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Mitochonic acid 5 regulates mitofusin 2 to protect 
microglia 
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Zi-Jian Xiao*, Heng Wu*

Abstract  
Microglial apoptosis is associated with neuroinflammation and no effective strategies are currently available to protect microglia against 
inflammation-induced apoptosis. Mouse microglial BV-2 cells (5 × 106) were incubated with 10 μg/mL lipopolysaccharides for 12 hours to 
mimic an inflammatory environment. Then the cells were co-cultured with mitochonic acid 5 (MA-5) for another 12 hours. MA-5 improved 
the survival of lipopolysaccharide-exposed cells. MA-5 decreased the activity of caspase-3, which is associated with apoptosis. MA-5 reduced 
the number of terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling-positive cells, and increased adenosine 
triphosphate levels in cells. MA-5 decreased the open state of the mitochondrial permeability transition pore and reduced calcium overload 
and diffusion of second mitochondria-derived activator of caspase (Smac). MA-5 decreased the expression of apoptosis-related proteins 
(mitochondrial Smac, cytoplasmic Smac, pro-caspase-3, cleaved-caspase-3, and caspase-9), and increased the levels of anti-apoptotic proteins 
(Bcl2 and X-linked inhibitor of apoptosis protein), mitochondria-related proteins (mitochondrial fusion protein 2, mitochondrial microtubule-
associated proteins 1A/1B light chain 3B II), and autophagy-related proteins (Beclin1, p62 and autophagy related 5). However, MA-5 did 
not promote mitochondrial homeostasis or decrease microglial apoptosis when Mitofusin 2 expression was silenced. This shows that MA-5 
increased Mitofusin 2-related mitophagy, reversed cellular energy production and maintained energy metabolism in BV-2 cells in response to 
lipopolysaccharide-induced inflammation. These findings indicate that MA-5 may promote the survival of microglial cells via Mitofusin 2-related 
mitophagy in response to lipopolysaccharide-induced inflammation.
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Introduction 
Neuroinflammation is highly involved in various chronic 
diseases of the nervous system (Shen et al . ,  2017). 
However, there are currently no promising strategies 
available to prevent, or at least to slow, the progression 
of neuroinflammation. This inflammation, caused by 
calcium overload, mitochondrial damage, oxidative/
nitrosative stress and disrupted energy production in 
neurons (Fuhrmann and Brüne, 2017; Griffiths et al., 
2017) leads to synapse dysfunction, blood-brain barrier 
disruption, and neuronal death (Das et al., 2017; Calabrese 
et al., 2018). Lipopolysaccharides (LPS), large molecules 

present on the membranes of Gram-negative bacteria, 
regulates proinflammatory cytokines (Kitazawa et al., 2005), 
initiates a strong immune response in mammalian cells 
(Kim et al., 2019) and activates downstream inflammation-
associated signaling pathways (Cochet and Peri, 2017; Yu 
et al., 2017). LPS is important as a prototypical microbe-
derived activator of Toll-like receptor 4-dependent signaling, 
which subsequently stimulates activation of a cascade of 
pro- and anti-inflammatory mediators (Płóciennikowska et 
al., 2015) and nitric oxide (Abhimannue et al., 2016). LPS 
stimulates microglial cells by triggering multiple downstream 
signaling pathways, including the mitogen-activated protein 
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kinase signaling cascade (Lampron et al., 2013) to induce 
neuroinflammatory cytokine production and degeneration of 
neurons in vivo (Dulla et al., 2016).

Microglia, first discovered using a platinum stain in 1899 
(Walker et al., 2014), defend against injuries caused by 
chronic and acute stress in response to neurological damage 
(Kettenmann et al., 2011). Specific microglial functions can 
be neuroprotective (Ransohoff and Perry, 2009; Prinz and 
Priller, 2014; Fei et al., 2020). Activated microglia can promote 
regeneration of severed axons, secretion of neurotrophic 
factors, and the removal of potentially deleterious debris 
(Streit, 2002; Chen et al., 2012; Rice et al., 2015). Loss of 
microglia exacerbates brain injury (Szalay et al., 2016). 
Altered microglial function is associated with multiple human 
disorders, including stroke, Alzheimer’s disease, depression, 
and Parkinson’s disease, and with dysfunction in experimental 
animal models (Block et al., 2007; Denes et al., 2010; Faustino 
et al., 2011; Brown and Neher, 2014). Damaged microglia 
promote the release of proinflammatory factors to increase 
the inflammatory response (Chuang et al., 2017; Shen et 
al., 2017). As a consequence, protecting microglia against 
apoptosis may be a potential strategy for the treatment of 
neuroinflammation (Wang et al., 2017).

