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Abstract

Microglia are resident macrophages within the central nervous system, serving as the first responders to neuroinflamma-
tion. Glucocorticoids (GCs) may cause damage to brain tissue, but the specific mechanism remains unclear. This study was
divided into two parts: a glucocorticoid receptor (GR) mitochondrial translocation intervention experiment and a mitochon-
drial oxidative stress inhibition experiment. BV-2 microglia were stimulated with dexamethasone (DEX) and treated with
either tubastatin-A or mitoquinone (MitoQ) for 24 h. Our results showed that DEX increased the translocation of GRs to
mitochondria, and this effect was accompanied by decreases in the expression of mitochondrially encoded cytochrome c
oxidase 1 (MT-CO1) and mitochondrially encoded cytochrome c oxidase 3 (MT-CO3) and increases in the expression of
NOD-like receptor thermal protein domain—associated protein 3 (NLRP3), caspase-1, and Gasdermin D (GSDMD). The
level of mitochondrial respiratory chain complex IV (MRCC IV) and adenosine triphosphate (ATP) was decreased. An
elevation in the level of mitochondrial oxidative stress and the opening of the mitochondrial permeability transition pore
(mPTP) was also observed. Mechanistically, tubastatin-A significantly suppressed the mitochondrial translocation of GRs,
improved the expression of mitochondrial genes, promoted the restoration of mitochondrial function, and inhibited pyroptosis.
MitoQ significantly prevented mitochondrial oxidative stress, improved mitochondrial function, and reduced apoptosis and
pyroptosis. Both tubastatin-A and MitoQ suppressed DEX-induced pyroptosis. This study substantiates that the increase in
the mitochondrial translocation of GRs mediated by GCs exacerbates oxidative stress and pyroptosis in microglia, which
indicates that the regulation of mitochondrial pathways by GCs is pathogenic to microglia.

Keywords Glucocorticoid - Glucocorticoid receptor - Mitochondria oxidative stress - Pyroptosis - Microglia -
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Introduction

Glucocorticoids (GCs) are a crucial class of steroid hormones
that exert significant physiological and pharmacological
effects on the body. As essential stress hormones, GCs play
pivotal roles in various physiological and pathological pro-
cesses, including metabolic homeostasis, cognition, develop-
ment, reproduction, and inflammation. Moreover, as one of
the remarkable medical discoveries of the twentieth century,
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GCs have found extensive clinical applications as prescrip-
tion drugs and continue to serve as indispensable and irre-
placeable agents in the treatment of autoimmune diseases,
inflammation, and allergic conditions (Vandewalle et al.
2018). The long-term clinical application of GCs has been
associated with a wide range of adverse effects, including
osteoporosis, cutaneous atrophy, secondary infections, Cush-
ing’s syndrome, and other drug-related side effects. These
complications significantly hinder the widespread use of
GCs in clinical settings (Oray et al. 2016; Vandewalle et al.
2018). Indeed, the precise mechanism underlying the side
effects of GCs remains incompletely understood, and their
empirical usage persists in clinical settings. Understanding
the underlying mechanisms of GCs is crucial to maximize

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12031-024-02192-9&domain=pdf
http://orcid.org/0000-0002-6168-7315
http://orcid.org/0000-0001-8248-3429

30 Page2of15

Journal of Molecular Neuroscience (2024) 74:30

their therapeutic benefits while minimizing their adverse
metabolic effects and is the current focus of researchers.

GCs have been reported to induce damage to brain tis-
sue (Drakuli¢ et al. 2015). Research suggests that GCs are
linked to the development and progression of age-related
neurodegenerative diseases such as Alzheimer disease and
Parkinson disease (Choi et al. 2018; Claros et al. 2021;
Canet et al. 2022; Du et al. 2023). Furthermore, GC treat-
ment is recognized as a significant risk factor for neurologi-
cal complications linked to autoimmune diseases (Tarr et al.
2017). For example, approximately 2-60% of patients with
systemic lupus erythematosus (SLE) experience emotional,
behavioral, and cognitive impairment, memory decline, and
other psychiatric symptoms as a result of GC administration
(Bolanos et al. 2004; Hanly et al. 2019). However, the spe-
cific mechanism underlying this association remains unclear.
Therefore, it is crucial to elucidate the mechanisms by which
GCs impair brain tissue to subsequently alleviate the adverse
reactions caused by GCs.

Oxidative stress plays a pivotal role in the pathogenesis of
numerous brain disorders, including neurodegenerative dis-
eases (Salim 2017; Akyuva et al. 2021; Forman and Zhang
2021; Rostami et al. 2022; Caruso et al. 2023). Brain tissue,
which is a high oxygen- and energy-demanding tissue, is
also abundant in lipids. Reactive oxygen species (ROS) read-
ily form lipid oxides with brain lipids and thus perpetuate
damage to brain tissue (Salim 2017). The production of ROS
is closely associated with neuroinflammation, mitochondrial
dysfunction in microglia, and pathological changes in neuro-
degenerative diseases themselves, and they mutually influ-
ence each other (Teleanu et al. 2022). GCs have been shown
to induce oxidative stress in various tissues, including the
brain (Camm et al. 2011). Excessive ROS during oxidative
stress can increase blood-brain barrier permeability, alter
brain morphology, induce neuroinflammation, and lead to
microglia and other brain cell death (Wu et al. 2020; Liu
et al. 2020; Akyuva et al. 2021). Investigating the oxidative
stress damage mediated by GCs may offer novel insights
for understanding the mechanisms underlying GC-mediated
brain tissue injury.

