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Abstract: Estrogens are steroid hormones that play a crucial role in the regulation of the reproductive
and non-reproductive system physiology. Among non-reproductive systems, the nervous system is
mainly affected by estrogens due to their antioxidant, anti-apoptotic, and anti-inflammatory activities,
which are mediated by membranous and nuclear estrogen receptors, and also by non-estrogen
receptor-associated estrogen actions. Neuronal viability and functionality are also associated with the
maintenance of mitochondrial functions. Recently, the localization of estrogen receptors, especially
estrogen receptor beta, in the mitochondria of many types of neuronal cells is documented, indicating
the direct involvement of the mitochondrial estrogen receptor beta (mtERβ) in the maintenance of
neuronal physiology. In this study, cell lines of N2A cells stably overexpressing a mitochondrial-
targeted estrogen receptor beta were generated and further analyzed to study the direct involvement
of mtERβ in estrogen neuroprotective antioxidant and anti-apoptotic actions. Results from this study
revealed that the presence of estrogen receptor beta in mitochondria render N2A cells more resistant to
staurosporine- and H2O2-induced apoptotic stimuli, as indicated by the reduced activation of caspase-
9 and -3, the increased cell viability, the increased ATP production, and the increased resistance
to mitochondrial impairment in the presence or absence of 17-β estradiol (E2). Thus, the direct
involvement of mtERβ in antioxidant and anti-apoptotic activities is documented, rendering mtERβ
a promising therapeutic target for mitochondrial dysfunction-associated degenerative diseases.

Keywords: estrogen receptor beta; mitochondria; apoptosis; oxidative stress; neuroprotection

1. Introduction

Estrogens play a central role in the regulation of the biochemical processes related to
female reproduction [1] and non-reproductive tissue physiology [2], but they also act on
male reproductive tissue [3]. Thus, a wide variety of biological actions, including differenti-
ation, cell proliferation, apoptosis, antioxidant defense, and inflammation, are regulated by
the main estrogenic hormone 17-β estradiol (E2) [4]. The classical mechanism of estrogen
actions is mainly mediated by the nuclear estrogen receptors (ERs), estrogen receptor alpha
(ERα) and estrogen receptor beta (ERβ), which function as ligand-dependent transcription
factors, regulating the transcription of target genes containing the consensus estrogen
response element (ERE) in their promoter regions. Estrogen binding to ERs triggers their
nuclear translocation, homo- or heterodimerization, and binding to specific EREs in the
nuclear DNA. ERs can also be found in the nucleus independently of the presence of
the hormone [5,6]. Estrogen-activated nuclear ERs can also regulate non-ERE dependent
transcription via interactions with other transcription factors, such as AP-1, affecting posi-
tively or negatively the expression of their target genes. In addition to the classical nuclear
actions of estrogen, rapid membrane-initiated actions could also take place, which are
mediated via plasma membrane-associated mERα, mERβ and G-protein coupled ERs
(GPER, GPER1) [7–9]. Estrogen actions that proceed independently of estrogen receptors
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have also been reported [9]. Moreover, mitochondrial localization of ERs has been observed
in a variety of cell types, including neuronal cells [10–12]. The biochemical mechanisms
of the direct actions of estrogen in mitochondria, via their cognate receptors, is under
investigation and many aspects of these actions remain to be verified and further explored.
Mitochondrial estrogen receptors, especially estrogen receptor beta, is proposed to act
as a direct target of estrogens, contributing to the estrogen-dependent orchestration and
coordination of nuclear and mitochondrial functions, affecting mitochondrial transcription,
reactive oxygen species (ROS) production, and apoptosis [6,13,14].

Protective actions of estrogens for human physiology are well documented [15–18].
Especially for the nervous system, a significant amount of evidence revealed estrogen’s
neuroprotective actions. Thus, estrogen is proposed to promote neuronal survival, to con-
trol neuronal excitability and synaptic plasticity, and to regulate neuronal differentiation,
brain development, neuronal homeostasis, and astroglial and microglial inflammatory
responses [19,20]. Both nuclear and membrane estrogen receptors participate in estradiol
neuroprotective actions, among others, via the control of aromatase, b-cell lymphoma 2
(BCL-2) family member and cytokine synthesis, glycogen synthase kinase-3β (GSK3β)
inhibition, glutamate uptake, and calcium and ROS level regulation [19–21]. ERs actions
also involve interactions with alternative pathways orchestrated by other neuroprotective
factors, namely insulin growth factor-1, brain derived neurotrophic growth factor, and
regulatory factors of WNT (Wingless-Int) and Notch signaling [19]. Thus, estradiol is pro-
posed as a neuroprotective factor in many neurodegenerative diseases such as Alzheimer’s
disease, also affecting amyloid beta synthesis and toxicity [22].

