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Neuroinflammation and autophagy dysfunction are closely related to the development
of neurodegeneration such as Parkinson’s disease (PD). However, the role of autophagy
in microglia polarization and neuroinflammation is poorly understood. TNF-α, which
is highly toxic to dopaminergic neurons, is implicated as a major mediator of
neuroinflammation in PD. In this study, we found that TNF-α resulted in an impairment
of autophagic flux in microglia. Concomitantly, an increase of M1 marker (iNOS/NO,
IL-1β, and IL-6) expression and reduction of M2 marker (Arginase1, Ym1/2, and IL-
10) were observed in TNF-α challenged microglia. Upregulation of autophagy via serum
deprivation or pharmacologic activators (rapamycin and resveratrol) promoted microglia
polarization toward M2 phenotype, as evidenced by suppressed M1 and elevated M2
gene expression, while inhibition of autophagy with 3-MA or Atg5 siRNA consistently
aggravated the M1 polarization induced by TNF-α. Moreover, Atg5 knockdown alone
was sufficient to trigger microglia activation toward M1 status. More important, TNF-
α stimulated microglia conditioned medium caused neurotoxicity when added to
neuronal cells. The neurotoxicity was further aggravated when Atg5 knockdown in
BV2 cells but alleviated when microglia pretreatment with rapamycin. Activation of
AKT/mTOR signaling may contribute to the changes of autophagy and inflammation
as the AKT specific inhibitor perifosine prevented the increase of LC3II (an autophagic
marker) in TNF-α stimulated microglia. Taking together, our results demonstrate that
TNF-α inhibits autophagy in microglia through AKT/mTOR signaling pathway, and
autophagy enhancement can promote microglia polarization toward M2 phenotype and
inflammation resolution.
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INTRODUCTION

Parkinson’s disease (PD) is a leading neurodegenerative movement disorder, caused by the demise
of dopaminergic neurons in the substantia nigra (SN). Although the molecular mechanisms that
underlie dopaminergic neuron losses are still unclear, it is increasingly recognized that microglia-
mediated neuroinflammation serves as a pathogenic factor in PD (Glass et al., 2010). Accumulation
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of proinflammatory cytokines, such as tumor necrosis factor-
α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) was
reported in the brain, cerebrospinal fluid and serum of patients
with PD, and animal models as well (Hunot and Hirsch, 2003).
The polymorphism of human TNF-α encoding gene increases the
risk of developing PD. The plasma TNF-α level correlates with
some of the non-motor symptoms in PD including cognition
decline, sleep disruption, and depression (Menza et al., 2010). At
the molecular level, our previous study identified the autophagy
deficits in TNF-α treated dopaminergic cells (Wang et al., 2015).
All these suggest that TNF-α is a critical mediator in PD
pathogenesis (Mccoy et al., 2011).

The microglia density is remarkably higher in the SN
compared to other regions (Kim et al., 2000). Microglia
exerts neurotoxic and neuroprotective effects, depending on
their diverse functional phenotypes in response to specific
stimuli (Orihuela et al., 2016). “Classic M1 polarization” of
microglia is characterized by the production of pro-inflammatory
mediators. In contrast, alternatively polarized M2 microglia
limit inflammation and are typically characterized by the yield
of anti-inflammatory factors (Kigerl et al., 2009; Hu et al.,
2012). The enhanced microglial M1 activation contributes to
neurodegeneration, such as PD and Alzheimer’s disease (Wyss-
Coray and Rogers, 2012; Vivekanantham et al., 2015). However,
the molecular pathway that drives the microglia phenotypic
changes during neurodegeneration remains unclear.

Autophagy is a catabolic mechanism which removes
unnecessary or dysfunctional proteins and damaged organelles
via the lysosome machinery (Mizushima, 2007). Autophagy
dysregulation, along with neuroinflammation, is implicated in
PD pathogenesis (Plaza-Zabala et al., 2017). The interaction
between autophagy and inflammation is very complicated
and controversial. For instance, in lipopolysaccharide (LPS)-
challenged macrophages, Atg16L1 (an autophagy-related
protein) deficiency enhanced IL-1β production (Saitoh
et al., 2008). Nevertheless, there was also study reported that
rapamycin, an autophagy activator, can inhibit M2 macrophage
polarization (Wang et al., 2017). However, it remains unclear
how autophagy regulates the shifting between M1 and M2
phenotypes in microglia, the macrophage counterpart in the
brain. Therefore, our present study was to explore if autophagy
has any impact on the microglial polarization upon TNF-α
exposure, and the molecular mechanisms involved.

