefly, the coelomocytes were
harvested by centrifugation at 800 g for 5 min at 16 °C, fixed in

2.5% glutaraldehyde overnight at 4 °C, and post-fixed for 1 h
at room temperature with 1% osmium tetroxide. The fixed cells
were washed with 0.1 mol/L phosphate-buffered saline (PBS,
pH 7.4), dehydrated with ascending concentrations of ethanol
(30% for 15 min, 50% for 15 min, 70% for 15 min, 90% for 15
min) and anhydrous acetone for 15 min three times,
embedded in an epoxy resin (EMbed-812; Electron
Microscopy Sciences, USA), and sliced with an
ultramicrotome. Ultra-thin sections were collected on 300
mesh copper grids coated with formvar, then stained with
uranyl acetate and lead citrate. The mitochondrial structure
and mitophagosomes were observed using an electron
microscope (H7650, Hitachi, Japan).
Measurement of ΔΨm
Under certain conditions, mitochondria lose their membrane
potential (which reflects mitochondrial function) before being
encapsulated in autophagosomes (Elmore et al., 2001). Here,
ΔΨm analysis of coelomocytes was performed using JC-1
fluorescence dye (Beyotime, China). L-15 cell culture medium
(500 μL containing 1×106 coelomocytes) was seeded into 24well plates and treated with LPS for 0, 1, 3, 6, 12, and 24 h.
According to the manufacturer’s instructions, the cells treated
with LPS were incubated with 10 mg/mL JC-1 stain (lipophilic
cationic
probe
5,5’,6,6’-tetrachloro-l,l’,3,3’tetraethylbenzimidazolcarbocyanine iodide, Beyotime, China)
in the dark for 20 min at 37 °C, washed with 1×JC-1 staining
buffer, and analyzed using flow cytometry (Becton Dickinson
Biosciences, USA). The mitochondrial depolarizing agent
carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was used
as a positive control (data not shown). The JC-1 monomers
and polymers were visualized as green and red fluorescence,
respectively. The red/green JC-1 fluorescence ratio was used
as a sensitive measure of ΔΨm (Métivier et al., 1998).
Colocalization of mitochondria and lysosomes
Primary coelomocytes seeded in 24-well plates were treated
with LPS for 0, 1, 3, 6, 12, and 24 h, and then collected for
later use. Lyso-Tracker Red (Beyotime, China) and MitoTracker Green (Beyotime, China) were added to the cell
culture medium at ratios of 1:13 333–1:20 000 and
1:5 000–1:50 000 to obtain final mixed working solution
concentrations of 50–75 nmol/L and 20–200 nmol/L,
respectively. The original coelomocyte medium was replaced
with a mixed working solution, and cells were loaded with
Mito-Tracker Green and Lyso-Tracker Red for 30–120 min
according to the manufacturer’s protocols. The staining mixed
solution was then removed, fresh cell culture was added, and
the cells were observed under a laser confocal microscope
(Zeiss LSM510, Germany). Green mitochondria located with
red lysosomes formed orange fluorescent spots. The number
of orange spots was then measured to quantify mitophagy.
Cloning and analysis of AjBNIP3
Based on the corresponding expressed sequence tags (ESTs)
in our transcription data (Zhang et al., 2014), primers
AjBNIP3-F
(5'-ATGACGAGCACACCACGTAG-3')
and
AjBNIP3-R (5'-TCACATGCTGGATTTGGGC-3') were used to
amplify the complete open reading frame (ORF) of AjBNIP3
using a PrimeScript RT Reagent Kit with gDNA Eraser
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(Takara, Japan). Amplified polymerase chain reaction (PCR)
products were puriﬁed, ligated into the pMD19-T simple vector
(Takara, Japan), and transformed into competent E. coli DH5α
cells (Takara, Japan). Positive recombinant clones were
verified by PCR screening and sequenced by Sangon Biotech
(Shanghai, China). The cDNA sequence of AjBNIP3 was
analyzed using the BLAST algorithm from the National Center
for Biotechnology Information website (http://www.ncbi.nlm.nih.
gov/blast), and the deduced aa sequences were analyzed
using the Expert Protein Analysis System (http://www.
expasy.org/). The molecular mass and theoretical isoelectric
point (pI) of AjBNIP3 were calculated using the ProtParam tool
(http://www.expasy.ch/tools/protparam.html).
Domains
in
these aa sequences were detected using the Simple Modular
Architecture Research Tool (SMART) (http://www.smart.
emblheidelbergde/). Multiple alignment analysis of each
protein was performed using DNAMAN software. A
phylogenetic tree was constructed using the neighbor-joining
method based on the distinct types of BNIP3 in MAGE v5.1
with 1 000 bootstrap replicates.
Real-time quantitative expression of AjBNIP3
Accumulating evidence suggests that the BNIP3 pathway is
critical for autophagic degradation of damaged mitochondria
(Wende et al., 2016). To investigate the involvement of
AjBNIP3 in V. splendidus and LPS-induced mitophagy, we
measured the mRNA expression levels of AjBNIP3 in
response to V. splendidus infection and LPS exposure in vivo
and in vitro. Coelomocytes from five samples in each group