It is also widely accepted that neurons critically depend on mitochondrial function to
ensure membrane excitability and to execute the complex processes of neurotransmission
and plasticity [23]. Thus, mitochondrial dysfunction which is accompanied with increased
ROS production and oxidative damage is associated with numerous neurodegenerative
disorders [24].

To explore whether mitochondrial estrogen receptor beta is directly involved in neu-
roprotection against apoptotic and oxidative stress stimuli, neuroblastoma N2A cells
stably overexpressing a mitochondrial targeted ERβ fused with the green fluorescence
protein were generated (N2AmtGFPERβ). N2A cells stably overexpressing a mitochondrial-
targeted GFP were also produced and used as control cells. Comparative studies to in-
vestigate the mtERβ effect on staurosporine- and H2O2-induced apoptosis and oxidative
stress, in the presence or absence of E2, were performed, applying MTT assay, mitochon-
drial staining assessment via confocal microscopy, Western blot analysis of mitochondrial
dependent apoptosis caspases, and ATP measurements. Our results showed that mtERβ
expression renders N2A neuroblastoma cells more resistant against apoptotic and oxidative
stress stimuli. Thus, the direct antioxidant and anti-apoptotic actions of mtERβ are docu-
mented, rendering mitochondrial ERβ a promising therapeutic target for mitochondrial
dysfunction-associated degenerative diseases.

2. Results
2.1. Generation of N2A Cells Stably Overexpressing a Mitochondrial-Targeted GFPERβ Protein

Focusing on the elucidation of the role of the mitochondrial ERβ in mitochondrial
functions, and particularly in the regulation of the mitochondrial-dependent apoptosis
and antioxidant stress, N2A cells stably overexpressing a mitochondrial-targeted human
ERβ fused with the green fluorescence protein (GFP) at its n terminus was generated
(N2AmtGFPERβ), as described in the experimental section. N2A cells stably overex-
pressing a mitochondrial-targeted GFP (N2AmtGFP) were also produced and used as a
control. Characterization of single colonies of the N2AmtGFPERβ and N2AmtGFP cells
was performed as follows.

Confocal microscopy single section images of colonies of N2A cells stably overexpress-
ing a mitochondrial targeted GFP (mtGFP) or a mitochondrial targeted GFPERβ protein
(mtGFPERβ) are shown in Figure 1A,B, respectively. As is shown in Figure 1, staining of
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GFP in N2AmtGFP and N2AmtGFPERβ cells (Figure 1A,B) exhibited the same pattern and
colocalized with the mitochondrial marker MitoTracker Red CMXRos (CMX), verifying
the mitochondrial localization of the expressed mtGFPERβ and mtGFP proteins in the
N2AmtGFP and N2AmtGFPERβ cells, respectively. Quantification of the relative expres-
sion levels of the fluorescent mtGFP and mtGFPERβ proteins in the respective cell colonies
was performed as described in the experimental section and the results are presented in
Figure 1C,D. Quantitative colocalization analysis of the GFP fusion proteins and the CMX
mitochondrial staining in N2AmtGFP and N2AmtGFPERβ cells revealed a Pearson’s corre-
lation coefficient of 0.75 and 0.62, respectively, verifying the colocalization of the GFP and
the mitochondrial CMX staining. Similarly, quantitative colocalization analysis of the GFP
fusion proteins and the Hoechst 33342 nuclear staining in N2AmtGFP and N2AmtGFPERβ
cells revealed a Pearson’s correlation coefficient of −0.25 and −0.23, respectively, indicating
no colocalization of the GFP and the nuclear Hoechst staining (see also Supplementary
Figure S1). The pattern of GFPERβ staining did not indicate plasma membrane localization
of the receptor. Verification and assessment of the relative expression levels of the mtGFP
and mtGFPERβ proteins in colonies of the respective stable cell lines of N2A cells was
also achieved by Western blot analysis, using specific anti-GFP antibodies (Figure 1E,F).
Quantification of the results is presented in Figure 1 G,H. Thus, as is shown in Figure 1D,H,
colony 1 (Col. 1) of the N2AmtGFPERβ cells exhibited the highest mtGFPERβ expression
levels and showed approximately two- to five-fold higher mtGFPERβ expression compared
to the other positive selected colonies (Figure 1D,H). As regards N2AmtGFP cells, colony
1 of the N2AmtGFP cells showed two- to eight-fold higher expression levels of mtGFP,
compared to the respective positive selected colonies (Figure 1C,G).

