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Abstract

Background: The regulation of microglial function via mitochondrial homeostasis is
important in the development of neuroinflammation. The underlying mechanism for
this regulatory function remains unclear. In this study, we investigated the protective
role of mitochonic acid 5 (MA-5) in microglial mitochondrial apoptosis following
TNFα-induced inflammatory injury.

Methods: TNFα was used to induce inflammatory injury in mouse microglial BV-2
cells with and without prior MA-5 treatment. Cellular apoptosis was assessed using
the MTT and TUNEL assays. Mitochondrial functions were evaluated via mitochondrial
membrane potential JC-1 staining, ROS flow cytometry analysis, mPTP opening
assessment, and immunofluorescence of cyt-c. Mitophagy was examined using
western blots and immunofluorescence. The pathways analysis was carried out
using western blots and immunofluorescence with a pathway blocker.

Results: Our results demonstrated that TNFα induced apoptosis in the microglial
BV-2 cell line by activating the caspase-9-dependent mitochondrial apoptotic pathway.
Mechanistically, inflammation reduced mitochondrial potential, induced ROS
production, and contributed to the leakage of mitochondrial pro-apoptotic
factors into the cytoplasm. The inflammatory response reduced cellular energy
metabolism and increased oxidative stress. By contrast, treatment with MA-5
reduced mitochondrial apoptosis via upregulation of mitophagy. Increased mitophagy
degraded damaged mitochondria, disrupting mitochondrial apoptosis, neutralizing ROS
overproduction, and improving cellular energy production. We also identified
that MA-5 regulated mitophagy via Bnip3 through the MAPK–ERK–Yap signaling
pathway. Inhibiting this signaling pathway or knocking down Bnip3 expression
prevented MA-5 from having beneficial effects on mitochondrial homeostasis
and increased microglial apoptosis.

Conclusions: After TNFα-induced inflammatory injury, MA-5 affects microglial
mitochondrial homeostasis in a manner mediated via the amplification of protective,
Bnip3-related mitophagy, which is mediated via the MAPK–ERK–Yap signaling pathway.

Keywords: MA-5, Inflammatory injury, Mitophagy, Microglia, Mitochondria, MAPK–ERK–
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Background
Neuroinflammation is closely associated with neurological disorders, nerve cell damage,

synaptic conduction dysfunction, and the subsequent neurodegeneration that ultimately

contributes to the development of Alzheimer’s disease and Parkinson’s syndrome [1].

Clinical studies have also demonstrated that patients that exhibit neuroinflammation

are also at greater risk of cardiovascular diseases, including peripheral arterial disease

and coronary artery disease [2]. Peripheral arterial diseases induce microvascular ath-

erosclerosis in the brain, which actually contributes to the development of neuroinflam-

mation and nerve cell damage through metabolic disorders and inadequate blood flow

to the brain. Attempts to slow or prevent the progression of neurodegenerative diseases

depend on reducing excessive inflammatory responses and increasing nerve cell resist-

ance to inflammation-induced damage [3, 4].

Microglia are the primary immune cells located in the central nervous system.

Several studies have suggested that microglial apoptosis is a key factor involved in

the development of neuroinflammation [5]. Oxidative stress, calcium overload and

inflammatory cytokines have a negative mechanistic impact on the microglia, which

leads to cellular apoptosis [6]. Damaged microglia release an array of pro-

inflammatory factors that increase the inflammatory response. Therefore, protecting

microglia against inflammation-induced apoptosis should attenuate neuroinflamma-

tion at its source [7].

The microglia are particularly rich in mitochondria, and many studies have reported

that mitochondrial apoptosis is the main death pathway in the microglia [8]. The clas-

sical mitochondrial apoptosis pathway involves an inflammatory response that induces

excessive opening of the mitochondrial permeability transition pore (mPTP), leading to

the activation of caspase-9, which in turn cleaves caspase-3 to initiate cellular

apoptosis [9, 10].

Mitophagy is one cellular response to mitochondrial damage [11, 12]. This is a type

of autophagy that is selective for mitochondria. It should remove damaged or unre-

paired mitochondria in a timely and effective manner to maintain mitochondrial func-

tion and inhibit mitochondrial apoptosis [13, 14].