MATERIALS AND METHODS

Reagents and Antibodies
The chemicals such as 3-methyladenine (3-MA), bafilomycin A1
(BafA1), resveratrol, rapamycin were purchased from Sigma-
Aldrich (St. Louis, MO, United States). TNF-α was purchased
from PEPROTECH (Rocky Hill, NJ, United States). The
Perifosine was purchased from Selleck Chemicals (Houston,
TX, United States). The sources for primary antibodies were
listed as follows: anti-β-actin, anti-p62, anti-lysosome-associated
membrane protein 1 (LAMP1) and anti-β-tubulin from Sigma-
Aldrich (St. Louis, MO, United States); anti-LC3, anti-histone

2B and anti-LAMP2 (Abcam, Cambridge, United Kingdom),
anti-p-mammalian target of rapamycin (mTOR) [Cell Signaling
Technology (CST), 5536s], anti-mTOR (CST, 2983s), anti-p-
AKT (CST, 4060), anti-AKT (CST, 4691) and anti-cleaved
caspase-3 (CST, 9664); anti-transcription factor EB (TFEB)
(Proteintech, Chicago, IL, United States), and anti-GAPDH
(Millipore, Billerica, MA, United States). All the reagents for cell
culture were bought from Gibco (Grand Island, United States).

Cell Culture and Treatment
Murine BV2 microglial cells were cultured in Dulbecco modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin in an incubator
with 95% air atmosphere/5% CO2 at 37◦C. MES23.5 cells were
cultured in DMEM/F12 with Sato’s components containing
5% heat-inactivated FBS with 1% penicillin/streptomycin in
the incubator. Cells were regularly subcultured three times a
week and seeded into 35 mm dishes or 24-well plates prior to
experimentation.

Primary microglia culture was prepared from 1 to 2-day-
old neonatal C57BL/6J mice. Briefly, the cortex was dissected,
minced and dissociated in 0.125% Trypsin for 4 min at 37◦C.
Trypsin was then neutralized with complete media (DMEM/F12
supplemented with 15% heat-inactivated FBS) and strained
through a 200 µm mesh filter. After brief centrifugation, cells
were harvested and plated in T75 cell culture flasks. The culture
medium was replaced every 3 days. Once the lower layer reached
confluence (about 10 days after culture), microglia cells were
harvested by mechanical agitation at 180 rpm for 60–90 min and
subsequently plated in DMEM/F12 supplemented with 10% FBS
at a desired density for further experimentation.

Quantitative PCR
Total RNA was extracted using Trizol reagent and reverse
transcribed using cDNA synthesis kit (Fermentas, Vilnius,
Lithuania). Quantitative PCR (qPCR) was performed as we
previously elaborated (Zhou et al., 2014). The primers used were
listed in Table 1. 18s RNA was used as an internal control. The
results were normalized and expressed as ratios of the target gene
over 18s mRNA level.

Nitrite Quantification
The nitric oxide (NO) production in the culture supernatant was
detected using a kit from Beyotime Biotechnology (Shanghai,
China). Briefly, 50 µl culture supernatant was collected after
treatment and transferred into a 96-well plate. Then, 50 µl
Griess reagent was added and incubated at room temperature for
10 min. The absorbance was measured by a Microplate Reader
(Tecan M200, Grodig) with a wavelength at 540 nm. The NO level
was calculated with a standard curve plotted by sodium nitrite.

Cytokine Assay
The content of the cytokines IL-6 and IL-10 in the culture
supernatant was detected using the ELISA kits from BOSTER
(Wuhan, China), according to the manufacturer’s instructions.
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TABLE 1 | The Primers Used for Quantitative PCR.