To further confirm the expression and the mitochondrial localization of the GFPERβ
protein, immunofluorescence, and Western blot analysis using antibodies against ERβ were
performed. Thus, as is shown in Figure 2A, immunofluorescence analysis using antibodies
against human ERβ (hERβ) verified the colocalization of the stably expressed hERβ with
the mitochondrial GFP staining. Quantitative colocalization analysis of the CMX and
ERβ staining revealed a Pearson’s correlation coefficient of 0.84 (see also supplementary
Figure S1). Moreover, via Western blot analysis using antibodies against human ERβ, the
detection of the GFPERβ fusion protein in colonies of the N2AmtGFPERβ cells, but not in
N2A and N2AmtGFP cells, was verified (Figure 2C). Endogenous levels of ERβ in N2A cells
(Figure 2A,C) are limited and thus undetectable in accordance with previously reported
observations [25–27]. The overexpression of mtERβ in N2A mtGFPERβ stable cell lines
was also confirmed by assessment of human ERβ mRNA levels. For that purpose, specific
primers for the human ERβ gene (ERβ forward: CGGAAGCTGGCTCACTTGCT; ERβ
reverse: ATGCCTGACGTGGGACAGGA) (Figure 2B) and primers for β-actin (β-actin for-
ward: TGTGACGTTGACATCCGTAA; β-actin reverse: GCTAGGAGCCAGAGCAGTAA)
as a housekeeping gene were applied in real-time PCR analysis. An approximately two-
to three-fold increase in mRNA levels of the human ERβ levels in colony 1, compared to
that of colony 3 and 2, respectively, was observed (Figure 2B). The differential expression
of mRNA levels in colonies of N2AmtGFPERβ cells is in accordance with the differential
protein expression levels, presented in Figure 1D,H.
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Figure 1. Characterization of the N2AmtGFP, N2AmtGFPERβ stable cell lines. Confocal microscopy analysis for the as-
sessment of the GFP expression levels in colonies of the N2AmtGFP (A) and N2AmtGFPERβ, (B) cells and its colocaliza-
tion with the CMX mitochondrial dye. Hoechst staining was applied for nuclear staining. Bars indicate 10 μm. Quantifi-
cation of the relative expression levels of the mitochondrial green fluorescence protein in colonies of the N2AmtGFP and 

Figure 1. Characterization of the N2AmtGFP, N2AmtGFPERβ stable cell lines. Confocal microscopy analysis for the
assessment of the GFP expression levels in colonies of the N2AmtGFP (A) and N2AmtGFPERβ, (B) cells and its colocalization
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with the CMX mitochondrial dye. Hoechst staining was applied for nuclear staining. Bars indicate 10 µm. Quantifica-
tion of the relative expression levels of the mitochondrial green fluorescence protein in colonies of the N2AmtGFP and
N2AmtGFPERβ cells is presented in (C,D), respectively. The lowest expression level was set as 1. Data are presented as
the mean ± SD; *** p < 0.001 (n = 30–50), compared to the respective colony 1 of each cell line. Representative images of
Western blot analysis of GFP and β-actin (E,F), and quantification of the GFP expression levels in colonies of the N2AmtGFP
and N2AmtGFPERβ cells (G,H) are presented. Western blot analysis of β-actin was applied for the normalization of the
results (G,H). The lowest GFP expression level, in the respective colony of each cell line was set as 1. Data are expressed as
mean ± S.D. (n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001, compared to the respective colony 1 of each cell line.