Mitophagy is activated via BCL2/adenovirus E1B 19-kDa protein-interacting protein

3 (Bnip3) [15, 16]. Upregulated Bnip3 interacts with LC3II and contributes to mito-

chondrial fusion with the lysosome, ensuring mitophagy. Interestingly, Bnip3-related

mitophagy is actually inhibited in chronic metabolic diseases such as fatty liver disease

and diabetes [15]. This defective Bnip3-related mitophagy exacerbates damage in the

mitochondria, while reintroduction of Bnip3-related mitophagy improves mitochondrial

structure and function [17].

These findings indicate the indispensable role of Bnip3-related mitophagy in mito-

chondrial protection [18]. It remains unclear whether Bnip3-related mitophagy is in-

volved in sustaining mitochondrial function in microglia and thus in their protection

during the inflammatory response.

Mitochonic acid 5 (MA-5), which is derived from the plant growth hormone indole-

3-acetic acid [19], can protect mitochondrial function by regulating energy metabolism

and reducing mitochondrial oxidative stress [20, 21]. Whether MA-5 regulates mito-

chondrial function in microglia via Bnip3-related mitophagy remains unknown. Our

study aimed to explore the protective role of Bnip3-related mitophagy in microglial
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mitochondrial protection and investigate whether MA-5 regulates mitophagy to protect

microglia against inflammatory injury.

Methods
Cell experiments and regent treatment

The mouse BV-2 cells used in this study were obtained from the Chinese Academy of

Sciences Cell Bank. The cells were cultured in L-DMEM supplemented with 10% fetal

bovine serum (FBS) at 37 °C in an atmosphere with 5% CO2.

To induce inflammatory injury, cells were treated with 10 ng/ml TNFα (Selleck Che-

micals) for about 12 h. MA-5 (0–10 μM, Selleck Chemicals) was incubated with BV-2

cells for about 12 h with TNFα treatment. To inhibit ERK activity, SCH772984 (Selleck

Chemicals) was applied for about 45 min.

Immunofluorescence

Samples from all groups were washed with ice-cold PBS three times at room

temperature. Then, the samples were permeabilized with 0.1% Triton X-100 for 30 min

at 4 °C. Subsequently, the samples were washed with cold PBS three times at room

temperature [22]. The primary antibodies were incubated with the samples to label the

targeted proteins at 4 °C overnight. Subsequently, the samples were washed with cold

PBS three times. Then, secondary antibodies were incubated with the samples at room

temperature for 45 min. The following primary antibodies were purchased from

Abcam: Tomm20 (#ab78547), LAMP1 (#ab24170) and HtrA2/Omi (#ab32092).

Mitochondrial fraction isolation

Samples were washed with cold PBS three times at room temperature. The cells were

lysed with lysis buffer at 4 °C for 30 min. Subsequently, samples were centrifuged at

20,000 x g for 10 min at 4 °C to obtain the supernatants. The pellets were isolated and

spun again. Finally, PBS was used to suspend the pellets in 1% Triton X-100. This was

used as the mitochondrial fraction [15].

Immunoblotting

Cold PBS was used to wash the samples at room temperature, then they were lysed in

RIPA buffer with PMSF to inhibit protein degradation. The samples were then centri-

fuged at 4 °C for 10 min to obtain the proteins. The supernatants were isolated and

measured using the BCA Protein Quantification Kit to evaluate the protein concentra-

tions. After transfer to the PVDF membranes, primary antibodies were incubated with

the samples at 4 °C overnight [23].

After washing with TBST, secondary antibodies were used to mark the targeted pro-

teins at room temperature for 45 min. The membranes were then exposed to enhanced

chemiluminescence western blotting detection reagents (Amersham Pharmacia Bio-

tech) [24].