Primer Forward (5′ to 3′) Reverse (5′ to 3′)

p62
iNOS
IL-1β

CAGGCGCACTACCGCGATGA
CAGGAGGAGAGAGATCCGATTTA
TGGAAAAGCGGTTTGTCTTC

TCGCACACGCTGCACAGGTC
GCATTAGCATGGAAGCAAAGA
TACCAGTTGGGGAACTCTGC

Arginase1 GAACACGGCAGTGGCTTTAAC TGCTTAGCTCTGTCTGCTTTGC

Ym1/2 CAGGGTAATGAGTGGGTTGG CACGGCACCTCCTAAATTGT

18 s TCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAAC

FIGURE 1 | TNF-α enhances M1 but reduces M2 markers in mouse primary
microglia. Quantitative PCR (qPCR )analysis of M1 genes (iNOS, IL-1β, A) and
M2 genes (Arginase1 and Ym1/2, B) mRNA levels in mouse primary microglia
at 6 h after 5 ng/ml TNF-α stimulation, n = 4. Graphs show relative mRNA
levels after normalization with those of housekeeping gene 18 s
correspondingly. Results are expressed as mean ± SEM of four independent
experiments. Student t-test. ∗P < 0.05 vs. untreated controls.

Western Blot Analysis
Whole cell lysates were washed prepared by washing cells with
phosphate-buffered saline (PBS) and lysed in ice-cold lysis buffer
(150 mM NaCl, 25 mM Tris, 5 mM EDTA, 1% Nonidet P-
40, pH 7.5) as previously described (Du et al., 2014). Lysates
were separated by 10% sodium dodecyl sulfate-polyacrylamide
gels and transferred onto nitrocellulose membranes. Next,
membranes were blocked in 5% (w/v) non-fat dry milk powder
in 0.1% Tris-buffered saline/Tween 20 (TBST) for 1 h and then
incubated with the primary antibodies at optimized dilutions at
4◦C overnight. After that, membranes were washed with TBST
and incubated with HRP-conjugated secondary antibodies for
another 1 h. Blots were finally visualized with chemiluminescence
(Thermo Company, West Chester, PA, United States) and band
densities were analyzed with ImageJ software (National Institute
of Health, United States).

RFP-GFP-Tandem Fluorescent-Tagged
LC3 (tf-LC3) and Atg5 siRNA
Transfection
For transfection, 0.8 µg RFP-GFP-LC3 cDNA (Addgene,
United States) were transfected into BV2 cells using 2 µl
Lipofectamine 2000 (Invitrogen, Eugene, OR, United States).
To monitor autophagic flux, cells were exposed to TNF-
α or vehicle with or without the lysosome inhibitor
BafA1 at 24 h post-transfection with tf-LC3 plasmids. The

yellow and red LC3 puncta were manually counted, and
at least 30 cells per group were randomly selected for
counting. The small-interfering RNAs (siRNA) targeting
mouse Atg5 (5′GACGUUGGUAACUGACAAATT3′ and
5′UUUGUCAGUUACCAACGUCTT3′) and scrambled siRNA
duplexes were synthesized by GenePharma (Shanghai, China),
and were transfected using Lipofectamine RNAiMAX (Thermo
Company). The knockdown efficiency was determined by
western blotting at 24 h post-transfection.

Subcellular Fractionation
Cells were lysed in the fractionation buffer including 3 mM
CaCl2, 2 mM MgAc, 320 mM sucrose, 0.1 mM EDTA, 1 mM DTT,
0.5 mM phenylmethylsulfonyl fluoride (PMSF), and 0.5% NP-40,
kept on ice for 20 min and then centrifuged at 600 g 4◦C for
15 min. The supernatants were collected as the cytosolic fraction.
The pellets were washed with fractionation buffer without NP-
40 twice, lysed with the nuclear lysis buffer comprising 280 mM
KCl, 0.2 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 20 mM Hepes
(pH 7.9), 25% glycerol, 1.5 mM MgCl2, and 0.3% NP-40 and
then centrifuged. The resulting supernatant was then used for the
nuclear fraction.

Conditioned Medium-Induced Neuronal
Cell Death Assay
BV2 cells were transfected with Atg5 siRNA or control siRNA
for 48 h as mentioned above. For rapamycin group, cells were
pretreated with 0.2 µg/ml rapamycin for 0.5 h. Cells were then
treated with TNF-α for 24 h, and replaced by culture in fresh
medium for another 24 h to produce the microglia conditioned
medium (CM). After that, the microglia CM was transferred
into MES23.5 cells and cultured for 24 h. Thereafter, cells were
incubated with Hochest 33342 (Sigma) and propidium iodide (PI,
Beyotime, Shanghai, China) for 5 min, and then washed with PBS.
Images were taken using an inverted IX71 microscope system
(Olympus, Tokyo, Japan). The hochest and PI stained cells were
counted manually, and at least 500 cells per group were counted.

