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Autophagy Maintains the Survival of Microglia by Modulating
ROS Production under Serum Deprivation Condition

La Autofagia Mantiene la Supervivencia de la Microglia Modulando
la Produccibn de ROS en Condiciones de Privacion de Suero
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SUMMARY: Autophagy plays a protective role in maintaining cellular homeostasis under physiological conditions and in
helping cells to resist starvation under nutrient deprivation. Cells can excessively produce reactive oxygen species (ROBgonhde
starvation, which aalead to organelle damage and protein misfolding, thus promoting cell death. However, it is not clear whether autophagy
interacts with ROS during this process. In this study, we explored whether autophagy is involved in the protective effie clagfrseation-
induced cell apoptosis and excessive production of ROS in BV-2 cells with Atg5 knockdown. In addition, we examined thg &utephag
in cells treated with N-acetylcysteine (NAC). We found that the cells grew slowly and aged, and the levels of ROS and mcieaisagy
after 24 h of serum deprivation. Autophagy defects significantly increased ROS levels and cell death. Compared withdhegstanyat
the NAC treatment group reduced the levels of ROS and autophagy (p<0.05), and decreased cell death. On conclusion, dutsphagy an
levels of ROS can promote microglia survival compared with autophagy defects or high levels of ROS under starvation ddretitiams,
autophgy and moderate ROS are beneficial to maintain cellular homeostasis under pathological conditions.

KEY WORDS: Autophagy; Serum starvation; ROS; Microglia; IL-6; TNF- a.

INTRODUCTION

Autophagy plays an important role in maintainingpathologically damaged during brain development, microglia
cellular homeostasis and regulating the inflammatorgan act as brain macrophages to remove damaged cells. Our
responses induced by central nervous system injurygtMaprevious study found (Met al, 2020) that autophagy played
al., 2020). There are four types of autophagy, including role in regulating the inflammatory state of microglial cells
macroautophagy, microautophagy, chaperone-mediatadder the pathological conditions of infection. Excessive
autophagy, and xenophagy (Anozie & Dalhaimer, 2017activation of autophagy was not conducive to the survival
Autophagy depends on lysosomes to degrade intracellutarmicroglial cells, and autophagy played a non-protective
substances, it plays a key role in responding to various cellutate. Some studies have confirmed that autophagy plays a
stresses such as starvation, hypoxia, and infection (Mizushieotective role under nutrient deprivation (Kaur & Debnath,
& Levine, 2010). Itis currently unclear if autophagy is a bona015; Heet al, 2018). However, there is no report on the
fide lethal mechanism or if it is a protective mechanism againstarvation stimulation of microglia. In order to evaluate the
cell death (Galluzzét al, 2008; Dubinskyet al, 2014; Kaur effects of autophagy and reactive oxygen species (ROS)
& Debnath, 2015; Shpilkat al, 2015). Autophagy seems to production on microglia survival under starvation conditions,
be a protective mechanism under nutrient deprivation. we designed and performed in vitro experiments.