Attempts to target individual molecules that may reduce the 
pathological impact of neuroinflammation have been made. 
Such approaches have counteracted microglial apoptosis by 
inducing survival-proactive molecules. Mitochonic acid 5 (MA-
5), an analogue of indole-3-acetic acid originally isolated from 
plants (Suzuki et al., 2016), improves mitochondrial function 
by reducing mitochondrial oxidative stress and accelerating 
mitochondrial energy metabolism (Matsuhashi et al., 2017). 
MA-5 upregulates cellular adenosine triphosphate (ATP) levels 
and protects fibroblasts from cell death in patients suffering 
from mitochondrial diseases (Suzuki et al., 2015). In addition, 
MA-5 can increase cardiovascular and kidney respiration in 
a mitochondrial disease mouse model (Nakada et al., 2001), 
resulting in prolonged survival (Suzuki et al., 2016). MA-5 has 
also been investigated in patients with mitochondrial disease, 
renal tubular injury, and cardiac myocyte damage (Suzuki et 
al., 2016).

Because of the interdependent mechanisms associated with 
neuroinflammation, we searched for other MA-5 targets 
that could ameliorate neuroinflammation. Mitochondria 
are dynamic organelles that undergo continuous fission and 
fusion (Mozdy et al., 2000). Mitochondrial dynamics are 
closely associated with apoptosis (Neuspiel et al., 2005); 
in particular, mitochondrial fission accelerates apoptosis 
(Xian and Liou, 2019). Mitophagy, a cellular response to 
mitochondrial damage, is associated with mitochondrial 
dynamics (Xiao et al., 2017; Zhou et al., 2017b). Mitofusin 
2 (MFN2), a mitochondrial GTPase, has an essential role in 
mitochondrial dynamics, including in mitochondrial fusion 
regulation, transport, mitophagy, mitochondrial DNA stability, 
and mitochondria-endoplasmic reticulum interactions (Misko 
et al., 2010). A well-established role of MFN2 is regulation of 
mitochondrial fusion and mitophagy (Chandhok et al., 2018). 
In response to LPS-related inflammation injury, mitophagy 
activated by MFN2 helps injured mitochondria fuse with 
lysosomes to ensure mitophagy activation (Farmer et al., 
2017; Vacek et al., 2018).

Given the protective roles of MA-5 toward mitochondria 
during neuroinflammation, we hypothesized that MA-5 may 
have a protective effect on the survival of BV-2 cells following 
LPS-induced neuroinflammation. The current study evaluated 
the effects of MA-5 on microglial apoptosis via MFN2-related 
mitophagy. 

Materials and Methods   
Cell culture and treatments 
Mouse BV-2 cells purchased from the Cell Bank of Type Culture 
Collection of the Chinese Academy of Sciences were cultured 
in Dulbecco’s Modified Eagle’s medium (Cat# 11995065, 
Thermo Fisher Scientific, Waltham, MA, USA) supplemented 
with 10% inactivated fetal bovine serum (Cat# 10099141, 
Thermo Fisher Scientific) and 1% penicillin/streptomycin (Cat# 
P1400, Solarbio Science & Technology Co., Beijing, China) in 
75-cm2 cell culture plates (Cat# 430167, Corning, Corning, NY, 
USA) at 37°C in a humidified 5% CO2 atmosphere. 

To investigate the effect of MA-5 (Cat# 1354707-41-7, Selleck 
Chemicals, Houston, MO, USA) on inflammatory injury in vitro, 
mouse BV-2 cells (5 × 106 cells per well) were incubated with 
10 μg/mL LPS (Cat# L8880, Solarbio Science & Technology 
Co.) for 12 hours to mimic an inflammatory environment (Van 
Nostrand et al., 2017). Cells were treated under three different 
conditions: i) co-cultured with MA-5 at various concentrations 
(0–10 μM) for 12 hours; ii) co-cultured with MA-5 at 5 μM; 
and iii) co-cultured with MA-5 at 5 μM following transfection 
with small interfering RNA (siRNA) against Mfn2 (a negative 
control of cells transfected with vehicle was also prepared).