were collected at 0, 6, 24, 48, and 72 h, and primary
coelomocytes were collected at 0, 1, 3, 6, 12, and 24 h in
triplicate. Total RNA was extracted using TRIzol reagent
(Takara, Japan) according to the manufacturer’s protocols,
and cDNA was prepared using a PrimeScript RT Reagent Kit
with gDNA Eraser (Takara, Japan). Ampliﬁcation was
conducted in a 20 μL reaction volume containing 8 μL of 1:50
diluted cDNA, 0.8 μL of each primer (F: 5'-TTAACAGCC
GTCTGATCGTC-3' and R: 5'-CCAAAGTGAGGGAGGGAGA3'), 10 μL of SYBR Green, and 0.4 μL of ROX (Takara,
Japan). The PCR conditions were as follows: 95 °C for 5 min,
then 40 cycles at 95 °C for 15 s, 60 °C for 20 s, and 72 °C for
20 s, followed by melting curve analysis. The baseline was
automatically set by the software to maintain consistency.
Each reaction was performed in triplicate, and expression
levels were normalized to the expression of the Ajβ-actin gene
(F: 5'-CCATTCAACCCTAAAGCCAACA-3' and R: 5'-ACAC
ACCGTCTCCTGAGTCCAT-3'), which was used as an
internal housekeeping control. The 2-ΔΔCT method was used to
analyze the relative expression levels of candidate genes
(Livak & Schmittgen, 2001), and the obtained value denoted
the n-fold difference relative to the calibrator.
Polyclonal antibody preparation of AjBNIP3 and western
blot analysis
The cDNA fragment encoding the predicted mature peptide of
AjBNIP3 was amplified using specific primers AjBNIP3-F and
AjBNIP3-R. The purified PCR products were inserted into the
pET-28a expression vector with BamH I and Not I, then
transformed into E. coli BL (DE3) cells. After induction with
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isopropyl thiogalactoside (1 mmol/L) and purification by HisTrapTM Ni-agarose, the His-tagged recombinant AjBNIP3
(rAjBNIP3) protein was obtained. In addition, male ICR mice
(20 g; 6–8 weeks old) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (China) and housed
for one week in sterile individually ventilated cages under a
12 h light/dark cycle at 22±2 °C. The mice were allowed to
feed once every two days and were provided with distilled
drinking water freely. For polyclonal antibody preparation, 100
μg of purified rAjBNIP3 protein was injected into a 4-week-old
ICR mouse with an equal volume of complete Freund’s
adjuvant. One week later, all mice were intramuscularly
injected twice with 75 μg of rAjBNIP3 purified protein with an
equal volume of incomplete Freund’s adjuvant at one-week
intervals. After the last injection, antiserum was harvested
from the eyes and stored at −80 °C until further western blot
analysis. The mice were deprived of water and food the day
before blood collection, then finally euthanized via cervical
dislocation. In the western blot experiments, the collected
coelomocytes were homogenized in 1×RIPA buffer
supplemented with protease inhibitors (PMSF, 100 mmol/L,
Beyotime, China). Protein concentration was determined using
a bicinchoninic acid (BCA) assay (Sigma-Aldrich, USA).
Protein lysates were separated using 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to 0.22 μmol/L polyvinylidene difluoride
membranes (Millipore Sigma, USA). The membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline with
Tween 20 for 2 h and incubated with anti-AjBNIP3 from mouse
serum (1:200 dilution) overnight at 4 °C. Secondary
horseradish
peroxidase
(HRP)-conjugated
antibodies
(1:10 000 dilution, Sangon Biotech, China) were used to treat
membranes for 2 h at room temperature, followed by
incubation with an ECL reagent (Bio-Rad, USA) for 3 min at
room temperature. Ajβ-actin was used as an internal control.
Colocalization of AjBNIP3 and mitochondria
To confirm the regulatory relationship between AjBNIP3 and
mitophagy, we studied the colocalization relationship between
AjBNIP3 and mitochondria. Briefly, coelomocytes cultured in
6-well plates were treated with LPS for 24 h at 16 °C. The
treated cells were then stained with Mito-Tracker Red
CMXRos (200 nmol/L) for 30 min, fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and
blocked with 5% bovine serum albumin (BSA). The cells were
incubated with anti-AjBNIP3 from mouse serum (1:200
dilution) at 4 °C overnight. After washing three times with PBS,
the cells were incubated with secondary antibody Alexa Fluor
488 conjugated goat anti-mouse IgG (1:500 dilution,
Beyotime, China) for 1.5 h at room temperature. After staining
with 4’,6-diamidino-2-phenylindole (DAPI) for 5 min, the cells
were visualized using a laser confocal microscope.
Effects of exogenous hydrogen peroxide (H2O2) on
AjBNIP3 mRNA and protein expression and mitophagy
To show the effects of excessive ROS on BNIP3-mediated
mitophagy, coelomocytes were seeded in 6-well plates and
treated with gradually increasing concentrations of H2O2 (0,
0.002, 0.02, 0.2, 2, and 20 μmol/L) for 12 h, which can induce