Statistical Analysis
All results are presented as mean ± SEM, obtained from a
minimum of 3 independent experiments unless otherwise stated.
Statistical significance was analyzed using Student t-test for two-
group comparison or one-way analysis of variance (ANOVA)
followed by Tukey post hoc analysis using the GraphPad Prism.
The significance level was set at P < 0.05.
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FIGURE 2 | Autophagy stimulation enhances M2 but reduces M1 markers in primary microglia. (A–F) qPCR analysis of M1 and M2 genes mRNA levels in
TNF-α-treated primary microglia with or without autophagy stimulation by different methods. (A,B) 0.2 µg/ml rapamycin pretreatment. (C,D) serum deprivation. (E,F)
autophagy stimulation by 50 µM resveratrol pretreatment. Graphs show relative mRNA levels after normalization with those of corresponding housekeeping gene
18 s, n = 4. (G–I) Cytokines including NO (G), IL-6 (H) and IL-10 levels (I), measured by Griess reagent and ELISA, in cell-free culture supernatant from
TNF-α-challenged primary microglia with or without rapamycin pretreatment. N = 4. All of the results are expressed as mean ± SEM, one-way ANOVA followed by
Tukey analysis. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. controls. NS, not significant.

RESULTS

TNF-α Enhances M1 but Reduces M2
Markers in Microglia
Microglia polarization is commonly characterized by the
expression of signature genes that are associated with M1 or
M2 phenotype (Mantovani et al., 2013). Neuroinflammation is
featured by an alteration of microglia polarization toward M1
status. In this study, we observed that 5 ng/ml TNF-α stimulation
not only induced an elevation in M1 genes (iNOS and IL-1β)
expression (Figure 1A), but also caused a reduction in the M2
signature genes level (Arginase1 and Ym1/2, Figure 1B) in mouse
primary microglia, indicating a shift toward M1 phenotype
following TNF-α stimulation.

Autophagy Activation Enhances M2 but
Reduces M1 Markers in Microglia
In order to assess the role of autophagy in microglia
polarization, we induced autophagy activation in primary
microglia using serum deprivation or two structure-unrelated
autophagy inducers (rapamycin and resveratrol). Although none
of the three tested autophagy inducers produced any obvious
effect on the basal level of M1 genes, they increased the Arginase1
mRNA levels under normal conditions. A mild but not significant
elevation of Ym1/2 mRNA was also observed. Importantly,
both serum deprivation and pharmacologic autophagy inducers
(rapamycin and resveratrol) potently suppressed the increase of
M1 (iNOS and IL-1β) mRNA level and alleviated the decline of
M2 gene expression (Arginase1 and Ym1/2) in TNF-α-stimulated
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FIGURE 3 | Autophagy inhibition enhances M1 but reduces M2 markers in microglia. (A–D) qPCR measurement of M1 and M2 genes mRNA levels in TNF-α-treated
cells with or without autophagy inhibition by 10 mM 3-MA (A,B, primary microglia) or Atg5 knockdown (C,D, BV2 microglial cell line). Atg5 siRNA or scrambled
siRNA were transfected into BV2 cells by Lipofectamine RNAiMAX, followed by 5 ng/ml TNF-α treatment at 24 h later. mRNA levels were analyzed at 6 h after TNF-α
addition. Graphs show relative mRNA levels after normalization with those of corresponding housekeeping gene 18 s. N = 3–6. (E–J) NO, IL-6 and IL-10 levels in the
culture supernatants from TNF-α-treated microglia with 3-MA or Atg5 siRNA as described above, n = 4. (K) Western blot study of Atg5 expression in Atg5
siRNA-transfected BV2 cells following TNF-α treatment, n = 3. Housekeeping protein GAPDH was used as loading control for semi-quantitative densitometry.
∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. controls, one-way ANOVA followed by Tukey analysis.
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FIGURE 4 | TNF-α disrupts autophagy in microglia. (A,B) Western blot analysis of the time- and dose-dependent effects of TNF-α on the autophagy markers LC3II
and p62 protein levels in primary microglia. Actin served ad as loading controls, n = 4. (C) qPCR measurement of p62 mRNA expression in microglia following TNF-α
treatment for 6 h. Relative p62 mRNA level was obtained by normalizing to that of housekeeping 18 s, n = 4. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. controls,
one-way ANOVA followed by Tukey analysis.