Cell viability assessment 
A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay was performed as described with 
minor modifications (Lei et al., 2018; Chen et al., 2019, 
2020). A terminal deoxynucleotidyl transferase-mediated 
dUTP-biotin nick end labeling (TUNEL) assay was performed 
using the one-step TUNEL kit (Cat# C1090, Beyotime 
Institute of Biotechnology, Shanghai, China) according 
to the manufacturer ’s instructions. After washing with 
phosphate buffer saline (PBS), the cells were fixed with 3.7% 
paraformaldehyde for 15 minutes. After washing the cells 
three times with PBS, the samples were incubated with 
proteinase K and the TUNEL reaction reagents in the dark for 
2 hours at 37°C. After washing the cells with PBS a further 
three times, samples were stained with 4′,6-diamidino-2-
phenylindole (Cat# P36935; Gibco, Thermo Fisher Scientific) 
and mounted. 

Flow cytometric analysis of calcium
After rinsing with PBS, samples were incubated with Fluo-2 (a 
molecular probe; Cat# AAT-21116; AAT Bioquest, Sunnyvale, 
CA, USA) in the dark at 37°C for 30 minutes. Excess Fluo-2 was 
then removed by washing with PBS. After digestion with 0.25% 
pancreatin, centrifugation, and resuspension in PBS, flow 
cytometric analysis was performed (Sysmex Partec GmbH, 
Görlitz, Germany), with excitation at 506 nm and emission at 
526 nm. For each group, 10,000 cells were used to calculate 
the calcium content, with analysis by Flowmax software 
(Sysmex Partec GmbH).

Detection of mitochondrial membrane potential and the 
rate of mPTP opening 
Cells were gently washed with PBS, then incubated with 10 
mg/mL MitoProbe JC-1 (Cat# C2006, Beyotime Institute of 
Biotechnology) in the dark for about 30 minutes at 37°C. A 
mitochondrial permeability transition pore (mPTP) opening 
assay was performed as described, using a well-established 
calcein cobalt loading procedure with a calcein-acetoxymethyl 
ester (Cat# HY-D0041; MedChemExpress, Monmouth 
Junction, NJ, USA) (Tallman et al., 2017). After three 5 minute 
washes in PBS, cells were incubated with a solution containing 
2 μM calcein-acetoxymethyl ester and 8 μM cobalt chloride 
(Cat# H9060; Solarbio Science & Technology Co.) for more 
than 30 minutes in the dark. 

Detection of ATP production
After washing with cold PBS, cells were lysed and then 
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processed using a luciferase-based ATP assay kit (Cat# 
S0026; Beyotime Institute of Biotechnology) according to the 
manufacturer’s instructions. ATP production was detected 
using a microplate reader.

ROS and cardiolipin analysis 
After three 5-minute washes in PBS, cells were incubated with 
the reactive oxygen species (ROS) probe, dihydroethidium 
(Molecular Probes; Cat# D1168; Thermo Fisher Scientific) 
or 10-N-nonyl acridine orange [a molecular probe; 2 mM; 
Cat# A1301; Thermo Fisher Scientific (binds to non-oxidized 
cardiolipin and generates the green fluorescence) (Hambright 
et al., 2017)] in the dark at 37°C for 30 minutes. To remove 
unattached probe, cells were washed with PBS. 

Detection of caspase 3/9 activity 
Caspase 3/9 activity was measured spectrophotometrically as 
described previously (Liu et al., 2017a). Caspase 3/9 activity 
was detected using a caspase 3/9 activity kit (Cat# K118-
25; Beyotime Institute of Biotechnology) according to the 
manufacturer’s protocol. DEVD-p-NA substrate or LEHD-p-NA 
substrate (5 μL at 4 mM) at a final concentration of 200 μM 
were added to samples at 37°C for 1 or 2 hours. A wavelength 
of 405 nM was used to detect caspase 3/9 activity.