mitochondrial stress and mtROS release (Zmijewski et al.,
2010). Some cells were then collected for mRNA and protein
expression analysis of AjBNIP3, and others were used to
detect mitophagy flux by colocalizing mitochondria and
lysosomes, as described above.
Effects of ROS inhibitors and scavengers on expression
of AjBNIP3 and mitophagy
Several sources of ROS exist in cells, including NADPH
oxidase (NOX) and mitochondria (Adam-Vizi & Chinopoulos,
2006). To further confirm that excessive ROS can activate
BNIP3-mediated mitophagy, coelomocytes were seeded in 6well plates and treated with ROS inhibitors (apocynin to inhibit
ROS generation from NOX (10 mmol/L) and 5hydroxydecanoate (5-HD, 100 μmol/L) to inhibit ROS
production from mitochondria) and ROS scavenger (N-acetyll-cysteine (NAC), 1 mmol/L) for 12 h. To determine
intracellular ROS and mtROS levels after LPS treatment, the
coelomocytes were treated with peroxide-sensitive fluorescent
probe 27-dichlorofluorescin diacetate (DCFH-DA, Sigma,
USA) and MitoSOX Red mitochondrial superoxide indicator
(Yeasen, China), then washed with PBS and observed using
laser scanning confocal microscopy. Subsequently, some cells
were collected for mRNA and protein expression analysis of
AjBNIP3, and other cells were used to detect mitophagy flux
by colocalizing mitochondria and lysosomes, as described
above.
Co-immunoprecipitation of AjBNIP3 and AjLC3
In mammalian cells, LC3 is a critical component of
mitophagosomes and BNIP3 is a mitophagy receptor (Yurkova
et al., 2008). As a mitochondrial outer membrane protein,
BNIP3 can interact with LC3 to recruit autophagosomes and
then degrade identified targets (Zhou et al., 2018a). To further
explore the interaction between AjBNIP3 and AjLC3, healthy
sea cucumbers were treated with V. splendidus at a final
concentration of 1×107 CFU/mL for 48 h, after which the
coelomocytes were harvested for lysis. An equal amount of
protein lysate was incubated with mouse anti-AjBNIP3
antibody overnight at 4 °C, followed by incubation with 40 μL
of protein A/G agarose beads (Beyotime, China) for 3 h at
4 °C. The immune complexes were subjected to western blot
analysis using rabbit anti-LC3 antibody (1:1 000 dilution;
Abcam). Total protein lysates were also subjected to western
blot analyses with anti-AjBNIP3 and anti-LC3 antibodies.
Microscale thermophoresis (MST) analysis of AjBNIP3
and AjLC3
To confirm whether AjBNIP3 interacts with AjLC3, MST was
used for the first time to study the binding kinetics of
recombinant His-AjBNIP3 to His-AjLC3. Fluorescent-labelled
His-AjBNIP3 (10 μmol/L) was dissolved in a buffer containing
50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 10 mmol/L
MgCl2, and 0.05% (v/v) Tween-20. A range of His-AjLC3
concentrations in the assay buffer (50 mmol/L Tris-HCl pH 7.8,
150 mmol/L NaCl, 10 mmol/L MgCl2, 0.05% Tween-20) were
incubated with fluorescent-labelled protein (1:1, v/v) for 10 min
at room temperature. A label-free instrument (NanoTemper
Technologies GMBH, Germany) was used to detect changes
in the size, charge, and conformation of the His-AjBNIP3 and