Microglia are innate immune cells of the central The complexity of ROS and autophagy pathways
nervous system, and are the main cells for eliminatighould never be underestimated. It is found that ROS
bacterial infection in the brain. When programmed cell deafitoduction is involved in autophagy, and autophagy has been
occurs, or when the central nervous system is damagedsbown to be strongly induced by ROS @tial, 2015).
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Excessive production of ROS causes mitochondrial dama@ells and Treatment: The mouse microglia BV2 cell
and induces mitophagy and mitochondrial dysfunctiohne was cultured in Dulbecco’s modified Eagle’s
(Kuriharaet al, 2012; Sakellarioat al, 2016). In addition, medium(low-glucose) containing 10 % fetal bovine serum
studies have found that inflammation can activate autophagyd penicillin-streptomycin (100 U/ml; 0.1 mg/ml) at 37
meanwhile, ROS are involved in inflammation (Watgl, °C in 5 % CQ-humidified incubator. Cells in logarithmic
2013; Harijithet al, 2014). Some studies have shown thgthase were trypsinized with 0.25 % trypsin/EDTA to
ROS can regulate autophagy through multiple pathwayshtain single cell suspensions, which were subsequently
such as AMPK/MTOR pathway (Underwoetlal, 2010; seeded into 6-well plates (1Q0well; 2x1C cells/well).
Mungaiet al, 2011; Aleret al, 2012). ROS productionis a The cells were divided into Control group, Starvation
hallmark of oxidative damage in many pathologicagjroup, Starvation + Atg5KO group, and Starvation + NAC
conditions including bacterial infection and can lead t¢1mM) group and then incubated for 24 h.
mitochondrial dysfunction, cellular aging, and apoptosis
(Murphy, 2009). ROS generation also appears to be link€&RNA and Transfection. The Atg5 siRNA was
to the autophagy, a major catabolic pathway in eukaryotiansfected into BV2 cells to inhibit its expression. Briefly,
cells that degrades and recycles cellular componentsBiV2 cell culture medium was replaced with fresh
autophagosomes during conditions of starvation. Trmomplete medium 2 h before transfection. The Atg5
degraded products of autophagy can be used as componsiRNA and scrambled siRNA plasmids were subsequently
to keep cells alive (Rubinsztein, 2006; Levine & Kroemetransfected into BV2 cells using Lipofectamine 2000.
2008; Mizushimaet al., 2008; Mizushimat al, 2010). After 48 h, cells were collected and analyzed using
Western blot analysis to verify Atg5 expression.
Whether ROS and autophagy interacts with each
other to maintain cellular homeostasis under starvatidifestern Blot Analysis.Starvation-treated BV2 cells were
conditions is currently controversial and not fully understooghlated in 6-well plates at a density ox2® cells per
In this study, we investigated the relationship between RQ®Il and cultured for 24 h. Stimulated BV2 cells were
and autophagy using autophagy-deficient microglia cellearvested and then lysed with RIPA buffer (Sigma, USA)
We found that ROS-induced cell death and ROS levels warentaining a protease inhibitor on ice to obtain a total
increased in autophagy-deficient cells. Interestingly, NACell lysate. The protein concentration of the cell lysate
(ROS inhibitor) decreased ROS-induced cell death andas determined using BCA assay. Equal amounts of

autophagy levels during serum starvation. protein (40ug) were subjected to 10 % SDS-PAGE and
then transferred onto nitrocellulose membranes
MATERIAL AND METHOD (Millipore, MA, USA). After blocking with 5 % nonfat