Mitochondria are the main source of intracellular
ROS and play a critical role in oxidative stress damage
(Tayanloo-Beik et al. 2022; Yildizhan and Naziroglu 2023).
Mitochondria produce a substantial amount of ATP through
oxidative phosphorylation in the mitochondrial respiratory
chain (MRC) and thereby provide vital energy for cellular
functions. Concurrently, the leakage of free electrons from
the MRC combines with oxygen to generate ROS, leading
to oxidative damage of cellular biomacromolecules and
impairing cell and organ functionality (Kowalska et al.
2020). Research has also demonstrated that impaired
mitochondrial function manifests as the opening of the
mitochondrial permeability transition pore (mPTP) and
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an increase in the mitochondrial membrane permeability
(MMP), which leads to the release of cytochrome C (Cyt-
C) from mitochondria and the induction of cellular apoptosis
(Bonora et al. 2022; Flores-Romero et al. 2023). Oxidized
fragments of mitochondrial DNA (Ox-mtDNA) can escape
from the mitochondria via the mPTP-VDAC channel, which
results in the activation of cytoplasmic NLRP3 and the
triggering of pyroptosis (Qiu et al. 2022; Xian et al. 2022).
Both apoptosis and pyroptosis are forms of programmed
cell death. Abnormal mitochondrial function can exacerbate
organ damage by inducing apoptosis and pyroptosis and
thereby initiate and aggravate various diseases.

GRs are present in almost all human cells. The anti-
inflammatory effects of GCs primarily occur through the
translocation of GRs to the nucleus and the subsequent
regulation of nuclear genes (Garside et al. 2004; Heitzer
et al. 2007). DEX shows a stronger and longer-lasting
affinity for GRs than cortisol, which may be related to
its higher biological activity and longer half-life (Shimojo
et al. 1995). Furthermore, emerging evidence suggests that
GRs can also translocate to mitochondria, but their pre-
cise role remains unclear (Psarra and Sekeris 2009; Panet-
tieri et al. 2019). Therefore, investigating the impact of
the mitochondrial translocation of GRs may help elucidate
the mechanisms underlying the adverse reactions in brain
tissue induced by GCs.

Microglia are resident macrophages within the cen-
tral nervous system that play a crucial immune role in
supporting brain development, maintenance, homeo-
stasis, and repair (Mehl et al. 2022). They also serve as
commonly utilized cellular models to study the patho-
genesis of neurodegenerative diseases (Grubman et al.
2016; Yildizhan and Naziroglu 2019). The immortalized
murine microglial cell line BV-2 has been used frequently
as a substitute for primary microglia (Henn et al. 2009).
Microglia represent the immune system of the brain.
Their role is central in two phenomena, neuroinflamma-
tion and oxidative stress (Block et al. 2007; Yildizhan
and Naziroglu 2020; Caruso et al. 2023), which are at
the roots of different pathologies related to the central
nervous system. Some studies have shown that prolonged
exposure to elevated levels of GCs may contribute to
brain inflammation, including the pro-inflammatory
activation of microglia, which could potentially increase
susceptibility to neurodegenerative diseases (Pedrazzoli
et al. 2019; Madore et al. 2020). In spite of significant
advances in the understanding of microglial functions in
neurodegenerative diseases in recent years, the exact role
of microglia in various pathological states still needs to
be better clarified. In this study, we focused on the role of
GCs in the mitochondrial regulatory pathway of microglia
to explore the potential novel mechanisms of GC-induced
brain tissue damage.
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Materials and Methods
Cell Culture and Treatments

BV-2 mouse microglia (SNL-155) were obtained from SUN-
NCELL (Wuhan, China). The cells were cultured at 37 °C in
5% CO, in RPMI 1640 (#C11875500BT, Gibco, USA) sup-
plemented with 10% fetal bovine serum (#FSP500, ExCell
Bio, China), 10° units/l penicillin, and 100 g/I streptomycin
(#15140-122, Gibco, USA). Only cells in the logarithmic
phase of growth were used for the experiment. When the
cell density per well reached 80-90%, interventions with
DEX (#D4902, Sigma—Aldrich, USA), tubastatin-A (#HY-
13271A, MedChemExpress, USA), and MitoQ (#HY-
100116A, MedChemExpress, USA) were performed for
24 h. The experimental groups were assigned based on the
principle of randomization. No blind method was established
in this experiment.

Cell Viability Assays

Cell viability was determined using a CCK-8 kit (#GK 10001,
Glpbio, USA). Based on our pre-test, BV-2 microglia were
prepared as a cell suspension, counted using a cell coun-
ter (#Cellometer AUTO 1000, Nexcelom, USA), and then
seeded in 96-well plates at a density of 5000 cells per well.
The cells were treated with different concentrations of DEX,
tubastatin-A, or MitoQ for a duration of 24 h. The cell mor-
phology was subsequently observed. After incubation with
CCK-8 reagent (10 pL) for 1 h, the optical density (OD)
values were detected at 450 nm using a full-wavelength
microplate reader (#Multiskan™ FC, Thermo Fisher, USA).
The cell proliferation rates after exposure to different drug
concentrations were determined, and the optimal concentra-
tions for each experimental group were selected.

Mitochondrial and Nuclear Extraction

BV-2 microglia were seeded in 10-cm culture dishes and incu-
bated for the specified duration. The cells were treated with
the designated substances according to the specified protocol.
After digestion with 0.25% trypsin/EDTA solution (#25200056,
Thermo Fisher, USA), the cells were centrifuged at 200 X g for
10 min at room temperature for collection. Following the manu-
facturer’s instructions, mitochondria and nuclei were separately
extracted from the cells using a cell mitochondrial separation kit
(#C3601, Beyotime, China) and a nuclear protein and cytoplas-
mic protein extraction kit (#P0027, Beyotime, China). The iso-
lated mitochondria and nuclei were then cleaved in RIPA buffer
(#WB3100, NCM Biotech, China), which contained a combina-
tion of protease and phosphatase inhibitors. These steps were
performed in preparation for subsequent western blot analysis.