Western blot analysis 
Tissue preparation and western blotting were performed as 
described with minor modifications (Li et al., 2017; Xu et al., 
2017). Cells were trypsinized, washed, incubated with RIPA 
buffer at 4°C for 30 minutes, followed by centrifugation at 
10,000 × g at 4°C for 10 minutes. The collected supernatant 
was heated in loading buffer and separated by polyacrylamide 
gel electrophoresis. Proteins were then transferred to 
polyvinylidene fluoride membranes. After blocking with 5% 
non-fat milk (Cat# D8340; Solarbio Science & Technology Co.) 
for 1 hour at room temperature, membranes were incubated 
with the primary antibodies listed in Table 1 diluted in 5% 
non-fat milk in Tris-buffered saline-Tween 20 overnight at 4°C. 
After washing three times with Tris-buffered saline-Tween 20, 
membranes were incubated with secondary antibodies: goat 
anti-rabbit IgG (H+L) + goat anti-mouse IgG (H+L), horseradish 
peroxidase conjugate (Cat# BA1056; 1:3000; Wuhan Boster 
Biological Technology, Wuhan, China) or donkey anti-goat 
IgG (H+L), horseradish peroxidase conjugate (Cat# ab6885; 
1:2000; Abcam, Cambridge, UK) for 1.5 hours at room 
temperature. The immunoreactive bands were then visualized 
using an enhanced chemiluminescent liquid detection kit 
(Cat# 1705060; Bio-Rad, Hercules, CA, USA). Signal intensities 
were quantified using ImageJ 5.0 software (National Institutes 
of Health, Bethesda, MD, USA). Each immunoblot was 
normalized to the corresponding signal for β-actin or TOM20.

Immunofluorescence staining 
Tissue preparation and immunofluorescence staining were 
performed as described with minor modifications (Chen et 
al., 2015b; Jiang et al., 2016). Samples were fixed in 3.7% 
paraformaldehyde, washed and incubated overnight at 4°C 
with rabbit anti-second mitochondria-derived activator of 
caspase (Smac) antibody (1:2000; Cat# ab8115; Abcam). 
Samples were then washed and incubated with Alexa Fluor® 
594 fluorescence-labeled goat anti-mouse IgG (1:5000; 
Cat# A-21155; Invitrogen, Thermo Fisher Scientific) at room 
temperature for 1.5 hours. Samples were then washed, 
stained with 4′,6-diamidino-2-phenylindole (Cat# P36935; 
Gibco, Thermo Fisher Scientific), and mounted. 

RNA interference
siRNAs against Mfn2 were produced by Shanghai GenePharma 
Co., China. The Mfn2 siRNA sequences were sense, 5′-CCT 
GCA GTU ATA CAU UGU CAT-3′ and anti-sense, 5′-CUA TCG 
ATG CAT ACA CAG GUT-3′. The control siRNA sequences were 

sense 5′-CTC CTC CAU GGU AGA UTC CAU-3′ and anti-sense, 
5′-AUG GUC AUT UCG UUT CAG TGA-3′. After cells were 
washed in PBS, Lipofectamine® 2000 reagent (Solarbio Science 
& Technology Co.) was used for siRNA transfection (Shi et al., 
2018). The transfection was performed for 72 hours and the 
transfection efficiency was confirmed by western blot analysis. 

Image analysis 
Two people who were blind to the treatment group 
performed image analysis. All images were captured using a 
laser confocal microscope (Cat# TCS SP5; Leica Microsystems 
GmbH, Wetzlar, Germany). To calculate the number of cells, 
at least five fields in a sample were randomly selected. The 
number of cells was counted using ImageJ 5.0 software. The 
mean from one series of stained sections was regarded as one 
sample.

Statistical analysis 
Data from at least three independent experiments expressed 
as the mean ± standard error of mean (SEM) were analyzed 
by SigmaStat version 4.0 software (Systat Software, San 
Diego, CA, USA) via one-way analysis of variance, followed by 
Bonferroni’s or Dunnett’s post hoc test. P < 0.05 represents a 
statistically significant difference.