milk in Tris-buffered saline containing 0.1 % Tween 20
Reagents: The mouse microglia BV2 cell line was afor 2 h at room temperature, the membranes were
generous gift from Central Laboratory of Shandonicubated separately with anti-mouse LC3, rabbit anti-
University Medical College (Shandong, China). Dulbecco'mouse P62, anti-mouse Lamp-1, rabbit anti-mouse Atg5,
modified Eagle’s medium and NAC were purchased fromnd anti-mouse GAPDH primary antibodies atG!
Gibco/BRL (Gaithersburg, USA). Penicillin-streptomycinovernight followed by incubation with horseradish
and 0.25 % trypsin were purchased from Hyclone (Logaperoxidase—conjugated goat anti-rabbit or goat anti-mouse
USA). Rabbit anti-mouse P62 and rabbit anti-mouse Atg&econdary antibodies for 1 h at room temperature.
were purchased from Affinity Biosciences (Cincinnati, OHFollowing washing, the membranes were developed using
USA). Goat anti-rabbit Atg5, anti-mouse LC3, and antithe ECL detection system (Merck, USA) and were
mouse Lamp-1 were purchased from Sigma (St Louianalyzed using Image J software.
USA). Annexin V-FITC apoptosis detection kit and ELISA
cytokine detection kit were purchased from BD Biosciend®@OS Measurement.Intracellular ROS generation was
(Franklin Lakes, USA). Horseradish peroxidase-conjugatedeasured by flow cytometry after staining with a
secondary antibodies and ECL detection system weflaorescent probe 2°,7 -dichlorofluorescein-diacetate
purchased from Santa Cruz Biotechnology (Santa CryQCFH-DA). DCFH-DA could be oxidized by ROS into
USA). Lipofectamine 2000 was purchased from Invitrogefiuorescent product 2¢,7¢-dichlorofluorescein (DCF).
(Waltham, USA). Rabbit anti-mouse LC3 and Goat antBV2 cells were seeded into 6-well plates and pretreated
mouse Lamp-1 were purchased from Merck (Woodbridgeiith various inhibitors. Following starvation treatment,
USA). Atg5 small interfering RNA (siRNA) and scrambledBV2 cells were incubated with 10 mM DCFH-DA at 37
siRNA (negative control) were synthesized by HanbidC for 30 min. After washing with cold PBS, the cells
Biotech (Guangzhou, China). were examined by flow cytometry.
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Immunofluorescence ImagingAfter various treatments, starvation group but not in the ATG5-KO group compared
BV2 cells were fixed with 4 % paraformaldehyde for 1@o the control group.
min at room temperature, washed twice with PBS, and then
blocked with 5 % normal goat serum. The cells were theXutophagy is strongly associated with ROS LevelROS
incubated with 0.05 % Tween 20 for 1 h to reducare reported to interact with autophagy in serum-deprived
nonspecific binding before incubation with anti-LC3B anaells. Herein, the cellular ROS levels in ATG5-KO cells
anti-LAMP-1 primary antibodies (St Louis, USA) for 1 hwere measured after staining with DCFH-DA. The
at room temperature. Subsequently, incubation wittxpression of autophagy proteins LC3I/Il and p62 were
secondary antibody was performed for 1 h &iC37#or detected using Western blot analysis at 24 h. Furthermore,
negative controls, cells were incubated under similammunofluorescence was used to observe the number of
conditions without primary antibodies. All images wergsFP-LC3 autophagic plagues. We found that ROS levels
captured with a LSM780 fluorescence microscope (Zeissgre increased and autophagy was enhanced in the serum
Germany). starvation group compared with the normal nutritive group
(Figs. 2A,B). Autophagy was barely observed in ATG5-KO
ELISA. The levels of proinflammatory cytokines tumorcells, while ROS level was significantly increased compared
necrosis factoor (TNF-0) and interleukin 6(IL-6) secreted to the control group (***p < 0.001) and starvation group
into the culture supernatants were examined. Cells wef#p<0.01). In addition, to determine the effect of ROS level
treated as previously described. Levels of cytokines in celh autophagy, NAC was added to inhibit ROS, and the low
culture supernatants were detected using correspondlagel of autophagy was confirmed by Western blot and
ELISA cytokine detection kits, according to theimmunofluorescence (Fig. 2B-D). GFP-LC3
manufacturer’s instructions. Absorbance values wermmmunofluorescence assay showed that autophagy was at
obtained at 450 nm using a microplate reader (Bio-Ralkigh level in the serum starvation group compared with the
USA). control group, while autophagy was not observed in Atg5-
KO group (Figs. 2D,E). Subsequently, we found that
Flow Cytometry Analysis of Apoptosis Starvation treated autophagy level was also decreased in starved cells after
cells were cultured for 24 h and then harvested in ice-caddiding NAC. Therefore, these results demonstrate that
PBS at 4C for flow cytometry analysis of apoptosis.starvation induces autophagy, and autophagy deficiency can
Annexin V-FITC/PI staining solution (@) was added to lead to further increase of ROS levels. Furthermore,
100ul of a 2x1CP/ml cell suspension in binding buffer andinhibiting ROS levels can reduce autophagy, which confirms
incubated at room temperature for 20 min in the dark. Afténe close relationship between autophagy and ROS.
adding 40Qul of PBS, the cells were analyzed using a flow
cytometer (BD, USA). Autophagy and moderate ROS levels are beneficial to
the survival of nutrient-deficient cells.In order to analyze
Statistical Analysis. Statistical analysis of the data waghe effects of autophagy and ROS on cell survival, cell
carried out using SPSS version 17.0 software (IBM SP%fBowth status was observed and apoptosis was analyzed
Inc., Chicago, IL, USA). Data were shown as the meanflow cytometry. We found that there was more cell
SEM (standard error of mean) from three independesiirinkage and cell size reduction in the starvation group
experiments. Comparisons between two groups wettgan the normal group. In addition, we found more apoptosis
performed using the t-test, and comparisons among manicells in the Atg5-KO group compared with the starvation
than two groups were performed using one-way ANOVAgroup (Fig. 3A). Moreover, the levels of TNFand IL-6

A p <0.05 was considered significant. in each group were detected with ELISA. The results
showed that TNFr and IL-6 levels were increased in the
RESULTS ATG5-KO group compared with that in the control group,