His-AjLC3 proteins induced by binding. The His-AjLC3 and
fluorescent-labelled His-AjBNIP3 mixture was loaded into the
Monolith NT (NanoTemper, Germany). Label-free standard
capillaries were measured with 20% LED power and 80%
MST power. Finally, the curve was parameterized, and the
dissociation constant (Kd) was calculated using the Kd fit
function in Nano Temper Analysis v1.5.41.
Colocalization of AjBNIP3 and AjLC3 in coelomocytes
Coelomocytes were seeded in 6-well plates and treated with
10 μg/mL LPS for 12 h. Treated cells were washed with PBS,
followed by fixation with 4% paraformaldehyde for 20 min and
permeabilization with 0.1% Triton X-100. After blocking with
5% BSA for 60 min at room temperature, cells were incubated
with primary antibodies (mouse anti-AjBNIP3, 1:200; rabbit
anti-LC3, 1:500) overnight at 4 °C, followed by secondary
antibodies (Alexa Fluor 488 conjugated goat anti-mouse IgG;
Cy3 conjugated goat anti-rabbit IgG) for 1.5 h at room
temperature. Nuclear staining was performed using DAPI
(Beyotime, China) for 5 min. Images were obtained using a
laser confocal microscope.
Colocalization of AjBNIP3 and AjLC3 in HeLa and HEK
293T cells
The ORFs of AjBNIP3 and AjLC3 were ligated into the pCMVN-mCherry vector (Beyotime, China) and pIRES2-EGFP
vector (Beyotime, China) to construct the pCMV-N-mCherryAjBNIP3 and pIRES2-EGFP-AjLC3 plasmids, respectively.
Thereafter, HeLa cells and HEK 293T cells in 6-well plates at
70%–80% confluence were co-transfected with the
recombinant plasmids using Lipofectamine 6 000 (Beyotime,
China) according to the manufacturer’s instructions. At 24 and
36 h post-transfection, nuclei of the HeLa and HEK 293T cells
were stained with DAPI and the colocalization of CherryAjBNIP3 and GFP-AjLC3 was observed with a confocal
microscope.
AjBNIP3 interference
The small interfering RNA (siRNA) targeting AjBNIP3 (F: 5'CCAACAUGGAGAAGCUAUUTT-3'; R: 5'-AAUAGCUUCUCC
AUGUUGGTT-3') and negative control (F: 5'-UUCU
CCGAACGUGUCACGUTT-3'; R: 5'-ACGUGACACGUUC
GGAGAATT-3') were purchased from GenePharma Company
(China), and transfected with siRNA using Lipofectamine 6 000
(Beyotime, China) according to the manufacturer’s
recommended conditions. The siRNA transfection mix was
added to the cells for 24 and 48 h. Total RNA was extracted
from cell culture lysates using TRIzol reagent (Invitrogen,
USA) following the manufacturer’s instructions, and total
protein was homogenized using 1×RIPA buffer supplemented
with protease inhibitor to detect mRNA and protein expression
levels of AjBNIP3. After interfering with AjBNIP3, cells were
stimulated with LPS for 12 h, with mitophagy (using
mitochondria-lysosome colocalization and AjBNIP3-AjLC3
protein colocalization), ROS levels, and coelomocyte
apoptosis and survival then determined.
Detection of coelomocyte apoptosis and survival
Mitophagy is a basic cellular function that allows organisms to
remove damaged mitochondria and excessive ROS, thereby
reducing apoptosis and promoting cell survival (Tolkovsky,
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2009; Youle & Bliek, 2012). Here, an Annexin V-FITC/PI
Apoptosis Assay Kit (Beyotime, China) was used to analyze
coelomocyte apoptosis according to the manufacturer’s
instructions. The cells transfected with siRNA and
subsequently exposed to LPS for 12 h were incubated with
Annexin V/FITC, followed by PI staining and ﬂow cytometry
analysis (Becton Dickinson Biosciences, USA). The MTT
assay was conducted. In brief, cells were diluted to a
concentration of 1×104 cells/mL, and a 100 μL cell suspension
was then transferred to a 96-well microplate well and
incubated at 16 °C for 12 h. After treatment with AjBNIP3
siRNA and subsequent LPS, absorbance was measured at
570 nm using a microplate reader. The assay was repeated
three times. To verify the effect of BNIP3-mediated mitophagy
on the survival rate of sea cucumber coelomocytes, we
treated the cells with different concentrations of lactate (5, 10,
and 15 mmol/L) and challenged them with LPS for 24 h, then
used the MTT and apoptosis kits to detect cellular viability.
Statistical analysis
All data in the different experimental groups are expressed as
mean±standard error of the mean (SEM). Data shown in this
research were obtained from at least three independent
experiments. One-way analysis of variance (ANOVA) was
applied to discern signiﬁcant differences between the control
and experimental groups for relative mRNA expression levels.
Signiﬁcant differences were determined at *P<0.05 and
**
P<0.01.
RESULTS
Effects of V. splendidus infection and LPS exposure on
mitochondrial damage and mitophagy in coelomocytes
As shown in Figure 1A, TEM observations indicated that the
mitochondria showed a normal cylindrical appearance with
well-preserved cristae in the control group, but showed signs
of damage, including irregular swelling and decreased cristae,
in the V. splendidus infection group. Simultaneously,
compared with the control, we observed typical doublemembrane and lamellar mitophagosomes in the perinuclear
area in the coelomocytes with damaged mitochondria
(Figure 1B). Furthermore, at the cellular level, JC-1 staining
showed that LPS exposure induced disruption of ΔΨm in
coelomocytes (Figure 1C). Compared with the control, LPS
treatment for 3, 6, and 12 h (P<0.05) dramatically decreased
the ΔΨm of coelomocytes. In addition, the colocalization of
mitochondria and lysosomes in the coelomocytes revealed
that LPS exposure increased the number of mitophagosomes.
As shown in Figure 1D, less overlap between the mitochondria
and lysosomes was observed before LPS treatment. However,
LPS stimulation increased the colocalization of mitochondria
and lysosomes, as indicated by orange fluorescence,
suggesting the formation of mitophagosomes. The
mitophagosomes in the LPS-exposed group displayed
significant induction from 6 h.
Effects of AjBNIP3 on mitophagy induced by V.
splendidus infection and LPS exposure in coelomocytes
We detected the mRNA and corresponding protein levels of
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AjBNIP3 in response to V. splendidus infection and LPS
exposure in vivo and in vitro. Results showed that V.
splendidus and LPS challenge increased the AjBNIP3 mRNA
and protein expression levels in a time-dependent manner, as
demonstrated by quantitative PCR and western blot analysis
(Figure 2A). Briefly, AjBNIP3 transcription increased 2.03-fold
(P<0.05) and 3.30-fold (P<0.01) compared with the control
group after bacterial challenge for 24 and 48 h, respectively,
and peaked at 72 h (3.49-fold, P<0.01). Similarly, upregulation of AjBNIP3 expression was also detected at each
time point in the LPS-challenged primary cultured cells. Peak
expression of AjBNIP3 was detected at 24 h with a 3.29-fold
(P<0.01) increase compared with that of the control group.
Moreover, immunofluorescence staining showed that LPS
treatment increased the protein expression level of AjBNIP3
and colocalization of AjBNIP3 with mitochondria (Figure 2B),
suggesting an accumulation of AjBNIP3 in mitochondria and
increase in mitophagy. To confirm the necessity of AjBNIP3
for mitophagy, we transfected coelomocytes with AjBNIP3
siRNA and detected interference efficiency. As shown in
Figure 2C, AjBNIP3 interference significantly down-regulated
the AjBNIP3 mRNA level by 43% (P<0.01), and the protein
level was similarly reduced. Under these conditions, AjBNIP3
interference markedly inhibited LPS-induced mitophagy flux in
coelomocytes, as indicated by the decrease in mitochondrialysosome colocalization (Figure 2D).
Activation of AjBNIP3-mediated mitophagy by ROS
We previously found that ROS expression is up-regulated
under pathogenic stress (Sun et al., 2020), and found that
AjBNIP3 and mitophagy show the same expression trend
under the same conditions in the current study. Here, we
found that H2O2 induced AjBNIP3 mRNA and protein
expression levels in coelomocytes in a dose-dependent
manner (Figure 3A). Notably, coelomocytes treated with 2 and
20 μmol/L H2O2 showed a significant increase (1.66-fold,
P<0.01 and 1.61-fold, P<0.01) in AjBNIP3 mRNA and protein
expression compared to coelomocytes treated with 0.002,
0.02, and 0.2 μmol/L H2O2. Moreover, to visualize the levels of
AjBNIP3-mediated mitophagy in vitro, we performed
immunofluorescence on different concentrations of H2O2treated cells and found an increase in mitochondria- and
lysosome-positive puncta per cell in the high-level H2O2treated group (Figure 3B). Additionally, LPS-stimulated
coelomocytes were treated with ROS inhibitors (apocynin and
5-HD) and scavenger NAC to confirm the key role of ROS in
AjBNIP3-dependent mitophagy activation. Results indicated
that intracellular ROS levels decreased markedly following 5HD and NAC treatment (Figure 3C). Similarly, there was a
significant decrease in mtROS levels after 5-HD and NAC
treatment (Figure 3D). Importantly, 5-HD and NAC treatment
significantly inhibited AjBNIP3 mRNA and protein expression
(Figure 3E) as well as mitophagy flux (Figure 3F).
Initiation of mitophagy by AjBNIP3 and AjLC3 interactions
According to the above results, AjBNIP3 can specifically
activate mitophagy in coelomocytes, but it is unclear how it
targets mitochondria to the autophagosomes. Therefore, we
cloned AjBNIP3 (GenBank accession No.: OL770272) and