Results
MA-5 protects BV-2 cells against apoptosis induced by LPS
To investigate the protective effect of MA-5 on LPS-induced 
apoptosis of mouse BV-2 cells, MTT, caspase-3 activity, and 
TUNEL assays were performed. The MTT assay revealed 
that, in comparison with the vehicle control, the cell survival 
rate was significantly reduced in response to LPS treatment. 
Compared with the LPS-treated group, 5 and 10 μM MA-5 
increased the cell survival rate of LPS-treated BV-2 cells (Figure 
1A). 

It was also observed that, in comparison with the vehicle 
control, caspase-3 activity, which is associated with apoptosis, 

Table 1 ｜ Primary antibodies used for western blot analysis

Antibody Source Dilution Catalogue Company

Pro-caspase-3 Rabbit 1:1000 9662 Cell Signaling 
Technology

Cleaved-caspase-3 Rabbit 1:1000 9664 Cell Signaling 
Technology

Smac Rabbit 1:1000 ab8115 Abcam
Bax Rabbit 1:2000 5023 Cell Signaling 

Technology
Bcl2 Rabbit 1:1000 3498 Cell Signaling 

Technology
caspase 9 Rabbit 1:1000 ab32539 Abcam
Mito-LC3II Rabbit 1:1000 3868 Cell Signaling 

Technology
p62 Mouse 1:1000 ab56416 Abcam
Beclin1 Rabbit 1:1000 3495 Cell Signaling 

Technology
Atg5 Rabbit 1:1000 12994 Cell Signaling 

Technology

Mfn2 Rabbit 1:1000 ab50838 Abcam
CIII-core2 Mouse 1:1000 459220 Invitrogen
CII-30 Mouse 1:1000 ab110410 Abcam
CIV-II Mouse 1:1000 ab110268 Abcam
x-IAP Goat 1:1000 ab205719 Abcam
TOM20 Mouse 1:1000 ab56783 Abcam
β-Actin Mouse 1:1000 ab8226 Abcam

Atg5: Autophagy related 5; Mfn2: Mitofusin 2; mito-LC3II: mitochondrial 
microtubule-associated proteins 1A/1B light chain 3B II; Smac: second 
mitochondria-derived activator of caspase; x-IAP: X-linked inhibitor of 
apoptosis protein.
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was increased after LPS treatment, whereas treatment of 
BV-2 cells with 5 and 10 μM MA-5 decreased caspase-3 
activity (Figure 1B). The TUNEL assay revealed that after LPS 
treatment of BV-2 cells, the number of TUNEL-positive cells 
was increased but this number was decreased by 5 and 10 
μM MA-5 in LPS-induced BV-2 cells (Figure 1C and D). These 
results revealed that 5 and 10 μM MA-5 reduced microglial 
BV-2 cell death induced by LPS. We therefore selected 5 μM, 
the minimum protective concentration of MA-5 [also observed 
in our previous study (Lei et al., 2018)] for subsequent 
experiments.

MA-5 reverses the mitochondrial damage induced by LPS
To further evaluate the protective role of MA-5 on LPS-induced 
apoptosis of BV-2 cells, mitochondrial membrane potential 
was measured. MitoProbe JC-1 staining demonstrated that, 
in comparison with the vehicle control, the ratio of red 
fluorescence intensity (an indicator of increased mitochondrial 
membrane potential)/green fluorescence intensity (an 
indicator of reduced mitochondrial membrane potential) was 
decreased in BV-2 cells following LPS treatment; however, 
in comparison with the LPS-treated group, MA-5 treatment 
rescued the LPS-induced reduction of the mitochondrial 
membrane potential (Figure 2A and B). 