Western Blot

Total protein was extracted using a lysis buffer (RIPA to
PMSF = 100:1) and denatured by boiling at 100 °C for 8
min. In brief, the proteins were separated by sodium dode-
cyl sulfate (SDS) polyacrylamide gel electrophoresis (SDS—
PAGE) (#PG112 and #PG114, EpiZyme, China) and then
electrotransferred onto a polyvinylidene fluoride (PVDF)
membrane (#10600021, Cytiva, USA). The membrane was
blocked with 5% skim milk and then incubated overnight at
4 °C with the primary antibody. Subsequently, the membrane
was incubated with an HRP-labeled secondary antibody and
analyzed using a highly sensitive ECL chemiluminescence
kit (#P10100, NCM Biotech, China). The protein bands were
visualized using chemiluminescent imagers (#Tanon 5200,
Tanon, China). For quantitative analysis, gray values were
determined using ImageJ software.

The following antibodies were used: MT-CO1
(#ab203912, RRID: AB_2801537, Abcam, UK, 1:1000,
37kDa), MT-CO3 (#ab110259, RRID: AB_10859925,
Abcam, UK, 1:1000, 30 kDa), GR (#ab183127, RRID:
AB_2833234, Abcam, UK, 1:2000, 83 to ~86 kDa),
VDACI1 (#ab15895, RRID: AB_2214787, Abcam, UK,
1:1000, 31 kDa), NLRP3 (#ab263899, RRID: AB_2889890,
Abcam, UK, 1:1000, 118 kDa), pro Caspase-1 + p10
+ pl12 (#ab179515, RRID: AB_2884954, Abcam, UK,
1:1000, 45/42/35/12 kDa), GSDMD (#ab209845, RRID:
AB_2783550, Abcam, UK, 1:1000, 53/32 kDa), GAPDH
(#ab8245, RRID: AB_2107448, Abcam, UK, 1:10000,
36 kDa), Histone H3 (#BF9211, RRID: AB_2839427,
Affinity Biosciences, USA, 1:1000, 15 kDa), BAX (#sc-
20067, RRID: AB_626726, Santa Cruz, USA, 1:500, 23
kDa), BCL-2 (#T40056S, RRID: AB_2929011, Abmart,
China, 1:1000, 26 kDa), HRP-labeled goat anti-rabbit IgG
(#AS014, RRID: AB_2769854, ABclonal, China, 1:2500),
and HRP-labeled goat anti-mouse IgG (#AS003, RRID:
AB_2769851, ABclonal, China, 1:10000).

Quantitative Real-Time PCR (qRT—PCR) Analysis

Total RNA extraction was performed using RNA-easy
Isolation Reagent (#R701-02, Vazyme, China). The
HiScript IIT Ist-Strand cDNA Synthesis Kit (#R323-01,
Vazyme, China) was utilized for cDNA synthesis. The
qPCRs were conducted with ChamQ"" Universal SYBR®
gPCR Master Mix (#Q711-02, Vazyme, China) follow-
ing the manufacturer’s instructions. The gene sequences
published in NCBI GenBank were consulted for primer
design, and Primer Premier 5.0 software was utilized (see
Table 1). The relative expression was calculated using
the 2/A~2AC method with B-actin serving as the internal
reference sequence.
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Table 1 Primers used in this

Gene Upstream primer Downstream primer

study
Mt-col TATGTTCTATCAATGGGAGC GTAGTCTGAGTAGCGTCGTG
Mt-co3 AGTATCATGCTGCGGCTTCAAATCC GGTATCTATGGTTCTACATTCTTCA
Nirp3 TCACAACTCGCCCAAGGAGGAA AAGAGACCACGGCAGAAGCTAG
Caspase-1 GAGAAGAGAGTGCTGAATCA CAAGACGTGTACGAGTGGTTG
Gsdmd TTCCAGTGCCTCCATGAATGT GCTGTGGACCTCAGTGATCT
Bax AAACTGGTGCTCAAGGCCC CTTGGATCCAGACAAGCAGC

Bcl-2

P-actin

GGAACTGATGAATGGGAGCAGT
CACAGCTTCTCTTTGATGTCAC

GCAGACACTCTATGCCTGTGTGG
CTACCTCATGAAGATCCTGACC

Detection of MRCC IV and Mn-SOD

The cells were lysed using phosphate-buffered saline (PBS)
(#C20012500BT, Gibco, USA), and the supernatants were
obtained through centrifugation. Furthermore, the mouse
MRCC IV ELISA kit (#MM-44753M1, MEIMIAN, China)
and the CuZn/Mn-SOD activity detection kit (#S0103, Bey-
otime, China) were used according to the manufacturer’s
instructions. MRCC IV and Mn-SOD were extracted from
the cells, and their OD values were detected at 450 nm using
a full-wavelength microplate reader.

Detection of ATP

ATP was extracted from the cells using the ATP detec-
tion kit (#50026, Beyotime, China) according to the
manufacturer’s instructions. RLU measurements were
detected using the luminometric measurement module of
the spectral scanning multimode reader (#Varioskan Flash,
Thermo Fisher, New York, USA).

Detection of mtROS

The MitoSOX Red superoxide indicator (#M36008,
Thermo Fisher, USA) is a recently developed fluorescent
probe that specifically targets the mitochondria of live
cells. This probe can permeate through the cell membrane
and generate a vibrant red fluorescence after oxidation by
mitochondrial superoxide. According to the manufactur-
er’s instructions, after 24 h of drug treatment, the superna-
tant was discarded, and an appropriate amount of Hoechst
33342 live cell dye (5 pg/ml) (#C1025, Beyotime, China)
diluted with serum-free medium was added to the cells for
nuclear staining. The cells were then incubated in the dark
at 37 °C for 10 min and washed 3 times with warm PBS.
A solution of MitoSOX Red (2.5 uM) diluted with serum-
free medium was then added to the cells, and the cells
were then incubated for 10 min at 37 °C in the absence
of light. After 3 washes with warm PBS, the fluorescence
intensity of mtROS was observed and documented by laser
confocal microscopy (#LSM880, Zeiss, Germany). The
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MitoSOX Red excitation wavelength is 396 nm, and the
emission wavelength is 610 nm. The Hoechst 33342 exci-
tation wavelength was 350 nm, and the emission wave-
length was 461 nm. Analyses of the average fluorescence
intensities of the images were performed using ImagelJ.