Figure 2. Verification of the mitochondrial ERβ expression in N2AmtGFPEβ cells. (A) Confocal colocalization studies in
colony 1 of the N2AmtGFP and N2AmtGFPERβ cells. Anti-ERβ antibody and anti-mouse Alexa 568 secondary antibodies
were applied for the ERβ detection. Mitochondrial GFP fusion proteins are depicted in green. Nuclear Hoechst staining is
depicted in blue. Bars indicate 10 µm. (B) Results from real-time PCR analysis for the assessment of the relative human
mRNA ERβ levels in colonies of N2AmtGFPERβ cells. β-actin was used as reference gene. The highest mRNA expression
level in the respective colony of the N2AmtGFPERβ was set as 1. Data are presented as the mean ± SD; *** p < 0.001 (n = 4–5),
compared to colony 1. (C) Western blot analysis of mtGFPERβ, in N2A and in colonies of N2AmtGFP and N2AmtGFPERβ
cells. Anti-ERβ and anti-β-actin antibodies were used for ERβ and β-actin detection.
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The results from Figures 1 and 2 show that colonies of number 1 (colony 1) of the
N2AmtGFPERβ and N2AmtGFP cells showed the highest expression of the mtGFPERβ
and mtGFP proteins, exhibiting four- to eight-fold higher expression of the mtGFPERβ
and mtGFP proteins, respectively, compared to the respective ones in the others selected
colonies. Thus, colonies of number 1 were selected for further analysis as described below.

2.2. Effect of mtERβ on Staurosporine-Induced Apoptosis

To assess the possible anti-apoptotic activities of mtERβ, comparative studies applying
MTT cell viability assay, as well as Western blot analysis, of caspase-9 and -3 were per-
formed in N2AmtGFPERβ and N2AmtGFP cells, pre-cultured in a hormone-free medium
and subsequently treated, or not, with various concentrations of staurosporine, in the
presence or absence of 10−9 M E2. As is shown in Figure 3A, no statistically significant
differences in cell viability were observed between N2AmtGFPERβ and N2AmtGFP cells
treated with staurosporine at a range concentration of 0.05 µM to 1 µM for 12 h. Incubation
of the cells with 0.5–1 µM staurosporine in the presence or absence of E2 caused a 30% to
60% reduction in the cell viability of both cell lines, compared to the respective vehicle-
treated cells. No statistically significant differences were observed between E2-treated and
E2-non treated cells. According to the literature, treatment of N2A cells with 1 µM for 24 h
triggers the induction of apoptosis [28]. Thus, further assessment of caspase activation
to investigate the effect of the mitochondrial ERβ in mitochondrial-dependent apoptosis
was performed. Interestingly, a statistically significant increased reduction in procaspase-9
and procaspase-3 protein levels in N2AmtGFP cells, compared to the respective ones in
N2AmtGFPERβ cells, was observed upon treatment of the cells with 0.5 µM or 2 µM
staurosporine (Figure 3B,C and Figure 3D,E, respectively) for 12 h. Accordingly, a statis-
tically significant increased production of activated cleaved caspase-9 in 0.5 µM or 2 µM
staurosporine-treated N2AmtGFP cells, compared to that in N2AmtGFPERβ cells, was
observed (Figure 3B,C and Figure 3D,E, respectively). Similarly, assessment of cleaved
caspase-3 protein levels revealed an increased resistance in cleaved caspase-3 production in
staurosporine-treated N2AmtGFPERβ cells compared to the respective ones in N2AmtGFP
cells. Thus, a statistically significant reduction in cleaved caspase-3 production was ob-
served in N2AmtGFPERβ, compared to that in N2AmtGFP cells, upon treatment with the
relative low concentrations (0.5 µM) of staurosporine (Figure 3B,C) and upon co-treatment
with 0.5 or 2 µM staurosporine/10−9 M E2 (Figure 3B,C and Figure 3D,E, respectively). As
it was expected, the presence of E2 led to suppression of the staurosporine-induced apopto-
sis in both cell lines only when the cells were treated with relatively low concentrations of
staurosporine. Thus, reduced cleaved caspase-9 protein levels in E2/0.5 µM staurosporine
treated cells compared to those in E2-non treated/0.5 µM straurosporine-treated cells
(Figure 3B,C) was observed.