Following LPS treatment, the rate of mPTP opening (an 
early event causing mitochondrial protein leakage during 
mitochondrial apoptosis) was increased, whereas treatment 
with MA-5 decreased the mPTP opening rate compared with 
the LPS-treated group (Figure 2C). Cytoplasmic calcium levels 
analyzed by flow cytometry indicated that MA-5 treatment 
alleviated the LPS-induced cellular calcium overload (leading 
to apoptosis) (Figure 2D). Immunofluorescence staining for 
Smac demonstrated that Smac diffusion into the cytoplasm 
and/or nucleus was increased by LPS treatment but decreased 
by MA-5 treatment (Figure 2E). Western blot analysis 
showed that LPS treatment increased the levels of apoptosis-
related proteins, including mitochondrial Smac, cytoplasmic 
Smac, pro-caspase-3, cleaved-caspase-3, caspase-9 and Bax, 
whereas treatment with MA-5 reduced the LPS-induced effect 
on mitochondrial Smac, cytoplasmic Smac, pro-caspase-3, 
cleaved-caspase-3 and caspase-9 expression in BV-2 cells. 
Additionally, LPS treatment decreased levels of anti-apoptotic 
proteins (Bcl-2 and X-linked inhibitor of apoptosis), whereas 
treatment with MA-5 increased Bcl-2, X-linked inhibitor of 
apoptosis levels in BV-2 cells compared with LPS-stimulated 
cells (Figure 2F–L).

MA-5 treatment increases MFN2-related mitophagy 
activity
To explore whether MA-5 can influence apoptosis via 
mitophagy, western blotting and immunofluorescence 
staining were performed. Western blot analysis indicated 
that, after LPS treatment of BV-2 cells, levels of MFN2, 
mitochondrial microtubule-associated proteins 1A/1B light 
chain 3B II, Beclin1, p62, and autophagy related 5 (indicative 
of mitophagy) were decreased; however, these above 
proteins levels were increased by MA-5 treatment. In MFN2 
knockdown cells, treatment with MA-5 was unable to block 
the effects of LPS on these proteins (Figure 3A–F). 

Caspase-9 activity was reduced in LPS-stimulated BV-2 cells, 
whereas treatment with MA-5 increased caspase-9 activity. 
However, following siRNA inhibition of Mfn2, treatment with 
MA-5 was unable to alter caspase-9 activity (Figure 3G).

MA-5-activated mitophagy reverses cellular energy 
production and maintains energy metabolism
Despite their role in apoptosis, mitochondria also control 
oxidative stress and energy metabolism to maintain normal 
cell functions (Zhou et al., 2017a). To explore whether MA-5 
can influence cellular energy production under inflammation, 

analysis of ATP levels, ROS and cardiolipin was performed. 
The level of ATP was decreased in LPS-stimulated BV-2 cells. 
MA-5 treatment reduced the effects of LPS, causing an 
increase in ATP levels. Furthermore, the effects of MA-5 were 
decreased following Mfn2 silencing (Figure 4A). Western 
blot analysis demonstrated LPS decreased the expression of 
several proteins that are part of the mitochondrial respiratory 
complexes (crucial for ATP generation), including CIII-core2, 
CII-30, and CIV-II; MA-5 inhibited the effects of LPS, causing 
the levels of these proteins to increase. Additionally, siRNA 
inhibition of Mfn2 reduced the effects of MA-5 on the protein 
levels of these proteins (Figure 4B–E).

ROS levels, an indicator of oxidative stress (Sarna et al., 2016), 
were substantially increased in BV-2 cells by LPS, and this 
effect was reduced by treatment with MA-5. Silencing Mfn2 
inhibited the effect of MA-5 on ROS levels (Figure 4F and G). 
A similar pattern was observed for levels of cardiolipin (Figure 
4H) (Kawalec et al., 2015).

Discussion
Previous studies, including ours, have indicated that MA-5 
attenuates tumor necrosis factor-α-mediated neuronal 
inflammation by activating Parkin-related mitophagy, 
augmenting the adenosine monophosphate-activated protein 
kinase-Sirt3 pathways (Huang et al., 2019), and increasing 
Bnip3-related mitophagy (Lei et al., 2018). Promotion of 
survival is essential for ameliorating nervous system disorders 
(Chen et al., 2015a; Zhang et al., 2019) and the findings of the 
present study demonstrate the protective effects of MA-5 on 
BV-2 cells under LPS-induced inflammation. 

Currently, microglial inflammatory responses are not 
considered to be inevitably neurotoxic. Previous studies have 
shown that exogenous microglia protect against various 
forms of ischemic brain injury (Kitamura et al., 2004, 2005). 
Additionally, microglia can be beneficial in Alzheimer’s disease 
(El Khoury et al., 2007) and stroke (Lalancette-Hébert et al., 
2007). Promotion of microglial functions may be crucial for 
neuronal survival under pathological conditions (Vinet et 
al., 2012). Apoptosis of microglia hinders recovery following 
damage caused by chronic neuroinflammation in the nervous 
system (Ölmestig et al., 2017). In the current study, we 
observed that MA-5 reduced the LPS-induced apoptosis of 
BV-2 cells.