Figure 1 Vibrio splendidus infection and LPS challenge induced mitochondrial damage and mitophagy in coelomocytes
A: Representative TEM images of morphology of damaged mitochondria (arrowhead) in coelomocytes of A. japonicus infected by V. splendidus for
48 h. B: Representative TEM images of autophagosomes engulfing mitochondria (arrowhead) in coelomocytes of A. japonicus infected by V.
splendidus for 48 h. C: ΔΨm of coelomocytes after LPS treatment for 0, 1, 3, 6, 12, and 24 h determined by JC-1 staining and flow cytometry. *:
P<0.05; **: P<0.01, n=3. D: Immunofluorescence colocalization analysis of Lyso-Tracker Red with Mito-Tracker Green in coelomocytes after LPS
exposure for 0, 1, 3, 6, 12, and 24 h, with DAPI (blue) staining to identify nuclei. M: Mitochondria.
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Figure 2 Effects of AjBNIP3 on mitophagy induced by V. splendidus infection and LPS challenge in coelomocytes
A: Quantification and immunoblots of AjBNIP3 in response to V. splendidus infection and LPS challenge in vivo and in vitro. *: P<0.05; **: P<0.01,
n=5. B: Immunofluorescence colocalization analysis of AjBNIP3 in coelomocytes after LPS treatment for 0, 6, and 12 h with Mito-Tracker Red
CMXRos, with DAPI (blue) staining to identify nuclei. C: Quantification and immunoblots of AjBNIP3 in coelomocytes after 24 and 48 h of
transfection with or without AjBNIP3 siRNA. *: P<0.05; **: P<0.01, n=3. D: Immunofluorescence colocalization analysis of Lyso-Tracker Red with
Mito-Tracker Green in coelomocytes after AjBNIP3 interference and subsequent LPS exposure for 12 h, with DAPI (blue) staining to identify nuclei.