2.3. Effect of mtERβ on H2O2-Induced Apoptosis

In the same context, the role of mtERβ in H2O2-induced apoptosis was assessed in
N2AmtGFP and N2AmtGFPERβ cells. Comparative studies on cell viability and caspase
activation were performed for that purpose (Figure 4). MTT cell viability assay revealed
a higher resistance (by approximately 20–30%) to the H2O2-induced reduction in cell
viability in N2AmtGFPERβ cells treated with 10 to 500 µM H2O2 for 12 h, compared to
the H2O2-treated N2AmtGFP cells (Figure 3A,B). No statistically significant differences
between the N2AmtGFPERβ and N2AmtGFP cells were observed upon treatment with
H2O2 at concentrations higher than 0.5 mM. Treatment with 1 and 2 mM H2O2 for 12 h
caused a severe reduction in cell viability that reached 90% compared to control treated
cells (Figure 4B). The presence of E2 did not significantly alter H2O2 effects on cell viability
(Figure 4A,B). Western blot analysis of caspase activation upon treatment with 2mM H2O2
for 2.5 h was also performed. Treatment conditions were chosen based on results from pilot
experiments (Supplementary Figure S2). Thus, Western blot analysis of caspase-9 and -3
in 2 mM H2O2 treated cells for 2.5 h showed a statistically significant increase in cleaved
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caspase-9 protein levels and a statistically significant increase in the reduction of the pro-
caspase-9 and -3 protein levels in N2AmtGFP cells, compared to that in N2AmtGFPERβ
cells. These results further substantiate the mtERβ-associated resistance of N2A cells to
H2O2-induced apoptosis (Figure 4C,D). The protective actions of mtERβ are strengthened
in the presence of E2, as indicated by the statistically significant reduced production of
cleaved caspase-9 in the presence of E2 in H2O2-treated N2AmtGFPERβ cells compared to
that in the N2AmtGFP cells (Figure 4C,D).

Figure 3. Protective effect of mtERβ on straurosporine-induced apoptosis. (A) Assessment of the relative cell viability
of N2AmtGFP and N2AmtGFPERβ cells upon treatment with 0.05 to 1 µM staurosporine for 12 h, in the presence or
absence of 10−9M E2, via MTT analysis. Data were analyzed by two-way ANOVA and expressed as mean ± S.D. (n = 4–6),
*** p < 0.001, compared to the respective vehicle-treated cells of each cell line. Western blot analysis of procaspase-9 and -3
and cleaved caspase-9 and -3, in N2AmtGFP and N2AmtGFPERβ cells, treated with 0.5 µM (B) and 2 µM (D) staurosporine,
in the presence or absence of 10−9M E2, for 12 h. Western blot analysis of β-actin was applied for the normalization of the
results. Quantification of the results is presented in (C) and (E) respectively. Data were analyzed by two-way ANOVA and
expressed as mean ± S.D. (n = 3–4), * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Protective effect of mtERβ on H2O2-induced apoptosis. Assessment of the relative cell viability of N2AmtGFP
and N2AmtGFPERβ cells upon treatment with 10 to 100 µM H2O2 (A) and 0.2 mM to 2 mM H2O2 (B) for 12 h, in the
presence or absence of 10−9M E2, via MTT analysis. Data were analyzed by two-way ANOVA and expressed as mean
± S.D. (n = 4–6), ** p < 0.01, *** p < 0.001. Vertical asterisks represent statistically significant differences compared to
the respective vehicle-treated cells of each cells line, while horizontal lines and the respective asterisks corresponds to
statistically significant differences between the two types of cells subjected to the same treatment, as indicated. (C) Western
blot analysis of procaspase-9 and -3 and cleaved caspase-9 in N2AmtGFP and N2AmtGFPERβ cells, treated with 2 mM
H2O2, in the presence or absence of 10−9M E2, for 2.5 h. Western blot analysis of β-actin was applied for the normalization
of the results. Quantification of the results is presented in (D). Band density of the highest expression level of each analyzed
molecule, in the respective set of experiment, was set at 1. Data were analyzed by two-way ANOVA and expressed as mean
± S.D. (n = 3–5), * p < 0.05, ** p < 0.01, *** p < 0.001.