Detection of mPTP

The mPTP assay kit (#C2009S, Beyotime, China) was
utilized to assess the opening of mPTP. According to the
manufacturer’s guidelines, the supernatant was discarded
after 24 h of drug treatment. Subsequently, the cells were
stained with an appropriate amount of calcein AM staining
solution and incubated at 37 °C for 40 min in the presence
of cobalt chloride (CoCl,, 1 mmol/l). The fluorescence
intensity of the mPTP was measured using an inverted
fluorescence microscope (#DMi8, Leica, Germany) with
an excitation wavelength of 494 nm and an emission wave-
length of 517 nm. An analysis of the average fluorescence
intensities of the images was performed using Image].

Detection of Apoptosis

Annexin V-FITC, which is labeled with the fluorescent
probe FITC (exhibits green fluorescence under fluorescence
microscopy), enables very simple and direct detection of
phosphatidylserine ectropion, an important feature of apop-
tosis. Propidium iodide (PI) can stain necrotic cells or cells
that have lost their cell membrane integrity in late apoptosis,
which makes them exhibit red fluorescence. Double staining
with Annexin V-FITC and PI can further distinguish between
apoptotic and necrotic cells. Compared to flow cytometry, the
in situ fluorescence detection of adherent cells can avoid the
interference of trypsin on apoptosis results.

Apoptosis was detected using the Annexin V-FITC apop-
tosis detection kit (#C1062M, Beyotime, China). According
to the manufacturer’s instructions, after treatment of the cells
for 24 h, the supernatant was removed, and the cells were
washed once with PBS as described above. Then, 195 pl of
Annexin V-FITC binding solution, 5 ul of Annexin V-FITC,
and 10 pl of propyl iodide stain solution were successively
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added and gently mixed. The mixture was then incubated at
room temperature for 20 min in the dark. The level of apop-
tosis was observed by inverted fluorescence microscopy.
The FITC excitation wavelength was 488 nm, and the emis-
sion wavelength was 525 nm. The PI excitation wavelength
was 535 nm, and the emission wavelength was 617 nm. An
analysis of the average fluorescence intensities of the images
was performed using Imagel.

Statistical Analysis

The statistical differences among groups were evaluated
using GraphPad Prism 9.0 software (GraphPad Software
Inc., USA). All experiments were performed at least in
triplicate, and the data are shown as the means + stand-

an impact on cell viability. Therefore, DEX and tubastatin-A
concentrations of 1.5 uM (Fig. 1a) and 10 uM (Fig. 1b),
respectively, were chosen for subsequent experiments.
Tubastatin-A is a highly specific inhibitor of HDACG6 (Shen
et al. 2020), which is closely associated with GR translocation.
We employed tubastatin-A to inhibit the translocation of
GRs. BV-2 microglia were separately treated with DEX or
tubastatin-A. Mitochondria and nuclei were then extracted using
mitochondrial separation kits, nuclear protein extraction kits, and
cytoplasmic protein extraction kits, and a western blot analysis
was subsequently conducted. Interference with DEX enhanced
the translocation of GRs to the mitochondria and nucleus in
BV-2 microglia, whereas tubastatin-A treatment suppressed the
translocation of GRs to the mitochondria but did not induce a
significant decrease in GRs in the nucleus (Fig. 1c).

ard deviations (means + SDs). Differences among groups

were assessed using Student’s ¢ test (two groups) or ANOVA
(multiple groups). P < 0.05 was considered to determine

statistical significance.

Results

Tubastatin-A can Inhibit the DEX-Mediated
Mitochondrial Translocation of GRs

The CCK-8 assay was adopted to identify the optimal
intervention concentration of the drugs. The individual use
of DEX (0-2 uM) or tubastatin-A (0—10 uM) did not have

Fig. 1 Tubastatin-A inhibits the
DEX-mediated mitochondrial
translocation of GRs in BV-2
microglia. a The cell viability
under DEX intervention was
assessed with a CCK-8 assay.

b The cell viability under
tubastatin-A intervention was
assessed with a CCK-8 assay. ¢
The protein expression levels of
mitochondrial and nuclear GRs
were assessed by western blot
analysis. All data are presented
as the means + SDs. *P < 0.05,
**P <0.01, #*P < 0.001, and
kP < 0.0001 by one-way
ANOVA. DEX, dexamethasone

Tubastatin-A Alleviates Mitochondrial Dysfunction
Induced by DEX

First, we investigated whether the translocation of GRs to the
mitochondria directly impacts mitochondrial function. We
observed a reduction in both the mRNA and protein levels of
the mitochondrial genes MT-CO1 and MT-CO3 after DEX
intervention (Fig. 2a and b). Because the proteins encoded
by these genes are essential components of MRCC IV and
both MRCC IV and ATP are integral to mitochondrial func-
tion, we detected the expression of MRCC IV and ATP. The
levels of both MRCC IV (Fig. 2¢) and ATP (Fig. 2d) in BV-2
microglia decreased after DEX intervention.
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Fig.2 Tubastatin-A alleviates the mitochondrial functional disorders
by inhibiting the DEX-mediated mitochondrial translocation of GRs
in BV-2 microglia. a The mRNA expression levels of Mt-col and Mt-
co3 were assessed by qRT—PCR. b The protein expression levels of
MT-CO1 and MT-CO3 were assessed by western blot analysis. ¢ The
MRCC 1V level was assessed using an MRCC IV ELISA kit. d The
ATP level was assessed using an ATP detection kit. € The mtROS
level was assessed using the MitoSOX Red superoxide indicator and