primary microglia (Figures 2A–F). Measurement of the cytokines
level in the culture supernatant displayed that the autophagy
activator rapamycin reduced the NO (Figure 2G) and IL-6
(Figure 2H) production but enhanced IL-10 yield (Figure 2I)
in TNF-α-stimulated primary microglia. These data imply that
autophagy activation is able to promote microglia polarization
toward M2 phenotype under both basal and inflamed status.

Autophagy Inhibition Enhances M1 but
Reduces M2 Markers in Microglia
To evaluate the role of autophagy inhibition in microglia
phenotype transition, we used both the autophagy inhibitor
3-MA and the siRNA against autophagy-related protein Atg5
and observed the changes of polarization markers in TNF-
α-challenged microglia cells. The autophagy inhibitor 3-MA
enhanced the basal and TNF-α-induced iNOS and IL-1β

transcription (Figure 3A). Meanwhile, it downregulated the

basal level of Arginase1 and Ym1/2 and caused a further
decline of these two M2 markers in TNF-α-exposed primary
microglia (Figure 3B). In line with this, Atg5 knockdown
in BV2 cells was also found to increase the basal level of
M1 gene expression (iNOS, IL-1β) and reduce the M2 gene
expression (Arginase1, Ym1/2) (Figures 3C–D), and reinforced
the alterations of the polarization markers in TNF-α-stimulated
cells. These observations were confirmed by cytokines assay.
As shown in Figures 3E–J, autophagy inhibition with 3-
MA or Atg5 siRNA consistently caused a further increase of
NO and IL-6 generation and a moderate decrease of IL-10
in the supernatant of TNF-α-treated microglia. Western blot
study revealed the successful knockdown of Atg5 by small
RNA interference in TNF-α-treated BV2 cells (Figure 3K).
These data indicate that autophagy not only negatively
regulates microglia activation under basal conditions but also
affects microglia polarization in response to inflammatory
stimulation.

Frontiers in Aging Neuroscience | www.frontiersin.org 6 November 2018 | Volume 10 | Article 378

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00378 November 16, 2018 Time: 20:48 # 7

Jin et al. Autophagy Regulates Microglia Polarization

FIGURE 5 | TNF-α disrupted the autophagic flux in microglia. (A) Dose-dependent effect of the lysosome inhibitor BafA1 treatment for 2 h on LC3II accumulation in
BV2 cells, as evaluated by western blotting. N = 3. (B) Effect of TNF-α on LC3II levels during lysosome inhibition. BV2 cells were treated with 5 ng/ml TNF-α for 24 h,

(Continued)
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FIGURE 5 | Continued
and then added with BafA1(50 nM) for 2 h before subjected to western blotting. Actin served as loading controls in panels A,B. N = 4. (C,D) Autophagic assay in
microglia treated with TNF-α, BafA1, or in combination. BV2 cells were transfected with RFP-GFP-tandem fluorescent LC3 cDNA for 24 h before treatment.
Confocal microscope pictures showing yellow (GFP and RFP overlap) and red LC3 puncta formation in different groups. Scale bar, 10 µm. LC3 dots were visualized
and quantified from at least 30 cells per group. (E) Effect of TNF-α on lysosomal biogenesis. BV2 cells were treated with 5 ng/ml TNF-α for 3, 12, or 24 h. The
cytosolic and nuclear fractions were subjected to western blotting analysis of TFEB, with GAPDH and Histone 2B as the cytosolic and nuclear loading controls,
respectively. (F,G) Effect of TNF-α on lysosomal protein LAMP1 (F) and LAMP2 (G) levels in BV2 cells. N = 3. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. controls.
NS, not significant. One way ANOVA followed by Tukey analysis.