while their levels were decreased in the NAC treated group
SIiRNA knocks down the expression of ATG5To knock compared with the starvation group (Figs. 3B,C). In
down ATG5 expression in BV2 cells, siRNA ATG5addition, the BV2 cells in the starvation group treated with
transfection was performed. Western blot analysis wa$AC had a better cellular growth, and the apoptosis rate
conducted to assess the expression of ATG5 protein in tlvas lower than that in the starvation group (Figs. 3D,E).
BV2 cells after siRNA treatment for 48 h, with GAPDH asThus, our results showed that cell death increased under
the loading control (Fig. 1A). Atg5 siRNA almoststarvation and further increased after blocking autophagy,
completely blocked the expression of ATG5 in BV2 (Figwhile cell death decreased after NAC treatment. These
1B) (**p < 0.01). Moreover, immunofluorescence (Fig. 1Cyesults suggest that autophagy and moderate ROSreyel
found that higher ATG5 expression was observed in tlo®ntribute to microglia survival under serum starvation.
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Fig. 1. Atg5-siRNA inhibits the expression of ATG5. A&B Expression of ATG5 protein in BV2 cells transfected with the Atg5-siRNA
and scrambled siRNA for 48 h by Western blot. C Immunofluorescence analysis of ATG5 protein in microglia at the 48 hagieshe im
the nucleus staining is shown in blue, ATG5 staining is shown in red, and the signals of colocalization are shown in timeagesged
The scale bar is 5 mM. Data are presented as tm&&nh n = 3; **p < 0.01 vs. control.
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Fig. 2. The relationship between ROS and autophagy in microglia under starvation conditions. A ROS level in BV2 cellbpssessed

DCFH-DA. B&C Western blot detected the expression of LC3I/ll and P62 proteins in BV2 cells under starvation for 24 h and after
treatment with Atg5-siRNA or NAC. D&E Immunofluorescence analysis of LC3B and LAMP-1 co-localization at 24 h and the histogram
showed the number of labeled autophagosomes. Data are presented as th&ear 3; ***p<0.001; **p < 0.01; *p < 0.05; # p >

0.05 vs. control.

DISCUSSION

Our study showed that autophagy was conducive tbat autophagy deficiency enhanced ROS levels and
the survival of microglia cells under nutrient deficiency, angromoted cell death under nutritional deficiency. Under the
autophagy was upregulated under cell starvation. Moreovegme conditions, NAC was found to be conducive to cell
the production of intracellular ROS increased which masedox homeostasis and cell survival by downregulating ROS
disrupt the homeostasis of cell redox and may be nlewvels (Figs. 2 and 3). Our study showed that both NAC and
conducive to cell survival. In our study, autophagy wagutophagy could reduce ROS, which is conducive to
blocked by knocking down ATG5 (Fig. 1), and it was foundnicroglia cell survival.
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Fig. 3. Autophagy and ROS effects on the survial of cells. A The survival of cells under starvation for 24 h and afterrwitargs-
siRNA or NAC. B&C ELISA analysis of TNF-a and IL-6. D&E The levels of apoptosis were detected by flow cytometry. Data are

presented as the mearsD; n = 3; **p < 0.01; *p < 0.05; # p > 0.05 vs. control.
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One study found that the expression of ATG5, a&poptosis increased significantly in the ATG5-KO group
an autophagy target gene, could interfere the level (Fig. 3). These findings indicate that autophagy can
autophagy and cell survival by the expression of RO®gulate ROS levels. Autophagy can modulate ROS levels
involved. The balance between ROS production aridrough a series of signal pathways, such as the P62
clearance has important roles in signal transduction. Ttransmission pathway, the mitophagy pathway, and the
physiological role of ROS is two-sided, i.e. ROS not onlghaperone-mediated autophagy pathwagf{ki., 2015).
participate in the normal cellular events, such as signgpically, ROS can participate in the interaction between
transduction, gene expression, and enzyme reaction, hutophagy and apoptosis because they can mediate redox
also involve in some pathological diseases (€tal, signaling pathways (Scherz-Shouval & Elazar, 2007; Circu
2020). In our study, we blocked the autophagy by knockirgg Aw, 2010). However, when the autophagy function is
down ATG5, and inhibited ROS level by using NAC tdisrupted, it will aggravate the oxidative stress response.
study the effects of ROS and autophagy level on cdlixidative stress leads to the elevated ROS production,
survival. which ultimately leads to apoptosis.