We observed an increase in the level of mtROS in the mito-
chondria of BV-2 microglia after DEX intervention by laser
confocal microscopy (Fig. 2e), which suggests an increase in
oxidative stress levels within the mitochondria. Mn-SOD is pri-
marily expressed in mitochondria and plays a major role in anti-
oxidant defense (Zelko et al. 2002; Bhaskaran et al. 2023). We
found that the Mn-SOD activity decreased in the DEX group
(Fig. 2f). To validate the hypothesis that the translocation of
GRs to the mitochondria affects mitochondrial function, we
treated the cells with tubastatin-A to affect GR translocation.
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observed by laser confocal microscopy (n = 4 independent experi-
ments). Stronger red fluorescence indicates higher levels of mtROS.
Scale bar = 50 um. f The Mn-SOD level was assessed using a CuZn/
Mn-SOD activity detection kit. All data are presented as the means +
SDs. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by
one-way ANOVA (the mean fluorescence intensity was analyzed by
two-way ANOVA). DEX, dexamethasone

Tubastatin-A treatment inhibited a series of mitochondrial
functional disorders induced by DEX (Fig. 2), which include
decreases in mitochondrial gene expression, MRCC IV levels,
ATP levels, and an oxidative/antioxidative imbalance.

Tubastatin-A Inhibits the DEX-Induced Increase
of the MMP

Mitochondrial dysfunction can lead to an increase in the
MMP, which in turn induces apoptosis. This process is
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Control DEX

Fig.3 Tubastatin-A inhibits the opening of the mPTP induced by
DEX in BV-2 microglia. The fluorescence of the mPTP opening was
assessed using an mPTP assay kit and observed with an inverted fluo-
rescence microscope. Weaker green intensity indicates an increased

associated with the opening of the mPTP. To detect the
opening of the mPTP, we utilized an mPTP assay kit. After
calcein acetoxymethyl ester (calcein AM) enters the cell,
it can be hydrolyzed by intracellular esterases to remove
AM, generating a polarity fluorescent dye called calcein that
lacks membrane permeability, which causes the cytoplasm,
including the mitochondria, to exhibit strong green fluores-
cence. However, when calcein combines with CoCl,, it loses
its fluorescence. The opening of the mPTP has two effects:
on the one hand, it allows partial release of calcein into the
cytoplasm, where it combines with CoCl, and causes loss of
cytoplasmic calcein fluorescence, and on the other hand, it
allows CoCl, to enter the mitochondria, leading to the partial
or complete quenching of the green fluorescence of calcein
in the mitochondria. We observed a reduction in the green
fluorescence intensity in BV-2 microglia in the DEX group,
as revealed by fluorescence microscopy. This reduction sug-
gests substantial opening of the mPTP. Furthermore, treat-
ment with tubastatin-A partially inhibited the DEX-induced
opening of the mPTP (Fig. 3).

Tubastatin-A Suppresses DEX-Induced Pyroptosis

Although the opening of the mPTP induces apoptosis, it also
causes the release of mtDNA, which potentially initiates
pyroptosis. To investigate pyroptosis, we assessed the mRNA
and protein levels of NLRP3, caspase-1, and GSDMD, which
are key molecules involved in cellular pyroptosis. The expres-
sion levels of NLRP3, caspase-1, and GSDMD were all ele-
vated in the DEX group. Conversely, tubastatin-A inhibited
DEX-induced pyroptosis (Fig. 4a and b).

MitoQ Alleviates DEX-Induced |Mitochondrial
Dysfunction

MitoQ, a mitochondria-targeted antioxidant, exerts spe-
cific and targeted antioxidant effects on mitochondria
(Xiao et al. 2017; Kang et al. 2020). We utilized MitoQ

Tubastatin-A

2.0 P=0.0847 ¥*%

*k ok ok *

154 11

DEX+Tubastatin-A

Mean fluorescent intensity
% of Control

opening of the mPTP. Scale bar = 50 um. The data are presented as
the means + SDs (n = 4 independent experiments). *P < 0.05, ***P
< 0.001, and ****P < 0.0001 by one-way ANOVA. DEX, dexameth-
asone

to inhibit mitochondrial oxidative stress and validated
the hypothesis that reducing this stress might reverse
cellular apoptosis and pyroptosis caused by mitochon-
drial dysfunction. The MitoQ concentration of 500 nM
was chosen for subsequent experiments after assessment
using the CCK-8 assay (Fig. 5a). We initially confirmed
the effective alleviation of DEX-induced mitochondrial
oxidative stress by MitoQ. MitoQ treatment alleviated
the increase in mtROS levels (Fig. 5b) and the decrease
in Mn-SOD levels (Fig. 5¢) induced by DEX in BV-2
microglia. Moreover, we further verified that MitoQ
intervention can inhibit DEX-induced mitochondrial dys-
function. Treatment with MitoQ improved the decreases
in the expression of the mitochondrial genes M¢-col and
Mt-co3 (Fig. 5d), the expression of MRCC IV (Fig. 5e),
and ATP level (Fig. 5f) induced by DEX exposure.

MitoQ Can Reduce DEX-Induced Apoptosis
and Pyroptosis in BV-2 Microglia

Our results suggest that DEX has the potential to induce
apoptosis and pyroptosis through mitochondrial oxidative
stress. To further investigate this hypothesis, we treated
BV-2 microglia with MitoQ. The increase in cells positive
for Annexin V-FITC staining indicated a significant increase
in apoptotic responses in the DEX group (Fig. 6a), and this
increase was accompanied by elevated levels of the pro-
apoptotic molecule BAX and decreased levels of the anti-
apoptotic molecule BCL-2 (Fig. 6b and c). Treatment with
MitoQ inhibited the increases in apoptosis and pyroptosis
levels induced by DEX in BV-2 microglia (Fig. 6).

Discussion
Population aging has intensified in the twenty-first century,

and challenges related to aging diseases such as neurode-
generative diseases are becoming increasingly prominent.