Calcium overload, oxidative stress and inflammatory cytokines 
can induce apoptosis in microglia (Shen et al., 2017). 
Microglial apoptosis is primarily caused by mitochondrial 
damage (Wang et al., 2017; Zhou et al., 2017a), which 
involves reduced mitochondrial membrane potential, mPTP 
opening and mitochondrial calcium overload (Zhou et al., 
2017b). Inflammation also induces mitochondrial fission 
(Liu et al., 2017b) and excessive mitochondrial fission leads 
to uneven mitochondrial DNA distribution into daughter 
mitochondria, resulting in insufficient ATP production (Ju et 
al., 2017). Accumulating evidence demonstrates that MA-5 
can protect mitochondria (Suzuki et al., 2016; Matsuhashi et 
al., 2017). The findings of the present study indicated that 
MA-5 promotes mitochondrial functions under inflammation 
conditions.

Mitophagy can block mitochondrial apoptotic signaling (Yan et 
al., 2018), and is activated to degrade damaged mitochondria 
(Xiao et al., 2017). Mitophagy maintains the quality, quantity, 
and homeostasis of mitochondria (Jin et al., 2018) to promote 
mitochondrial function and suppress the mitochondrial 
apoptosis pathway (Onphachanh et al., 2017; Zhou et al., 
2017c). In response to activated mitophagy, the ROS generated 
by mitochondria are reduced, cellular calcium overload is 
decreased through reduced leakage of mitochondrial calcium, 
and apoptosis mediated by mitochondria is suppressed 

Research Article



NEURAL REGENERATION RESEARCH｜Vol 16｜No. 9｜September 2021｜1817

Figure 1 ｜ MA-5 reduces LPS-induced apoptosis of BV-2 cells in a 
dose-dependent manner. 
(A) MTT assays to detect cell survival. (B) Caspase-3 activity. (C) TUNEL 
assays to investigate cell numbers. Data are expressed as the mean ± SEM 
(n = 3). *P < 0.05 (one-way analysis of variance with Bonferroni’s post hoc 
test). (D) TUNEL assays of BV-2 cells. After LPS treatment of BV-2 cells, the 
number of TUNEL-positive cells was increased, but was decreased by MA-5 
treatment of LPS-induced BV-2 cells. Ctrl: Vehicle control group; DAPI: 
4′,6-diamidino-2-phenylindole; LPS: lipopolysaccharides; MA-5: mitochonic 
acid 5; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end 
labeling. 
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Figure 2 ｜ MA-5 protects the function of mitochondria. 
(A, B) Mitochondrial membrane potential. Red fluorescence: an indicator of increased mitochondrial membrane potential; green fluorescence: an indicator of 
reduced mitochondrial membrane potential. Compared with vehicle control, the ratio of red/green fluorescence intensity was decreased; and MA-5 inhibited 
this effect. (C) mPTP opening rate. (D) Cellular calcium was detected using flow cytometry. (E) Immunofluorescence staining of Smac (green, Alexa Fluor® 
594). Smac diffusion into the cytoplasm and/or nucleus was increased by LPS treatment but decreased by MA-5 treatment. (F–L) Western blot analysis of 
mito-Smac, cyto-Smac, pro-caspase-3, cleaved-caspase-3, caspase-9, Bax, Bcl2, and x-IAP. Each immunoblot was normalized to the corresponding signal for 
β-actin (optical density ratio to control). (B, C, G–L) Data are expressed as the mean ± SEM (n = 3). *P < 0.05 (one-way analysis of variance with Dunnett’s post 
hoc test). Ctrl: Vehicle control group; cyto-Smac: cytoplasmic second mitochondria-derived activator of caspase; DAPI: 4′,6-diamidino-2-phenylindole; LPS: 
lipopolysaccharides; MA-5: mitochonic acid 5; mito-Smac: mitochondrial second mitochondria-derived activator of caspase; mPTP: mitochondrial permeability 
transition pore; x-IAP: X-linked inhibitor of apoptosis protein. 