The primary antibodies used for immunoblotting were: pro-caspase-3 (1:1000, Cell

Signaling Technology, #9662), cleaved caspase-3 (1:1000, Cell Signaling Technology,

#9664), HtrA2/Omi (1:1000, Abcam, #ab32092), Bax (1:2000, Cell Signaling Technology,

#5023), Bcl2 (1:1000, Cell Signaling Technology, #3498), caspase-9 (1:1000, Abcam,
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#ab32539), LC3II (1:1000, Cell Signaling Technology, #3868), p62 (1:1000, Abcam,

#ab56416), Beclin1 (1:1000, Cell Signaling Technology, #3495), Atg5 (1:1000, Cell Signal-

ing Technology, #12994), Bnip3 (1:1000, Cell Signaling Technology, #44060), Yap (1:1000,

Abcam, #ab39361), p-ERK (1:1000, Abcam, #ab176660), complex III subunit core (CIII-

core2, 1:1000, Invitrogen, #459220), complex II (CII-30, 1:1000, Abcam, #ab110410) and

complex IV subunit II (CIV-II, 1:1000, Abcam, #ab110268).

Flow cytometric analysis of cellular ROS

Flow cytometric analysis was used to observe cellular ROS. Briefly, samples were

washed with PBS and then the ROS probe (DHE, Molecular Probes) was incubated

with the cells for 30 min at 37 °C in the dark. Subsequently, the cells were washed with

PBS to remove the ROS probe and then digested with 0.25% pancreatin [25]. After re-

suspension in PBS, the cells were immediately analyzed using a flow cytometer (Partec).

Quantification of cellular ROS was performed per 10,000 cells in each group, and the

data were analyzed with Flowmax software (Partec) [26].

Mitochondrial calcium analysis and mitochondrial potential detection

To analyze the mitochondrial calcium, samples were washed with PBS three times at

room temperature. Then, the cells were loaded with the mitochondrial calcium probe

(Rhod-2, Molecular Probes) for 30 min at 37 °C in the dark. Subsequently, the samples

were washed with PBS three times. Then, cells were observed under an Olympus DX51

fluorescence microscope.

Mitochondrial potential was analyzed via JC1 staining. In healthy mitochondria, JC1

displayed red fluorescence, whereas in the damaged mitochondria, JC1 displayed green

fluorescence. Briefly, samples were loaded with JC1 stain for 30 min at 37 °C in the

dark [27]. Subsequently, the samples were washed with PBS three times. Then, the

samples were stained with DAPI to label the nuclei. Images were captured using an

Olympus DX51 fluorescence microscope and analyzed with Image-Pro Plus 6.0 (Media

Cybernetics) to obtain the mean densities of the region of interest. These values were

normalized to those of the control group. The value of the red to green fluorescence ra-

tio quantifies the mitochondrial membrane depolarization.

The mPTP opening assay and ATP production

mPTP opening is an early event during mitochondrial apoptosis. In our study, mPTP

opening was measured based on tetramethylrhodamine ethyl ester fluorescence. Sam-

ples were washed with PBS three times and then loaded with tetramethylrhodamine

ethyl ester. The baseline fluorescence of tetramethylrhodamine ethyl ester was recorded.

After 30 min, the tetramethylrhodamine ethyl ester fluorescence was recorded again. The

opening rate is measured from a graph charted based on the two measurements according

to a previous study [28].

ATP production was determined to quantify mitochondrial function. The samples

were first washed with cold PBS three times. Then, the samples were lysed, and a Beyo-

time luciferase-based ATP assay kit (Cat. No. S0026) was used. ATP production was

determined using a microplate reader.
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MTT assay and TUNEL detection

The MTT assay was used to analyze cellular viability. Cells were cultured in 96-

well plates. Then, 50 μl of MTT solution was added to each well for 4 h at 37 °C

in the dark. Subsequently, the cells were washed with PBS three times, and 200 μl

of DMSO was used to digest the MTT. After 10 min, the cells were washed with

PBS again, and the samples were analyzed using a microplate reader set to at a

wavelength of 570 nm [29].

To carry out the TUNEL assay, samples were first formalin-fixed and perme-

abilized with 0.1% Triton X-100 for approximately 30 min at 4 °C. Then, the In

Situ Cell Death Detection Kit (Roche) was used to detect TUNEL-positive cells according

to the manufacturer’s protocol [30].