TNF-α Disrupts Microglia Autophagic
Flux
To examine the effect of TNF-α on microglia autophagy,
we study several autophagy-related markers including LC3
and p62 (also named sequestosome1, SQSTM1) protein
expressions. Western blotting analysis showed that TNF-α
treatment resulted in an increase of microglia LC3II and
p62 in a time- and dose-dependent manner (Figures 4A–B).
As several studies previously reported the p62 transcription
by inflammatory stimuli (Fujita et al., 2011), here we also
examined p62 mRNA level. qPCR analysis showed a substantial
increase of p62 transcription in response to TNF-α stimulation
(Figure 4C).

To determine whether the LC3II increase resulted from
autophagy induction or lysosomal degradation impairment, we
studied the effect of TNF-α on LC3II in the presence of
BafA1, a vacuolar H+-ATPase inhibitor that blocks autolysosome
degradation. As shown in Figure 5A, showed that 50 nM
BafA1 was sufficient to fully block of lysosomal degradation
as 100 nM BafA1 did not result in a further increase of
LC3II level in BV2 cells. Therefore, 50 nM BafA1 was
used in the following study for lysosomal inhibition. TNF-
α failed to further enhance the LC3II protein level in the
presence of BafA1 (Figure 5B), indicating that the TNF-
α-induced LC3II increase may result from lysosome degradation
impairment. This is consistent with the tf-LC3 assay which
allows us to monitor the autophagic flux (Mizushima et al.,
2010). As shown in Figure 5C, tf-LC3 transfected BV2
microglia had some basal level of autophagy, as exhibited
by a few green/red dots staining in control. Similar to
the impact of BafA1, TNF-α caused an obvious elevation
in the number of yellow dots, with almost no detectable
red dots in cells. TNF-α plus BafA1 co-treatment did not
show any further impact on the yellow/red dots when
compared to BafA1 treatment alone (Figures 5C,D). These data
suggest the disruption of autophagic flux in TNF-α challenged
microglia.

Anti-transcription factor EB served as a master regulator
of the autophagy-lysosome system which coordinates
autophagy and lysosomal biogenesis (Sardiello et al.,
2009). To clarify the role of TFEB in TNF-α treated
microglia, we studied and found that a time-dependent
TFEB translocation from cytosol to nuclear fraction in
response to TNF-α compared with untreated BV2 cells
(Figure 5E). Moreover, the lysosome proteins LAMP1 and
LAMP2 expression also increased after TNF-α treatment
(Figures 5F,G).

AKT Signaling Is Involved in TNF-α
Induced Autophagy Flux Disruption in
Microglia
The signaling mechanism that underlies TNF-α induced
autophagy flux disruption was also examined. We observed a
rapid activation of AKT in BV2 cells following 5 ng/ml TNF-
α treatment, as AKT phosphorylation (Ser473) increased and
reached its peak at 6 h after treatment (Figure 6A). This was
accompanied by a consistent elevation in the phosphorylation
of mTOR, the master regulator of autophagy and downstream
target of AKT (Figure 6B). As expected, treatment with the
AKT-specific inhibitor perifosine (100 nM) caused a LC3II
increase, correlated with a reduction in Akt phosphorylation
in BV2 cells. Of note, TNF-α did not further enhance the
LC3II protein level in the presence of perifosine compared with
perifosine treatment group (Figures 6C,D). This implies that the
AKT/mTOR signaling pathway was involved in the autophagy
regulation in TNF-α-stimulated microglia.