@ Springer



30 Page8of15

Journal of Molecular Neuroscience (2024) 74:30

P=0.9250 P=0.7349

(a) 2.5+ P=0.9980 P=0.1033 T 34 P=0.9992 k¥¥x* 5.0
] 11 H e o] E .
2 kkokok  kkk < *kokk  kXkokk 2 seokok ok ok
§ 2.0+ —r—1 § ﬁ I—l ‘zt - o |
4 £ 2+ o
[S 1.5+ ; =
- -
°§~ & £ 1.0 L
s 1.0 & . ‘8
o S 14 - o
-2 w -
T 059 2 2 0.5
2 5 :
0.0 e o — € 0.0
DEX — + — + DEX — + — + DEX — + -
Tobastatlo = = = 3 Tubastatin-A  — + + Tubastatin-A — — + +
DEX — + _ s NLRP3 Caspase-1 GSDMD
Tubastatin-A - — + @ 1.5 P=0.0677 *%%* 1.0- P=0.9654 P=0.1502 1.0+ P=01413 P=0.0825
3 r 3 3 [
NLRP3[ o mm v s | S i e > bl 3 KRk
2 /1 2 o | 2
3 : | c c £ i
Pro-Casp1 -q’- q s 1.0 £ £
g 2 0.5 £ 0.5
. ] [ Qo .
Cleaved-Casp1 - - 2 0.5+ > 2
-~ - -
K I K.
[} [} [}
GSDMD-FL b - b o 4 ﬂ ﬂ ¥
= - DEX — + = DEX — + - &+ DEX — + - +
GAPDH it e
Tubastatin-A — — + + Tubastatin-A — — + + Tubastatin-A — — + +

Fig.4 Tubastatin-A suppresses pyroptosis induced by DEX in BV-2
microglia. a The mRNA expression levels of Nirp3, caspase-1, and
Gsdmd were assessed by qRT—PCR. b The protein expression levels

Therefore, there is an urgent need to investigate the under-
lying mechanisms responsible for inducing potential dam-
age to brain cells under normal conditions. GCs have been
widely used in clinical practice as drugs, and the physiologi-
cal secretion of GCs may also be abnormal under the influ-
ence of various stimuli. GCs have been identified as path-
ogenic factors for neurodegenerative diseases (Choi et al.
2018; Claros et al. 2021; Canet et al. 2022; Du et al. 2023).
The literature (Garrud and Giussani 2019; Yang et al. 2022)
and our previous studies (Zhao et al. 2022) consistently
demonstrate that GCs can induce oxidative stress damage
in tissues. GCs have been shown to contribute to the patho-
genesis of neurodegenerative diseases by affecting microglia
(Pedrazzoli et al. 2019; Madore et al. 2020). Neuroinflam-
mation is a hallmark of many neurodegenerative diseases
and plays a fundamental role in mediating the onset and
progression of disease. Microglia are the first responders to
neuroinflammation. Dysregulation of microglial function is
closely related to the occurrence and development of neuro-
degenerative diseases (Y1ldizhan and Naziroglu 2019). Our
study focused on exploring the potential adverse effects of
GCs on microglia and elucidating the possible pathogenic
mechanisms through which GCs induce brain damage via
the mitochondrial pathway.
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of NLRP3, caspase-1, and GSDMD were assessed by western blot
analysis. All data are presented as the means + SDs. ***P < 0.001
and ****P < (0.0001 by one-way ANOVA. DEX, dexamethasone

Our findings demonstrate an increase in the mitochon-
drial translocation of GRs in BV-2 microglia following DEX
intervention, suggesting that DEX may have an influence
on brain cells through this mitochondrial pathway. GRs are
nuclear receptors. Previous studies have shown that GCs
bind to GRs in the cytoplasm, and after undergoing struc-
tural transformation and changes in activity, GRs can be
translocated to the nucleus and regulate the expression of
genes to exert powerful anti-inflammatory effects (Garside
et al. 2004; Heitzer et al. 2007). In the past, researchers
have primarily focused on the nuclear regulatory effects and
outcomes resulting from the translocation of GRs into the
nucleus. Relatively few studies have investigated the trans-
location of GRs into mitochondria induced by GCs. Psarra
et al. found that after activation by GCs, GRs can translocate
not only into the nucleus but also into mitochondria (Psarra
and Sekeris 2009; Panettieri et al. 2019).

Additionally, Choi et al. found that the GC-mediated
translocation of GR to mitochondria causes instability in
neuronal microtubule dynamics and may contribute to Alz-
heimer disease pathogenesis (Choi et al. 2018), but the spe-
cific regulatory mechanism remains unclear. Mitochondria
are the primary cellular organelles responsible for oxygen
consumption and energy production. Healthy mitochondrial
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Fig.5 MitoQ alleviates mitochondrial dysfunction by inhibiting
DEX-induced mitochondrial oxidative stress in BV-2 microglia.
a The cell viability under MitoQ intervention was assessed via a
CCK-8 assay. b The mtROS level was assessed using the MitoSOX
Red superoxide indicator and observed by laser confocal microscopy
(n = 4 independent experiments). Stronger red fluorescence indicates
higher levels of mtROS. Scale bar = 20 um. ¢ The Mn-SOD level was
assessed using a CuZn/Mn-SOD activity detection kit. d The mRNA

function is crucial for the normal functioning of brain tis-
sue (Trigo et al. 2022). Therefore, investigating the impact
of the GC-mediated mitochondrial translocation of GRs on
mitochondrial function and its pathological and physiologi-
cal effects on brain tissue is of scientific significance for
elucidating the pathogenic mechanisms of GCs and prevent-
ing neurodegenerative diseases.