Caspase-3 and -9 activity detection

To analyze the changes in caspase-3 and caspase-9, the Caspase-3 and -9 Activity

kits (Cat. No. C1115, C1157; Beyotime) were used according to the manufacturer’s

protocols. To analyze caspase-3 activity, 5 μl of the DEVD-p-NA substrate (4 mM,

200 μM final concentration) was added to the samples for 2 h at 37 °C. To meas-

ure the caspase-9 activity, 5 μl of the LEHD-p-NA substrate (4 mM, 200 μM final

concentration) was added to the samples for 1 h at 37 °C. Then, the wavelength at

400 nM was recorded using a microplate reader. This reflects the caspase-3 and

caspase-9 activities [31].

Measurement of intracellular GSH, SOD and GPx levels

GSH, GPx and SOD levels were measured using the GSH, GPx and SOD ELISA assay

kits, respectively (Cat. Nos S0053, S0109, S0112; Beyotime). Samples were washed with

PBS and then lysed in RIPA buffer. After centrifugation at 10,000 x g for approximately

10 min, the supernatant was collected. The supernatant was measured using commer-

cial kits and the results were expressed as nmol/g of tissue [32].

RNAi assay

In our study, siRNA was used to knockdown Yap expression. The siRNA primers were:

sense strand siRNA, 5’-GCGACATTCAGGGUGACUAUU-3′; and antisense strand

siRNA, 3’-TCGCUGUUCCTCCCACUGAUAAU-5′. The siRNA was designed and pur-

chased from Yangzhou Ruibo Biotech Co., Ltd. Cells were cultured in Opti-Minimal

Essential Medium for approximately 24 h. Then, the siRNA was transfected into cells

using Lipofectamine 2000 transfection reagent according to the manufacturer’s proto-

col. After 48 h, the cells were digested and collected to analyze the expression of Yap

via western blot [33].

Statistical analysis

Data are expressed as the means ± SEM from at least three independent experiments.

Statistical significance was analyzed via ANOVA test. p < 0.05 was considered statistically

significant.

Lei et al. Cellular & Molecular Biology Letters  (2018) 23:14 Page 5 of 16



Results
MA-5 reduces TNFα-induced mouse microglial BV-2 cell apoptosis in a dose-dependent

manner

To observe the protective role of MA-5 in microglia under inflammatory conditions,

TNFα was applied using the method described in a previous study [34]. Subsequently, the

MTT assay was used to evaluate cell viability. In response to the TNFα treatment, cell

viability significantly decreased. However, this effect was dose-dependently inhibited

by MA-5 treatment (Fig. 1a).

We also observed cellular apoptosis reflected in the caspase-3 activity and TUNEL

assay. Caspase-3 activity increased in TNFα-treated cells and decreased MA-5-

treated cells in a concentration-dependent manner (Fig. 1b). TUNEL assays were

used to quantify cellular death. As shown in Fig. 1c, d, TNFα substantially increased the

number of TUNEL-positive cells, but this effect was repressed by MA-5 treatment.

Collectively, these data indicate that MA-5 treatment reduces TNFα-induced micro-

glial BV-2 cell apoptosis in a dose-dependent manner. The minimum protective con-

centration of MA-5 was 5 μM. This dosage was used in the following study with

the time set as 12 h.

TNFα induces BV-2 cell death via caspase-9-mediated mitochondrial apoptosis

Our next step was to investigate the mechanism by which MA-5 reduced BV-2 apoptosis

following TNFα treatment. Initially, we investigated alterations in mitochondrial function,

based on a previous study showing that mitochondria are targets of the inflammatory

Fig. 1 MA-5 reduces TNFα-induced apoptosis in mouse microglial BV-2 cells in a dose-dependent manner.
a The MTT assay was used to evaluate the cellular viability. b The caspase-3 activity indicates that TNFα promoted
BV-2 cell death. c and d The TUNEL assay was used to measure cellular apoptosis. *p < 0.05 vs. control (Ctrl)
group; #p < 0.05 vs. TNFα group
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response [35]. Mitochondrial damage was defined as reduced mitochondrial membrane

potential, mitochondrial calcium overload, and mPTP opening [36].