analyzed the aa sequence of AjBNIP3 (Figure 4A). The
complete ORF of AjBNIP3 was 570 bp, which encoded 189
residues, and AjBNIP3 molecular mass was predicted to be
20.41 kDa. We discovered that AjBNIP3 contained a LIR
(WVEL), BH3 domain (GLRNTEWIW) in the N-terminal, and
transmembrane domain (VLRMVVPSLILTNLITLGLGIVI) in
the C-terminal, which were highly conserved (Supplementary
Figures S1, S2). SMART analysis also indicated that AjBNIP3,
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which contains a BNIP3 domain, belongs to the BH3-only
family (Figure 4B). Next, we investigated whether
mitochondria-targeted AjBNIP3 interacts with LC3. We first
predicted the combination model of AjBNIP3 and AjLC3
(Figure 4C). Co-immunoprecipitation experiments also
demonstrated that AjBNIP3 and AjLC3 were pulled down
together (Figure 4D). In addition, MST assays were employed
to verify the binding kinetics between AjBNIP3 and AjLC3, and

Figure 3 Activation of AjBNIP3-mediated mitophagy by ROS
A: Quantification and immunoblots of AjBNIP3 in coelomocytes after treatment with different concentrations of H2O2 for 12 h. *: P<0.05; **: P<0.01,
n=3. B: Immunofluorescence colocalization analysis of Lyso-Tracker Red with Mito-Tracker Green in coelomocytes after treatment with different
concentrations of H2O2 for 12 h, with DAPI (blue) staining to identify nuclei. C: Intracellular ROS levels determined by DCFH-DA after treatment with
ROS inhibitors and scavenger for 12 h. *: P<0.05; **: P<0.01, n=3. D: Mitochondrial ROS levels determined by MitoSOX staining after treatment with
ROS inhibitors and scavenger for 12 h. E: Quantification and immunoblots of AjBNIP3 in coelomocytes after treatment with ROS inhibitors and
scavenger for 12 h. *: P<0.05; **: P<0.01, n=3. F: Immunofluorescence colocalization analysis of Lyso-Tracker Red with Mito-Tracker Green in
coelomocytes after treatment with ROS inhibitors and scavenger for 12 h, with DAPI (blue) staining to identify nuclei.
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the dissociation constant (Kd) of AjBNIP3 and AjLC3 was 2.82
μmol/L (Figure 4E). To determine whether AjBNIP3 binds to
AjLC3 at a greater degree during pathogen infection, we
examined protein interactions via immunofluorescence and
found that LPS treatment increased the colocalization of
AjBNIP3 and AjLC3 compared with the control samples
(Figure 4F). After AjBNIP3 interference, the interaction was
markedly inhibited by LPS challenge in the coelomocytes, as
indicated by a decrease in AjBNIP3-AjLC3 colocalization
(Figure 4G). Finally, as shown in Figure 4H, the cotransfection
experiments in HeLa and HEK 293T cells revealed that
mCherry-AjBNIP3 colocalized with GFP-AjLC3, and
fluorescence-labelled proteins increased significantly after
cotransfection for 36 h compared with cells transfected for
24 h.
Protective effects of AjBNIP3-mediated mitophagy on
coelomocyte survival
As seen in Figure 5A, AjBNIP3 interference affected
coelomocyte survival in the interference group (66%, P<0.01)
compared with the control group. Consistently, AjBNIP3
knockdown also significantly increased the apoptosis rate
(1.27-fold, P<0.05, Figure 5B). To explain the beneficial
effects of AjBNIP3-mediated mitophagy in protecting cell
survival, we treated LPS-challenged coelomocytes to different
concentrations of lactate, which can suppress BNIP3mediated mitophagy (Zhu et al., 2019b). As shown in
Figure 5C, the AjBNIP3 mRNA expression level increased
significantly in the coelomocytes treated with 5 and 10 mmol/L
lactate (2.32-fold (P<0.01) and 1.37-fold (P<0.05),
respectively), but not in those treated with 15 mmol/L lactate.
Similarly, the protein expression levels of AjBNIP3 after LPS
challenge were suppressed by high concentrations of lactate.
The mitophagy level in coelomocytes stimulated with LPS also
increased. While the addition of 5 mmol/L lactate had no
significant effect on mitophagy level, high concentrations of
lactate inhibited mitophagy (Figure 5D). Subsequently, the
apoptosis rate (Figure 5E) in coelomocytes treated with high
concentrations of lactate increased significantly. Compared
with the untreated group, apoptosis in the coelomocytes
treated with 5 mmol/L lactate increased by 1.25-fold (P<0.05),
and apoptosis in the coelomocytes treated with a high
concentration of lactate increased by 2.65-fold (P<0.01). In
contrast, compared with the control group, the survival rate of
coelomocytes treated with 5 mmol/L lactate decreased by
32% (P<0.05) and the survival rates of coelomocytes treated
with high concentrations of lactate significantly decreased by
78% (P<0.01) (Figure 5F).
DISCUSSION
Although low levels of ROS serve as regulators of cell
signaling, high levels of ROS can cause oxidative stress,
leading to various diseases and injury, including cancer,
neurological disorders, and cell death (Bjelland & Seeberg,
2003). Mitochondria are the principal sites of ROS production
in mammalian cells. In dysfunctional mitochondria, ROS
production is increased due to disrupted electron transport
along the respiratory chain and decreased oxygen formation
(Mammucari & Rizzuto, 2010; Zorov et al., 2014). Fortunately,
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ROS produced by damaged mitochondria can induce
mitophagy, which, in turn, eliminates excessive ROS (ScherzShouval & Elazar, 2011). As an invertebrate, A. japonicus
relies on innate immunity only and uses ROS as the main
bactericidal weapon in defense against pathogens (Sun et al.,
2020). However, excessive ROS may cause apoptosis and
affect coelomocyte survival. Whether mitophagy can be
activated to eliminate damaged mitochondria and excessive
ROS in A. japonicus remains poorly understood. In this study,
we first demonstrated that V. splendidus infection and LPS
challenge can induce mitochondrial injury and increase
mitophagosomes. We subsequently identified a mitophagy
receptor in A. japonicus, i.e., AjBNIP3, located on the
mitochondrial membrane. Interestingly, high levels of ROS
activated
AjBNIP3-mediated
mitophagy.
Mitochondrialocalized AjBNIP3 interacted with AjLC3 on the
autophagosome to induce mitochondrial removal and promote
coelomocyte survival (Figure 6). To the best of our knowledge,
this is the first study to confirm the mechanisms underlying
ROS-mediated BNIP3-dependent mitophagy in lower
invertebrate sea cucumbers against pathogen infection.
As a selective form of macroautophagy, mitophagy is the
only known pathway that removes damaged and dysfunctional
mitochondria in response to stresses such as pathogen
infection and nutrient deprivation (Zhang et al., 2008).
Mitophagy is a critical component of mitochondrial quality
control and essential for the maintenance of a healthy
mitochondrial population and cell viability. As mitophagy is
essential for maintaining cellular functions, mitophagy
deficiency is associated with a wide array of disorders,
including neurodegenerative diseases (e.g., Parkinson’s and
Alzheimer’s disease) and autoimmune diseases (Lou et al.,
2019; Thangaraj et al., 2019; Xu et al., 2020; Yang et al.,
2020). When mitochondria are damaged, they lose their
membrane potential, release additional ROS, and activate
mitophagy to ensure their degradation by lysosomes in
coelomocytes. (Novikoff & Essner, 1962). In the present study,
several lines of evidence supported the occurrence of
mitophagy in A. japonicus coelomocytes, including
mitophagosome formation in coelomocytes, up-regulation of
mitophagosome and lysosome flux during pathogen infection,
and removal of damaged mitochondria (Figure 1). Consistent
with previous reports (Zhang et al., 2008; Novikoff & Essner,
1962), our findings strongly support the involvement of
mitophagy in V. splendidus infection and LPS challenge.
Mitophagy may involve multiple pathways. Several studies
have demonstrated that BNIP3 is a significant mitophagy
contributor (Hanna et al., 2012; Ney, 2015). In this study,
AjBNIP3 was localized to the mitochondria during pathogen
infection and AjBNIP3 expression closely mirrored infection
severity, with little to no increase in expression under noinfection conditions (Figure 2). Gao et al (2020) reported that
BNIP3 is a member of the Bcl-2 family and present in the
BH3-only domain and TMD. Of note, Ghavami et al. (2009)
reported that the BH3-only domain is essential for the insertion
of BNIP3 into the mitochondrial membrane. In addition,
research has suggested that BNIP3 is anchored to the outer
mitochondrial membrane via its C-terminal TMD, which is
essential for targeting BNIP3 to the mitochondria (Chen et al.,