through reduced release of pro-apoptotic factors from the 
mitochondria (Onphachanh et al., 2017). The formation of 
phagophores, autophagosomes and autophagolysosomes 
is regulated by autophagy-related proteins (Atgs). Atg1 and 
Beclin 1 participate in the early stages of autophagy and 

associations between autophagy related 5 and lipidation 
of Atg8 induce the formation of autophagosomes (Aparicio 
et al., 2016). LC3II is considered to be an autophagosomal 
marker (Tanida et al., 2004). Injured mitochondria are labeled 
with LC3II, which accelerates the degradation of defective 
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Figure 3 ｜ MA-5 enhances mitophagy though Mfn2. 
(A–F) Western blot analysis of Mfn2, mito-LC3II, Beclin1, Atg5, and p62. Each 
immunoblot was normalized to the corresponding signal for β-actin (optical 
density ratio to control). (G) Caspase-9 activity was determined to evaluate 
the effect of MA-5 treatment on BV-2 cells under LPS treatment following 
MFN2 knockdown. (B–G) Data are expressed as the mean ± SEM (n = 3). 
*P < 0.05 (one-way analysis of variance with Dunnett’s post hoc test). Atg5: 
Autophagy related 5; Ctrl: vehicle control group; LPS: lipopolysaccharides; 
MA-5: mitochonic acid 5; Mfn2: Mitofusin 2; mito-LC3II: mitochondrial 
microtubule-associated proteins 1A/1B light chain 3B II; si-Mfn2: small 
interfering RNA of Mfn2. 

Figure 4 ｜ MA-5 reduces oxidative stress and energy production in 
mitochondria of microglial BV-2 cells. 
(A) ATP production. (B–E) Western blot analysis of CIII-core2, CII-30, and CIV-II. 
Each immunoblot was normalized to TOM20 of the control group). (F–G) ROS 
levels were detected using a ROS probe. (H) Cardiolipin level (arrows). (A, C–
F) Data are expressed as the mean ± SEM (n = 3). *P < 0.05 (one-way analysis 
of variance with Dunnett’s post hoc test). ATP: adenosine triphosphate; Ctrl: 
vehicle control group; LPS: lipopolysaccharides; MA-5: mitochonic acid 5; 
ROS: reactive oxygen species; si-Mfn2: small interfering RNA of Mfn2.

mitochondria (Du et al., 2016; Quijano et al., 2016). p62 
localizes to autophagosomes via interaction with LC3II 
and accumulates in response to autophagy (Bjørkøy et al., 
2009). The present study demonstrates that MA-5 enhances 
mitophagy via MFN2.

Cardiolipin is oxidized following excessive oxidative stress, 
contributing to reduced activity of mitochondrial respiratory 
complexes (Hu et al., 2017; Zhou et al., 2017a). Despite 
their role in apoptosis, mitochondria also control oxidative 
stress and energy metabolism to maintain normal cellular 
functions (Zhou et al., 2017c). In somatic cells, an increase 
in ROS production, loss of cellular homeostasis, and reduced 
mitochondrial membrane potential and ATP content occur in 
response to impaired clearance of mitochondria (Chistiakov 
et al., 2014). MA-5 can affect the production of mitochondrial 
energy, the increase of mitochondrial respiration, and the 
scavenging of ROS (Boyko et al., 2017). The present study 
demonstrated that MA-5 alters energy production and 
oxidative stress in mitochondria.

While the results of the present study are promising, there 
are several limitations. We concentrated on the effect of MA-5 
on the survival of BV-2 cells. Whether MA-5 can influence the 
migration and other biological processes of BV-2 cells need to 
be investigated. Additionally, experiments using animal disease 
models to test the effects of MA-5 are necessary. 

Our study supports the beneficial functions of MA-5 on 
the survival of BV-2 cells, laying the foundation for indole-
3-acetic acid analogues to ameliorate the consequences 
of neuroinflammation in a clinical setting. We hypothesize 
that MA-5 may be useful to promote microglial activity. 
Our observations lay the foundation for developing a novel 
approach to treat neurological disorders associated with 
microglial apoptosis.
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