Using JC1 staining, we found that TNFα treatment reduced red fluorescence and

increased green fluorescence, which is indicative of reduced mitochondrial potential

(Fig. 2a, b). By contrast, MA-5 treatment increased mitochondrial potential, as evidenced

by a higher ratio of red to green fluorescence intensity. Using immunofluorescence assays,

we found that TNFα treatment increased the fluorescence intensity of mitochondrial cal-

cium and that this effect was inhibited by MA-5 treatment (Fig. 2c, d).

Compared to the control group, the group that received TNFα treatment presented

with an increased rate of mPTP opening (Fig. 2e). By contrast, MA-5 treatment inhib-

ited mPTP opening. mPTP opening causes the leakage of mitochondrial pro-apoptotic

proteins such as the HtrA2/Omi. Using immunofluorescence assays of HtrA2/Omi

subcellular location, we found that TNFα treatment promoted HtrA2/Omi release

from the mitochondria into the cytoplasm or nucleus (Fig. 2f, g). This conform-

ational change was reversed by MA-5 treatment. The HtrA2/Omi western blot results

also supported those findings (Fig. 2h, i).

Through western blot assays, we also demonstrated that TNFα treatment upregulated

caspase-3, caspase-9 and Bax expression (Fig. 2h and n). By contrast, Bcl2 and x-IAP

expression levels were downregulated in response to TNFα treatment (Fig. 2h and n).

However, treatment with MA-5 reversed the expression of anti-apoptotic proteins and

suppressed the expression of pro-apoptotic factors.

These data indicate that TNFα treatment mediated BV-2 cell death by activating

mitochondria-dependent apoptotic pathways and that MA-5 treatment inhibited mito-

chondrial apoptosis and provided a survival advantage for BV-2 cells following an inflam-

matory injury.

MA-5 activates Bnip3-related mitophagy to inhibit mitochondrial apoptosis

To further explain the protective effects of MA-5 on mitochondrial damage, we explored

Bnip3-related mitophagy, which is the repair system for injured mitochondria [37]. First,

we found that Bnip3 expression decreased in response to TNFα treatment but increased

to normal levels following MA-5 treatment (Fig. 3a, b). These results indicate that Bnip3-

related mitophagy is influenced by inflammation and MA-5.

Western blots were used to analyze mitophagy parameters. In the TNFα-treated group,

mito-LC3II, Beclin1, Atg5 and p62 levels decreased compared to those of the control

group (Fig. 3a–f ), indicative of inhibition of mitophagy. Interestingly, following MA-5

treatment, all mitophagy parameters significantly increased, suggesting mitophagy activa-

tion (Fig. 3a–f ). These data confirmed our hypothesis that mitophagy is suppressed by the

TNFα-induced inflammatory response, whereas MA-5 can reverse mitophagy.

To demonstrate whether Bnip3 was responsible for the mitophagy activation, siRNA

against Bnip3 was used and knockdown efficiency was confirmed using western blots

(Fig. 3a, b). Knockdown of Bnip3 alleviated the promotive effects of MA-5 on mito-

phagy (Fig. 3a–f ), indicating that Bnip3 is necessary for mitophagy activation in

response to MA-5 treatment.