We observed that the translocation of GRs to mitochon-
dria affects mitochondrial gene expression. Specifically, our
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expression levels of Mt-col and Mt-co3 were assessed by qRT—PCR.
e The MRCC IV level was assessed using an MRCC IV ELISA Kkit.
f The ATP level was assessed using an ATP detection kit. All data
are presented as the means + SDs. *P < 0.05, **P < 0.01, and ***P
< 0.001 by one-way ANOVA (the mean fluorescence intensity was
analyzed by two-way ANOVA). DEX, dexamethasone; MitoQ, mito-
quinone

findings demonstrate that intervention with DEX enhances
the translocation of GRs to mitochondria while reducing
the expression of MT-CO1 and MT-CO3. GCs primarily
exert their effects through gene regulation. The GC nuclear
regulatory pathway refers to the process by which GCs pro-
mote the translocation of GRs to the cell nucleus. Once in
the nucleus, GRs bind to glucocorticoid response elements
(GREs) on nuclear genes and thereby exert their pharma-
cological effects by upregulating or downregulating gene
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Fig.6 MitoQ inhibits DEX-
induced apoptosis and
pyroptosis in BV-2 microglia.
a The apoptosis level of BV-2
microglia under different drug
interventions was observed
using a fluorescence-inverted
microscope (n = 4 independent
experiments). Stronger green
fluorescence indicates increased
cell apoptosis. Scale bar = 50
um. b The mRNA expression
levels of Bax and Bcl-2 were
assessed by qRT—PCR. ¢ The
protein expression levels of
BAX and BCL-2 were assessed
by western blot analysis. d The
mRNA expression levels of
Nlrp3, caspase-1, and Gsdmd
were assessed by qRT—PCR. e
The protein expression levels
of NLRP3, caspase-1, and
GSDMD were assessed by west-
ern blot analysis. All data are
presented as the means + SDs.
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transcription. Additionally, six GREs, including three for
MT-CO1 (GRE I, GRE II, and GRE III) and one for MT-CO3
(GRE 1IV), were distributed in mtDNA (Kokkinopoulou and
Moutsatsou 2021). Our results suggest that DEX negatively
regulates mitochondrial genes by promoting the transloca-
tion of GR to mitochondria. Furthermore, our results reveal
a decrease in MRCC IV level and reduced expression levels
of MT-CO1 and MT-CO3. We are concerned about the core
role played by MT-CO1 and MT-CO3 in the MRC because
their encoded proteins are components of MRCC IV (Kok-
kinopoulou and Moutsatsou 2021). ATP synthesis is an
essential function carried out by the respiratory chain within
mitochondria. Our findings indicate a systematic decline in
MRC function after GC intervention that encompasses gene
expression, MRCC IV level, and ATP level. This result sug-
gests that the regulation of mitochondria by GCs is patho-
genic and leads to dysfunction in neuromicroglia.
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As a critical functional structure within mitochondria,
MRC is a key process in mitochondrial energy metabo-
lism and plays a crucial role in the maintenance of cellular
homeostasis and normal function. The impairment of MRC
function can induce oxidative stress damage to body cells,
which is the fundamental pathogenesis of major human dis-
eases and promotes disease progression (Morén et al. 2012;
Forman and Zhang 2021). Our findings demonstrate that
the DEX-induced mitochondrial translocation of GRs not
only impairs the function of the MRC but also elevates the
mtROS levels while reducing the Mn-SOD levels. MtROS
and Mn-SOD directly reflect the degree of oxidative stress
in mitochondria. The MRC serves as the primary source
for ROS generation in cells. MtDNA lacking nucleosome
protection is highly susceptible to damage by ROS, lead-
ing to mutations. Mutated mtDNA further exacerbates the
functional impairments in MRC, resulting in increased
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production of ROS. This vicious cycle formed by abnormal
downregulation of mtDNA and elevation of mtROS con-
tributes to progressive cellular senescence and dysfunction
(Zhao et al. 2021). Our results suggest that the increased
mitochondrial translocation of GRs induced by GCs may
aggravate neuromicroglia damage through multiple mecha-
nisms. In addition to exogenous GC intervention, the human
adrenal cortex in a stress state can secrete GC levels far
beyond physiological doses. The pathogenic regulation of
GCs on mitochondrial function indicates a new pathway
for the onset and progression of brain tissue—related dis-
eases, which may occur slowly but progressively worsen
over time. This disease characteristic is consistent with the
features of brain dysfunction diseases, such as Alzheimer
disease and Parkinson disease, and deserves our attention
and further research.

Our results also demonstrated that GC-mediated mito-
chondrial dysfunction leads to an increase in the opening
of the mPTP and subsequent elevation in the apoptosis lev-
els. The mPTP is located at the junction between the inner
and outer membranes of mitochondria. The opening of the
mPTP enhances mitochondrial membrane permeability,
leading to increased release of the mitochondrial contents
through the mPTP. Furthermore, intervention with DEX
increased the expression of the cellular pyroptosis markers
NLRP3, caspase-1, and GSDMD. This result suggests that
DEX could induce both cell apoptosis and pyroptosis by
regulating mitochondria. Mitochondria as a whole originate
from endosymbiotic bacteria and gradually form a symbi-
otic relationship with other organelles within a cell during
the lengthy process of endosymbiosis. However, these cells
show significant differences in their genomes and metabolic
characteristics compared with prokaryotic cells. Research
has shown that decreased cellular mitochondrial function
and increased oxidative stress can lead to the opening of
the mPTP and the release of Cyt-C from mitochondria,
which results in the initiation of cell apoptosis (Bonora et al.
2022; Flores-Romero et al. 2023). In contrast, the release
of mtDNA initiates pyroptosis (Qiu et al. 2022; Xian et al.
2022). Unlike apoptosis, which does not involve inflam-
mation, pyroptosis is associated with the release of many
inflammatory factors upon cell membrane rupture. Leaked
inflammatory factors can cause damage to surrounding cells
and activate immune cells, which exacerbates the inflam-
matory response and leads to organ damage (Kesavardhana
et al. 2020). Increased mitochondrial permeability result-
ing from the opening of mPTP has been demonstrated to
play a crucial role in controlling cell death and inflamma-
tory pathways (Flores-Romero et al. 2023). We found that
NLRP3 was upregulated by GCs during the regulation of
mitochondria in microglia and thereby exhibited a proin-
flammatory effect distinct from the anti-inflammatory effect
mediated by the regulation of the nucleus. Currently, some

studies have demonstrated that DEX can induce pyroptosis
through the activation of related signaling pathways, but
the specific mechanism remains unclear (Oh et al. 2021;
Wang et al. 2021). The precise mechanism underlying the
GC-mediated inflammatory response in neuromicroglia via
the mitochondrial pathway has not been fully elucidated
and warrants further investigation to determine its potential
relevance to chronic immune inflammation associated with
neurodegenerative diseases.