Figure 4 Initiation of mitophagy by AjBNIP3 and AjLC3 interactions
A: Amino acid (aa) sequence analysis of AjBNIP3. Entire deduced aa sequence is depicted using single letter codes above corresponding
nucleotide sequence. LIR is marked in green and indicated in bold. BH3 domain is marked in pink and indicated in bold. C-terminal transmembrane
domain is marked in red and indicated in bold. B: Predicted 2D structural model of AjBNIP3. C: Predicted combination model of AjBNIP3 and AjLC3.
D: Co-immunoprecipitation of AjBNIP3 and AjLC3 after V. splendidus infection for 48 h. E: Microscale thermophoresis (MST) assays of interactions
between His-AjBNIP3 and His-AjLC3. Solid curve is the fit of data points to the standard Kd-fit function. Experiments were repeated at least three
times. F: Immunofluorescence colocalization analysis of AjBNIP3 and AjLC3 after LPS treatment for 12 h, with DAPI (blue) staining to identify
nuclei. G: Immunofluorescence colocalization analysis of AjBNIP3 and AjLC3 in coelomocytes after transfection with AjBNIP3 siRNA and
subsequent exposure to LPS for 12 h, with DAPI (blue) staining to identify nuclei. H: Cotransfection of pCMV-N-Cherry-AjBNIP3 and pIRES2EGFP-AjLC3 in HeLa and HEK 293T cells for 24 and 36 h, with DAPI (blue) staining to identify nuclei.
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Figure 5 AjBNIP3-mediated mitophagy protects coelomocyte survival by reducing ROS production
A: Cell survival was determined after transfection with AjBNIP3 siRNA and subsequent LPS exposure for 12 h. *: P<0.05; **: P<0.01, n=3. B:
Apoptosis rate was determined using an Annexin V-FITC/PI apoptosis assay kit after transfection with AjBNIP3 siRNA and subsequent LPS
exposure for 12 h. *: P<0.05;

**

: P<0.01, n=3. C: Quantification and immunoblots of AjBNIP3 in coelomocytes after treatment with different

concentrations of lactate for 24 h. *: P<0.05;

**

: P<0.01, n=3. D: Detection of mitophagy flux in coelomocytes after treatment with different

concentrations of lactate for 24 h. E: Apoptosis rate was determined using an Annexin V-FITC/PI apoptosis assay kit after treatment with different
concentrations of lactate for 24 h. *: P<0.05; **: P<0.01, n=3. F: Survival rate was determined using an MTT kit after treatment with different
concentrations of lactate for 24 h. *: P<0.05; **: P<0.01, n=3.
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Figure 6 Role of ROS-mediated AjBNIP3-dependent mitophagy towards V. splendidus infection
Vibrio splendidus infection may increase mitochondrial membrane potential (ΔΨm) to produce ROS, which directly kill pathogens and cause
mitochondrial injury, thereby decreasing ΔΨm. To eliminate damaged mitochondria, excessive ROS can activate mitophagy receptor BNIP3
expression and degrade damaged mitochondria via binding to LC3 in autophagosomes.