TNF-α-Challenged Microglia Conditioned
Medium Produced Toxicity to
Co-cultured Neuronal Cells
In order to evaluate the effect of microglia polarization on
neurons around, we established a system in which the cell-free
culture supernatant from TNF-α or vehicle challenged BV2 cells
(defined as a microglia conditioned medium) was harvested and
then transferred into MES23.5 cells, a dopaminergic cell line. To
assess the CM-associated impact and avoid the carryover from
microglia treatment, BV2 cells were challenged with TNF-α for
24 h, washed, and cultured with fresh medium for another 24 h.
After that, the microglia culture supernatant was collected as CM
and applied in subsequent experimentation. To determine the
influence of microglia autophagy regulation on neurons survival,
BV2 cells were transfected with Atg5 siRNA or pretreated
with rapamycin before exposure to TNF-α. The hochest and
PI staining showed that treatment with TNF-α challenged CM
for 24 h resulted in a 13.1 ± 1.2% cell death in MES23.5
cells compared to control CM group (2.2 ± 0.8%), implying
TNF-α challenged CM produced toxicity to neuronal cells. This
neurotoxicity was enhanced by Atg5 knockdown but attenuated
when BV2 cells pretreatment with rapamycin (Figures 7A,B).
The results were confirmed with the caspase-3 assay. Western
blotting showed that treatment with TNF-α challenged CM
caused an increase of cleaved caspase-3 level in MES23.5 cells.
Transfection with Atg5 siRNA in BV2 microglia led to a further
increase in cleaved caspase-3 compared to control siRNA. In
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FIGURE 6 | AKT signaling mediates TNF-α-induced autophagy inhibition. (A,B) Time-dependent effect of TNF-α on AKT and mTOR signaling. BV2 cells were
treated with 5 ng/ml TNF-α for the indicating time. The changes of p-AKT, AKT, p-mTOR, and mTOR proteins level were analyzed by western blotting, n = 4. (C,D)
Effect of TNF-α on LC3II protein level in the presence of AKT inhibitor perifosine (100 nM). N = 5. Actin served as loading controls. ∗P < 0.05, ∗∗P < 0.01, and
∗∗∗P < 0.001 vs. controls. One way ANOVA followed by Tukey analysis. NS, not significant.

contrast, microglia pretreatment with rapamycin attenuated the
cleaved caspase-3 increase (Figure 7C). These results indicate
that modulation of microglia autophagy could have an impact on
the neuronal survival probably by affecting microglia polarization
and associated neuroinflammation.

DISCUSSION

In this study we provide the evidence that pro-inflammatory
cytokine TNF-α inhibits autophagy flux and drives microglia
shift toward M1 phenotype via activating AKT/mTOR signaling.

Our findings demonstrate that autophagy enhancement could
guide microglia activation toward M2 status and attenuate
the neurotoxicity of TNF-α challenged microglia CM, while
microglia autophagy inhibition produces the opposite effects (as
summarized in Figure 8).

Neuroinflammation and autophagy dysregulation closely
linked with neurodegeneration. Recent studies identify a complex
interaction between these two processes. Here we clearly show
that TNF-α inhibits microglia autophagy flux, and reveal a role
of autophagy flux inhibition in M1 microglia polarization and
thereby the neurotoxicity. This is consistent with recent reports
that autophagy may regulate LPS-stimulated inflammation in
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FIGURE 7 | Effect of TNF-α-challenged microglia conditioned medium on dopaminergic cell damage. (A–C) MES23.5 cells were cultured for 24 h with different
microglia CM as described in materials and methods. After that, MES23.5 cells were subjected to Hoechst/PI staining or western blot analysis of cleaved caspase-3
protein levels. The results were independently repeated three times. Scale bar, 10 µm.∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. controls. One way ANOVA
followed by Tukey analysis.

microglia and its associated neurotoxicity (Bussi et al., 2017;
He et al., 2018). These lines of evidence highlight a possibility
that autophagy serves as the common machinery in regulating
microglia-mediated inflammation in response to a multitude
of inflammatory stimuli. Yet, another study demonstrated that
LPS injection induced autophagy activation in rat hippocampus
(Pintado et al., 2017). Autophagy is a catabolic process that can
be activated during starvation, stress and nutrient deprivation
by different signaling pathways. It is conceivable that microglia
autophagy could be altered by diverse conditions. Also, the
isolation and culture conditions could yield an impact on
microglia in vitro. Thus, the in vivo study, in combination
with microglia-specific genetic manipulation, may further our
understanding of the relationship between inflammation and
autophagy.

We previously reported that TNF-α can disrupt the
autophagic flux and result in α-synuclein accumulation in
PC12 cells and midbrain neurons (Wang et al., 2015). This and
the present study consistently show TNF-α causes autophagy
dysfunction in both neuron and microglia, which may produce
a positive loop between microglia and neurons and thus lead to
neurodegeneration. However, we did not observe any change in
TFEB or LAMP1 expression in TNF-α-treated neurons (Wang
et al., 2015). By contrast, in this study we detected TFEB nuclear
translocation induced by TNF-α in microglia, correlating with
the increases of LAMP1 and LAMP2 expression. This may act as
a compensatory mechanism to autophagy flux disruption during
TNF-α stimulation. This discrepancy may be attributed to the
higher activity of lysosomal biogenesis in microglia. The TNF-α
induced autophagy flux inhibition seemed to be dependent, at
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FIGURE 8 | A simplified summary of TNF-α induced autophagy flux inhibition and subsequent inflammation through AKT/mTOR signaling in microglia. TNF-α triggers
the phosphorylation of AKT and mTOR, which plays a role in the autophagy flux disruption and causes a shift toward M1 phenotype in microglia. As a result, the
microglia expression of the M1 markers such as iNOS/NO, IL-6, and IL-1β increases, while that of M2 genes including arginase, Ym1/2, and IL-10 decreases.