To provide more direct evidence of mitophagy, we used co-immunofluorescence

assays to co-stain mitochondria and lysosomes. As illustrated in Fig. 3g, h, compared to
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Fig. 2 MA-5 preserved the mitochondrial function. a and b The mitochondrial potential was measured via
JC1 staining in control cells (Ctrl), and in cells treated with 10 ng/ml TNFα (TNFα), or 10 ng/ml TNFα and 5 μM
MA-5 (TNFα+MA-5). c and d The mitochondrial calcium level was assessed as fluorescence intensity in control
cells (Ctrl), and in cells treated with 10 ng/ml TNFα (TNFα), or 10 ng/ml TNFα and 5 μM MA-5 (TNFα+MA-5). e
The rate of mPTP opening was determined in control cells (Ctrl), and in cells treated with 10 ng/ml TNFα (TNFα),
or 10 ng/ml TNFα and 5 μM MA-5 (TNFα+MA-5). f and g The immunofluorescence assay for HtrA2/Omi in cells
treated with 10 ng/ml TNFα (TNFα), or 10 ng/ml TNFα and 5 μM MA-5 (TNFα+MA-5). h through n Western blots
were used to analyze the impact of MA-5 and TNFα treatment on apoptotic proteins in cells treated with 10 ng/
ml TNFα (TNFα), or 10 ng/ml TNFα and 5 μM MA-5 (TNFα+MA-5). *p< 0.05 vs. control (Ctrl) group; #p< 0.05 vs.
TNFα group
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Fig. 3 MA-5 enhanced mitophagy via Bnip3. a through f The proteins were isolated and analyzed via
western blotting. The mitophagy parameters were evaluated in control cells (Ctrl), and in cells treated
with 10 ng/ml TNFα (TNFα), 10 ng/ml TNFα and 5 μM MA-5 (TNFα+MA-5), or 10 ng/ml TNFα and 5 μM MA-5
after silencing of Bnip3 with an siRNA (TNFα+MA-5 + si-Bnip3). g and h An immunofluorescence assay
of mitophagy via mitochondria and lysosome co-staining in cells treated with 10 ng/ml TNFα (TNFα),
or 10 ng/ml TNFα and 5 μM MA-5 (TNFα+MA-5). i The caspase-9 activity with MA-5 treatment (TNFα+MA-5) or
Bnip3 knockdown (TNFα+MA-5 + si-Bnip3). *p < 0.05 vs. Ctrl group; #p < 0.05 vs. TNFα group; †p < 0.05 vs.
TNFα+MA-5 group
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the control group, TNFα treatment induced separation between the mitochondria and

the lysosomes, indicative of mitophagy arrest. By contrast, MA-5 treatment enhanced

the fusion of the mitochondria and lysosomes (Fig. 3g, h), suggestive of mitophagy activa-

tion. These data further support the fact that TNFα-inhibited mitophagy was reactivated

by MA-5 treatment in BV-2 cells.

Finally, we investigated the role of active mitophagy in mitochondrial damage.

Caspase-9 is activated during mitochondrial damage and its activity is a marker of

mitochondrial apoptosis. Interestingly, caspase-9 activity increased in response to TNFα

treatment but reduced to normal levels following MA-5 treatment (Fig. 3i). To under-

stand the role of mitophagy, Bnip3 siRNA was used to suppress mitophagy. The loss of

Bnip3 upregulated caspase-9 activity in MA-5-treated cells, suggesting that the

mitochondrial-protective role of MA-5 is dependent on Bnip3-related mitophagy (Fig. 3i).

These results illustrated that MA-5-triggered mitophagy benefited mitochondrial

homeostasis in BV-2 cells under a TNFα-induced inflammatory response.

MA-5-mediated mitophagy reduces cellular oxidative stress and maintains energy

metabolism

In addition to their involvement in cellular apoptosis, mitochondria also control cellu-

lar energy metabolism and oxidative stress, which are vital for cellular functions [10].

Via flow cytometry, we found that cellular ROS production largely increased after

TNFα treatment (Fig. 4a, b). However, oxidative stress decreased after MA-5 treatment,

as evidenced by reduced ROS production. Interestingly, in MA-5-treated cells with

Bnip3 knockdown, ROS production again increased (Fig. 4a–d).

To gain more information about cellular oxidative stress, the anti-oxidant system was

also assessed [38]. TNFα treatment reduced the contents of GSH, SOD and GPx (Fig. 4c–e)

, whereas MA-5 reversed the expression of these anti-oxidant factors. This effect disap-

peared after Bnip3 was silenced. These data indicate that MA-5 neutralized excessive cellu-

lar oxidative stress via Bnip3-related mitophagy.