Our results suggest that the proinflammatory effects asso-
ciated with regulation of the mitochondrial pathway by GCs
are distinct from the anti-inflammatory effects associated
with the nuclear regulation of GCs. To investigate both the
pathogenicity of the regulation of the mitochondrial pathway
by GCs and the underlying proinflammatory mechanism and
to elucidate the distinction between GC nuclear regulation
and GC mitochondrial regulation in immune inflammation,
we utilized tubastatin-A for specific inhibition of GR trans-
location. Tubastatin-A is a potent and selective inhibitor of
histone deacetylase 6 (HDAC6) (Shen et al. 2020). Inactiva-
tion of HDAC6 results in the disruption of the heat shock
protein 90 (Hsp90)-p23-GR complex, thereby inhibiting the
binding of GC to GR and the subsequent translocation of
GR (Kovacs et al. 2005; Kirschke et al. 2014; Li et al. 2016;
Noddings et al. 2022). We observed that tubastatin-A signifi-
cantly inhibited the GC-induced mitochondrial translocation
of GRs and significantly ameliorated the systemic decline in
mitochondrial function resulting from increased GR trans-
location to mitochondria, which included a reduction in the
ATP levels and an increase in mitochondrial oxidative stress.
Additionally, the apoptosis and pyroptosis induced by GCs
were suppressed.

In the past, the focus of attention on mitochondria was
primarily centered around the generation of the energy mol-
ecule ATP. In recent years, oxidative stress damage associ-
ated with mitochondrial dysfunction has also become a hot
topic of concern (Teleanu et al. 2022; Rehman et al. 2023).
The generation of ATP involves the participation of highly
energetic protons and free electrons, which are extremely
active. When they are not effectively regulated and leaked
from the MRC, they can trigger excessive production of free
radicals and ROS, leading to oxidative stress. Moreover, the
cell’s antioxidant defense system may be suppressed, which
would make it unable to effectively remove excess free radi-
cals and ROS. These effects lead to a vicious cycle of con-
tinuous oxidative stress that ultimately results in cellular and
organismal dysfunction (Morén et al. 2012). Research has
confirmed that oxidative stress damage is involved in the
occurrence and development of major diseases (Forman and
Zhang 2021), but insufficient attention has been given to the
regulatory pathways of various endogenous molecules and
commonly used drugs on mitochondria. Our results suggest
that the regulatory pathways of endogenous molecules and
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drugs on mitochondria may be the mechanisms underlying
age-related diseases and drug side effects. In-depth research
on these pathways could be beneficial for addressing the
challenges associated with drug treatments, such as GCs.

Currently, efforts are being made to mitigate the impact
of mitochondrial dysfunction on cells and organisms to
slow the aging process and delay the progression of major
diseases associated with oxidative stress damage. Targeted
antioxidant therapy focusing on mitochondria is a common
approach to aid the restoration of the imbalance between oxi-
dation and antioxidation, which serves as a common strategy
for inhibiting mitochondrial dysfunction (Xiao et al. 2017;
Kang et al. 2020; Forman and Zhang 2021; Yildizhan and
Naziroglu 2023).

MitoQ, a widely used drug for targeted mitochondrial
antioxidant therapy, exerts evident antioxidative effects
within mitochondria and has been extensively studied
in both research and clinical treatment (Xiao et al. 2017,
Kang et al. 2020). In our study, we utilized MitoQ to inhibit
mitochondrial oxidative stress. The results demonstrated
that MitoQ effectively alleviated the declines in the expres-
sion of MT-CO1 and MT-CO3 and the reductions in the
levels of MRCC IV and Mn-SOD induced by GCs. Fur-
thermore, MitoQ inhibited mitochondrial oxidative stress
and suppressed pyroptosis. The results suggest that MitoQ
can alleviate the GC-induced impairment of MRC func-
tion in microglia through its antioxidative effects within the
mitochondria, which helps reduce oxidative stress-induced
damage, subsequently inhibits cell apoptosis and pyroptosis,
and thereby mitigates the pathogenic effects of GC-mediated
mitochondrial regulation. In theory, MitoQ mitochondrial-
targeted antioxidant therapy holds promising potential for
mitigating the side effects of GCs on the brain. Further
research is warranted to explore this avenue in depth.

Conclusion

Our study not only demonstrates the pathogenicity of
GC-mediated mitochondrial pathways from a mechanistic
perspective but also proposes a novel approach to utilize
mitochondrial-targeted antioxidant therapy to prevent and
treat this pathogenicity. In clinical practice, GCs are widely
used due to their remarkable anti-inflammatory efficacy,
but their significant adverse effects have a serious impact
on the safety and sustainability of their application. Our
research suggests that combining GCs with targeted mito-
chondrial antioxidant therapy as a synergistic treatment
for anti-immune inflammation may offer a safer and more
sustainable therapeutic approach. This new drug strategy
has the potential to optimize the existing management of
various immunoinflammatory diseases and helps alleviate
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the adverse effects of factors associated with inducing neu-
rodegenerative diseases.
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