least in part, on AKT activation. An early activation of AKT,
accompanied by mTOR activation, was observed in microglia
after TNF-α stimulation. In the presence of the AKT inhibitor,
TNF-α failed to alter the autophagic marker LC3II. Therefore,
activation of AKT/mTOR signaling may contribute to TNF-
α-induced autophagy inhibition in microglia. A recent study also
identifies the role of AKT activation in regulating autophagy
during the late stage (Matsuda-Lennikov et al., 2014). Phafin2
(EAPF or PLEKHF2), a lysosomal protein interacts with and
recruits cytosolic Akt to the lysosome, and thus affects the
autophagy-lysosome pathway.

The identification of different phenotypes is a breakthrough
in microglia biology. M1 or M2 polarization reflects different
microglia functions. Generally, M1 is pro-inflammatory and
neurotoxic while M2 is anti-inflammatory and neuroprotective
(Moehle and West, 2015). This opens up a novel avenue
for the treatment of neuroinflammation related disorders.
Notably, M1 or M2 markers are not exclusively expressed in
microglia. Their phenotypic changes during neurodegeneration
may be driven by extracellular and intracellular factors. The
extracellular triggers were extensively reported, such as beta-
amyloid and LPS (Qin et al., 2007; Hickman et al., 2008). Only
a few molecules including AMPK, hydrogen sulfide, and A1
adenosine receptor, have been reported to modulate microglia
polarization (Tsutsui et al., 2004; Zhou et al., 2014; Xu et al.,
2015). Hence, the intracellular machinery warrants intensive
study. Our study reveals autophagy as an endogenous “brake”

on microglia phenotype shift toward M1 polarization. Atg5
(an autophagy-related protein) knockdown was sufficient to
trigger M1 microglia activation in the absence of inflammatory
stimulation. In TNF-α-challenged microglia, autophagic flux was
impaired, associated with the increase of M1 marker (iNOS/NO,
IL-1β, and IL-6) and the decrease in M2 marker (Arginase1,
Ym1/2, and IL-10) expression. Upregulation of autophagy with
serum deprivation or with pharmacologic activators (rapamycin
and resveratrol) promoted microglia polarization toward M2
phenotype while inhibition of autophagy with 3-MA or Atg5
siRNA consistently aggravated the M1 polarization induced
by TNF-α. These findings suggest that autophagy acts as
an endogenous “brake” on microglia shift toward M1 in
normal situation. In disease conditions, microglia autophagy
deficiency may sensitize the cells to simulation and boost
neuroinflammation.

Persistent microglia activation toward M1 phenotype could
have physiologic relevance in brain regions with high microglia
density such as SN (Pintado et al., 2011; Leal et al., 2013). This
may contribute to dopaminergic neurodegeneration in PD. In
support of this, here we found TNF-α-challenged microglia
CM produced toxicity to the cocultured MES23.5 cells. The
neurotoxicity was boosted if inhibiting microglia autophagy, but
alleviated when microglia autophagy was activated. This
CM-derived toxicity may derive from an accumulation
of neurotoxic and pro-inflammatory molecules in the
challenged CM. Consistently, the cytokines assay (Figures 2, 3)
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demonstrated a role of autophagy in modulating cytokines
generation in microglia. Sure, other untested factors may also
contribute to the toxicity.

In sum, our study demonstrates that TNF-α inhibits
autophagy flux in microglia through activating AKT/mTOR
signaling pathway, and identifies that autophagy serves as a
negative regulator of microglia polarization in both normal and
inflamed conditions. This study also highlights the potential
of autophagy inducers in the treatment of neuroinflammation-
associated degeneration.
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