We found that ATP production reduced in response to TNFα treatment and increased

to normal levels following MA-5 incubation (Fig. 4f ). Subsequently, we measured

the activity of the mitochondrial respiratory complex, which is indispensable for

ATP generation. The expression levels of mitochondrial respiratory complexes were

lower in the group treated with TNFα than in the control (Fig. 4g–j). However,

MA-5 stimulation rescued the downregulated mitochondrial respiratory complexes

in a Bnip3-dependent manner.

In summary, these findings further clarified that as well as having a role in mitochon-

drial apoptosis, MA-5 treatment benefits cellular oxidative stress and energy

metabolism.

MA-5 triggers Bnip3-related mitophagy via the MAPK-ERK-yap pathway

The regulatory mechanism by which MA-5 influences Bnip3-related mitophagy remains

unknown. A previous study reported that Bnip3 is regulated by the Yap signaling pathway

[39]. Yap increases the expression of JNK, which translocates into the nucleus to bind the

Bnip3 promoter, thereby increasing Bnip3 transcription. For this reason, we wondered

whether MA-5 regulated Bnip3-related mitophagy via the Yap pathway.
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First, we demonstrated that Yap expression was inhibited by TNFα treatment and

everted to normal levels in MA-5-treated cells (Fig. 5a and b). Subsequently, siRNA

against Yap (si-Yap) was used in MA-5-treated cells to perform loss-of-function assays.

Following Yap deletion in MA-5-treated cells, Bnip3 expression progressively decreased

(Fig. 5a–c), as determined via western blot assays. Subsequently, co-staining of the mito-

chondria and lysosome also revealed that the loss of Yap inhibited mitophagy (Fig. 5d).

These data confirm that Yap is involved in the upstream signaling of Bnip3-related

mitophagy.

Fig. 4 MA-5 protected cells from mitochondrial oxidative stress and allowed energy production. a and b
Cellular ROS levels were determined via flow cytometry in control cells (Ctrl), and in cells treated with 10 ng/ml
TNFα (TNFα), 10 ng/ml TNFα and 5 μM MA-5 (TNFα+MA-5), or 10 ng/ml TNFα and 5 μM MA-5 after silencing of
Bnip3 with an siRNA (TNFα+MA-5 + si-Bnip3). c through e The level of GSH and the activities of SOD and GPx
were measured via ELISA in control cells (Ctrl), and in cells treated with 10 ng/ml TNFα (TNFα), 10 ng/ml TNFα
and 5 μM MA-5 (TNFα+MA-5), or 10 ng/ml TNFα and 5 μM MA-5 after silencing of Bnip3 with an siRNA
(TNFα+MA-5 + si-Bnip3). f ATP production increased in response to MA-5 treatment and decreased after Bnip3
was silenced. g through j The alterations in mitochondrial respiratory complexs in control cells (Ctrl), and in cells
treated with 10 ng/ml TNFα (TNFα), 10 ng/ml TNFα and 5 μM MA-5 (TNFα+MA-5), or 10 ng/ml TNFα and 5 μM
MA-5 after silencing of Bnip3 with an siRNA (TNFα+MA-5 + si-Bnip3). *p < 0.05 vs. control (Ctrl) group; #p < 0.05
vs. TNFα group; †p < 0.05 vs. TNFα+MA-5 group
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Previous reports have also indicated that Yap is precisely governed by the ERK path-

way [40]. We conducted western blotting assays of p-ERK and Yap to determine their

relationship. Following TNFα treatment, p-ERK and Yap expression both decreased

synchronously (Fig. 5e–g). By contrast, incubation with MA-5 simultaneously reversed

the expression of these proteins.

Subsequently, the p-ERK inhibitor, SCH772984, was used. After inhibiting p-ERK ac-

tivity in MA-5-treated cells, p-ERK expression was significantly lower, and this was ac-

companied by a decrease in Yap expression (Fig. 5e–g). Thus, we confirmed that Yap is

regulated by the ERK pathway. In summary, our data revealed that Bnip3-mediated

mitophagy was controlled by MA-5 via the MAPK–ERK–Yap signaling pathway.