Autophagy can be enhanced through serum One study found that under glucose starvation or
starvation or glucose deprivation, while the level of ROBypoxic conditions, the ATM/CHK2/Beclin 1 axis
is also increased. The strong association betwepromoted autophagy by sensing ROS, regulating excessive
autophagy and ROS has been confirmed. For exampgR)S accumulation, eliminating damaged mitochondria,
Scherz-Shouvadt al.(2003)clarified that ROS as a signaland inhibiting apoptosis (Guet al.,, 2020). This is
molecule was involved in starvation induced autophagyonsistent with the results of our study. After serum
Under starvation conditions, the tumor cells are moeprivation, autophagy of microglia cells was enhanced,
likely to produce ROS and_B,. This oxidation process and ROS level was increased compared with the normal
directly affects the formation of autophagosomes. RQ®ntrol. In ATG5-KO cells, autophagy was not observed,
can promote the expression of ATG genes and Beclinblit ROS level was significantly increased, and a large
via activating p53 and p38, leading to the induction atmount of ROS promoted cell apoptosis. In addition, NAC
autophagy. Thus, the interaction between autophagy amnds added to inhibit ROS levels in starvation culture, and
ROS contributes to the oxidative cost of cell growth anithe results showed that autophagy level and apoptosis rate
survival (Heet al, 2018). It was found that treatmentwere also decreased. Thereby, our study demonstrates the
with ROS scavengers could suppress autophagy as watlong association between autophagy and ROS.
as ROS production (Shin & Cho, 2019;dtial, 2020), Autophagy is beneficial to the survival of microglia under
suggesting that there is a strong association between R@&vation by regulating ROS levels, and ROS can also be
and autophagy. In our study, we found that under tlevolved in autophagy.
condition of serum deprivation, the ROS level of
microglia cells increased, and autophagy was alsS6ONCLUSIONS
significantly enhanced. After treatment with NAC, the
level of ROS decreased, and the autophagy level was also  On conclusion, our study demonstrates that ROS
decreased compared with the starvation group (Fig. 2nd autophagy are closely linked, and play similar
Therefore, our study indicates that ROS may affeéinctions during cell survival and death. Under starvation,
autophagy through a certain pathway. ROS and autophagy levels are upregulated, which is

required for cell redox homeostasis. Autophagy deficiency

ROS have multifaceted properties as they alie not conducive to cell survival. Autophagy and low levels
necessary for the functioning of cells, both healthy araf ROS are conducive to the survival of microglia.
diseased (Forrestetal, 2018). ROS are decisive for cellsAntioxidant strategies may provide a way to treat nerve
to maintain their pathophysiological state in setting afell damage disease caused by accumulation of ROS under
diseases like diabetes, atherosclerosis, stroke, etc. (Kanmtidritional deficiency, which deserves more research
et al, 2010). In the early stages of autophagosomnsattention. However, more studies should be conducted to
formation, ROS play a very important role in signahnalyze the effect of antioxidants on autophagy.
transduction (Filomeret al, 2010). Although autophagy Additionally, we used a cell model, not an animal model.
can be induced by oxidative stress, autophagy can alarther research is needed.
reduce ROS levels (West & Sweeney, 2012). In our study,
autophagy of microglia was blocked by ATG5 knockdowrACKNOWLEDGEMENTS. This work was supported
Compared with the serum starvation group, ROS leveby the First Affiliated Hospital of Shandong First Medical
changed significantly, and ROS production and celniversity.
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GUO, J. & MA, K. La autofagia mantiene la supervivencia
de la microglia modulando la produccién de ROS en
condiciones de privacion de suero. Int. J. Morphol.,
42(6):1567-1575, 2024.

RESUMEN: La autofagia desempefa un papel
protector en el mantenimiento de la homeostasis celular
en condiciones fisiologicas y en ayudar a las células a
resistir la inanicién en condiciones de privacion de
nutrientes. Las células pueden producir especies reactivas
de oxigeno (ROS) en exceso en condiciones de privacion
de nutrientes, lo que puede provocar dafio a los organulos
y mal plegamiento de proteinas, promoviendo asi la muerte
celular. Sin embargo, no esta claro si la autofagia interactua
con las ROS durante este proceso. En este estudio,
exploramos si la autofagia esta involucrada en el efecto
protector de la apoptosis celular inducida por la privacion
de suero y la produccion excesiva de ROS en células BV-
2 con inactivacion de Atg5. Ademas, examinamos el nivel
de autofagia en células tratadas con N-acetilcisteina (NAC).
Descubrimos que las células crecieron lentamente y
envejecieron, y que los niveles de ROS y autofagia
aumentaron después de 24 h de privaciéon de suero. Los
defectos de autofagia aumentaron significativamente los
niveles de ROS y la muerte celular. En comparacion con el
grupo de inanicién, el grupo de tratamiento con NAC redujo
los niveles de ROS y autofagia (p < 0,05) y disminuy6 la
muerte celular. En conclusion, la autofagia y los niveles
bajos de ROS pueden promover la supervivencia de la
microglia en comparacioén con los defectos de autofagia o
los niveles altos de ROS en condiciones de inanicion. Por
lo tanto, la autofagia y los niveles moderados de ROS son
beneficiosos para mantener la homeostasis celular en
condiciones patoldgicas.

PALABRAS CLAVE: Autofagia; Inanicion de
suero; ROS; Microglia; IL-6; TNF-a.
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