1997; Kubli et al., 2008; Ray et al., 2000). However, it is
unknown whether AjBNIP3 also interacts with LC3 via its
WXXL motif and whether this interaction is important for
selective removal of mitochondria. Therefore, after cloning
AjBNIP3, we found that AjBNIP3 contained a BH3-only
domain in the N-terminal and a TMD in the C-terminal
(Figure 4). Moreover, the AjBNIP3 domains shared high
similarity with BNIP3s from other species (Supplementary
Figures S1). The BH3-only domain and TMD were important
for targeting AjBNIP3 to the mitochondrial membrane,
suggesting that AjBNIP3 plays an important role in
mitochondrial elimination of coelomocytes. It is conceivable
that BNIP3-mediated mitophagy failure increases infectioninduced mitochondrial damage, leading to further
mitochondrial damage and ultimately irreversible cell injury
and cell death. However, it is still unclear how an
autophagosome knows to remove a particular mitochondrion.
It has been reported that interactions between BNIP3 and LC3
are important for promoting the removal of damaged
mitochondria (Yurkova et al., 2008). Yurkova et al. (2008)
reported that BNIP3 on the outer mitochondrial membrane
interacts with processed LC3 on the phagophore membrane to
promote
mitochondrial
sequestration
within
the
autophagosome for degradation. In this study, LPS challenge
enhanced the interaction between AjBNIP3 and AjLC3
(Figure 4), and more importantly, AjBNIP3 was found to
contain a WXXL motif (LIR) in the N terminus, which was
important for binding to LC3. Thus, up-regulated mitophagy
may be correlated with enhanced interactions between
AjBNIP3 and AjLC3. We also found that AjBNIP3 interference
significantly reduced mitophagy by disrupting the interactions
between AjBNIP3 and AjLC3. Consistent with Lamy et al.
(2003) and Wei et al. (2015), our results indicate that
mitochondrial-located AjBNIP3 interacts with AjLC3 and
serves to dock mitochondria to the autophagosomes, thereby
promoting mitochondrial sequestration and degradation.
BNIP3-dependent mitophagy can limit ROS generation and
apoptosis in tumor cells by reducing dysfunctional
mitochondria (Chourasia & Macleod, 2015; Sathiyaseelan et
al., 2019). BNIP3 is also involved in the inhibition of nerve cell

apoptosis (Liu et al., 2019; Zhu et al., 2019a). In contrast,
mitophagy defects arising from the mitophagy receptor,
BNIP3, accelerate the accumulation of dysfunctional
mitochondria and excessive ROS production (Chourasia et al.,
2015). Previous studies have indicated that down-regulating
BNIP3 expression can increase ROS production and cell
damage (Glick et al., 2012; Li et al., 2019). In this study, we
investigated the mechanism by which AjBNIP3 promotes
mitophagy in cells. We also discovered that inhibiting
mitophagy by AjBNIP3 interference blocked ROS elimination
and accelerated LPS-induced apoptosis in coelomocytes,
thereby affecting cell survival (Figure 5). Zhu et al. (2019b)
reported that BNIP3-induced mitophagy plays a protective role
against mitochondrial dysfunction under lactate exposure by
controlling ROS generation. Here, we found that high
concentrations of lactate significantly prevented AjBNIP3
expression
and
AjBNIP3-mediated
mitophagy
in
coelomocytes, and significantly up-regulated ROS and
apoptosis levels (Figure 5). The role of BNIP3 in activating
mitophagy to protect cells against apoptosis has also been
demonstrated in mouse microglial BV-2 cells (Lei et al., 2018).
These results reveal previously unknown mechanisms by
which AjBNIP3-mediated mitophagy alleviates LPS-induced
apoptosis and promotes survival by reducing mtROS
production in coelomocytes.
Consistent with the protective function of mitophagy in
coelomocyte survival found in the present study, mitophagy
also participates in the protection of other tissues and cells.
For example, BNIP3-mediated mitophagy plays a protective
role in retinal detachment (Liu et al., 2016) and in mouse
granulosa cells in response to follicle-stimulating hormone
exposure (Zhou et al., 2017). Abnormal development of
mitophagy is also a key contributor to various diseases. For
example,
inhibition
of
mitophagy
can
exacerbate
hepatotoxicity (Ni et al., 2012). The therapeutic potential of
BNIP3 in diseases associated with secondary mitochondrial
dysfunction has also been explored in a variety of clinical
trials, as well as in in vitro and in vivo studies, over the past
decade (Brocca et al., 2012; Dhingra et al., 2017; Li et al.,
2018; Smiles et al., 2016). Thus, accumulating evidence
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indicates that BNIP3 is strongly associated with mitophagy
and mitophagy-related diseases. In addition, mitophagymediated cell death induced by BNIP3 is associated with ROS
generation via inflammatory responses (Velde et al., 2000;
Chung et al., 2019). In the current study, we showed that
mtROS is important for activating AjBNIP3-mediated
mitophagy in coelomocytes and AjBNIP3 expression is
induced in a dose-dependent manner (Figure 3). Furthermore,
AjBNIP3-mediated mitophagy during pathogen infection can
be suppressed by ROS inhibitors and scavengers. We
concluded that excessive ROS induced mitophagy, which, in
turn, reduced ROS levels. Based on these findings, various
defense mechanisms can be developed to protect cells
against oxidative stress, including the up-regulation of
antioxidants and removal of damaged mitochondria by
mitophagy (Lemasters, 2005). Therefore, BNIP3 may be a
promising target for maintaining mitochondrial integrity and
function in cells via its important roles in mitophagy.
Investigation of the regulatory mechanisms involved in the
maintenance of BNIP3-mediated mitophagy homeostasis is of
great significance for the prevention and treatment of diseases
caused by excessive ROS. Overall, AjBNIP3 mediated
mitophagy and promoted coelomocyte survival against V.
splendidus infection and excessive ROS, and thus may serve
as a new research target for protection against oxidative
damage (Figure 6).
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