Fig. 5 MA-5 regulated the Bnip3-related mitophagy via the MAPK–ERK–Yap pathways. a through c Western
blotting was used to analyze the changes in Yap and Bnip3. siRNA was used to silence Yap expression (si-YAP),
which also reduced the expression of Bnip3. d The immunofluorescence assay of mitophagy via mitochondria
and lysosome co-staining. The Yap siRNA also reduced the mitophagy. e through g SCH772984 was used to
inhibit ERK activity. The ERK inhibitor also reduced Yap expression. *p < 0.05 vs. control (Ctrl) group; #p < 0.05 vs.
TNFα group; †p < 0.05 vs. TNFα+MA-5 group
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Discussion
Neuroinflammation is involved in neurodegeneration and nerve cell death [6], and it

contributes to the progression of Alzheimer’s disease and Parkinson’s syndrome.

No effective drugs or treatments are available to prevent or cure neuroinflamma-

tion. The design of an effective therapy depends on successfully determining the

molecular mechanisms underlying neuroinflammation.

One of our findings from this study is that the inflammatory response induced nerve

cell apoptosis in a mitochondria-dependent manner. Exogenous TNFα primarily

affected the mitochondria, leading to a reduction in mitochondrial potential, excessive

mPTP opening and activation of the caspase-9-mediated apoptotic pathway. In

addition, cellular energy metabolism, especially ATP production, was reduced due to

downregulation of the mitochondrial respiratory complex. The cells also produced su-

perfluous ROS, resulting in an imbalance with the cellular anti-oxidant system.

Through these mechanisms, the inflammatory response mediated nerve cell damage,

especially microglial death.

Our findings provide insight into neuroinflammatory pathogenesis and indicate that

mitochondria are potential targets for regulating neuroinflammation by reducing nerve

cell death. More clinical data are required to confirm our theory.

We also explored the effectiveness of MA-5 in neuroinflammation in this study.

MA-5, which is isolated from the plant hormone indole-3-acetic acid [21], has

been tested for treatment in patients with mitochondrial disease, cardiac myocyte

damage and renal tubular injury [32]. MA-5 primarily impacts mitochondrial en-

ergy production, increasing mitochondrial respiration and scavenging ROS [41].

During the development of neuroinflammation, nerve cell damage is closely associ-

ated with the downregulation of indole-3-acetic acid according to the data reported

by Rothhammer et al. [42] Therefore, indole-3-acetic acid supplementation via

MA-5 may be considered an effective approach for treating neuroinflammation.

Notably, a previous study reported that MA-5 showed no typical anti-oxidant prop-

erty [20]. However, in this study, we found that MA-5 indirectly regulated the

redox balance via mitophagy because prevention of Bnip3-mediated mitophagy

could completely abolish the protective role of MA-5 in ROS overproduction.

However, this concept should be verified by more studies in the future.

More importantly, our results provide insight into the molecular mechanism by

which MA-5 protects nerve cells against inflammatory injury. In TNFα-treated

microglia, MA-5 targets the mitochondria, and Bnip3-related mitophagy is the pro-

tective machinery of MA-5 in the mitochondria. MA-5 upregulates Bnip3 expres-

sion, which activates mitophagy, degrading the injured mitochondria. Mitophagy

activation inhibits caspase-9 apoptosis, improves mitochondrial energy production,

and reduces cellular oxidative stress. Through these protective effects, MA-5 sus-

tains mitochondrial function and promotes survival signaling in nerve cells follow-

ing inflammatory injury.

In addition, we explained the regulatory mechanism by which MA-5 modulates

Bnip3-related mitophagy. The MAPK–ERK–Yap pathway is involved in MA-5-

mediated Bnip3 upregulation and mitophagy activation. Previous studies have reported

that Yap [39], via enhancement of JNK interaction with the Bnip3 promoter, is the up-

stream Bnip3 transcriptional trigger. This is consistent with our findings.
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Conclusions
We have comprehensively outlined the protective role of MA-5 in neuroinflammation.

MA-5 acts via the MAPK–ERK–Yap signaling pathway, which increases Bnip3-related

mitophagy, leading to suppressed apoptotic signaling following the inflammatory

response.
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