2.4. Effect of mtERβ on H2O2-Induced Mitochondrial Impairment in N2A Cells

The effect of mtERβ on H2O2-induced mitochondrial impairment was also assessed
by comparative measurements of Mitotracker red CMX staining in H2O2-treated N2A,
N2AmtGFP, and N2AmtGFPERβ cells. CMX is a red fluorescence indicator used to detect
oxidation–reduction reactions, which principally occur in active mitochondria of live cells.
Thus, CMX stains mitochondria in live cells and its accumulation is dependent upon
mitochondrial membrane potential [29–31]. As is shown in Figure 5, treatment of N2A,
N2AmtGFP, and N2AmtGFPERβ cells with 2 mM H2O2 for 2.5 h revealed a statistically
significant reduction in mitochondrial staining of H2O2-treated N2A and N2AmtGFP cells
compared to that in N2AmtGFPERβ cells.
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Figure 5. Effect of mtERβ on H2O2-induced mitochondrial impairment in N2AmtGFP (A), N2Awt (B), and N2AmtGFPERβ
(C) cells. (A–C) Representative confocal microscopy single section images of GFP, CMX (mitochondrial staining) and
Hoechst 33342 (nuclear staining). Bars indicate 10 µm. (D) Quantification of the relative CMX fluorescence density. Data
were analyzed by two-way ANOVA. Relative CMX fluorescence density was expressed as mean ± S.D. (n = 30–50),
** p < 0.01, *** p < 0.001. CMX fluorescence density at vehicle treated N2A cells was set at 1. Vertical asterisks represent
statistically significant differences compared to the respective vehicle treated cells of each cells line, while horizontal lines
and the respective asterisks correspond to statistically significant differences between cells from different cell lines subjected
to H2O2 treatment, as indicated.

2.5. Effect of Mitochondrial ERβ on ATP Content

To assess whether mitochondrial ERβ protective activity is associated with its in-
volvement in the regulation of mitochondrial energy production, assessment of the ATP
levels in N2A, N2AmtGFP, and N2AmtGFPERβ cells was performed in the presence
or absence of 0.2 µM rotenone, which is an inhibitor of complex I of the mitochondrial
respiratory chain. Treatment with rotenone was applied to evaluate the mitochondrial
origin of ATP. As is shown in Figure 6, N2AmtGFPERβ exhibited approximately a 1.5-fold
statistically significant increase in ATP content compared to that in the N2AmtGFP and
N2A cells. Preincubation of the cells with 0.2 µM rotenone for 16 h caused elimination of
ATP production in both cell lines, validating the mitochondrial origin of ATP.
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Figure 6. Effect of the mitochondrial ERβ on ATP levels in N2A, N2AmtGFP, and N2AmtGFPERβ
cells. Equal numbers of N2A, N2AmtGFP, and N2AmtGFPERβ cells were plated on six well plate.
At 70–80% confluency, cells were incubated with 0.2 µM rotenone (diluted in DMSO) for 16 h.
Control cells were treated with equal volumes of DMSO. Subsequently, cells were washed in PBS,
harvested, and subjected to ATP measurements, applying ENLITEN ATP bioluminescence assay
as described in experimental section. Results are expressed as relative luciferase units, normalized
against relative protein levels and represent the mean ± SD of three independent experiments.
** p < 0.01, *** p < 0.001. ATP levels at vehicle-treated N2A cells were set at 1. Vertical asterisks
represent statistically significant differences compared to the respective vehicle-treated cells of each
cell line, while horizontal lines and the respective asterisks correspond to statistically significant
differences between cells from different cell lines.

3. Discussion

In this study, the direct involvement of the mitochondrial estrogen receptor beta
(mtERβ) in the activation of the mitochondrial defense antioxidant and anti-apoptotic ac-
tivities is demonstrated. Accumulated evidence substantiates the regulatory and protective
actions of estrogens on the brain, affecting both glial and neuronal physiology [17,21,32–35].
Particularly, the regulation of neuronal mitochondrial functions by estrogen is widely ac-
cepted [36,37]. Most of these actions are mediated by the nuclear or the membrane estrogen
receptors [6,13]. In addition, considerable amounts of experimental data showed ER-
independent estrogen actions [17,35], or suggested the involvement of the mitochondrial
estrogen receptors, especially ERβ, in these actions [38–43]. Thus, direct actions of estro-
gens on mitochondria are proposed to be exerted via their mitochondrial-localized estrogen
receptors. This hypothesis is based on data showing mitochondrial localization of ERβ in a
variety of neuronal cells and tissues [10,11,44]. In addition, data showing the interaction
of ERβ with the mitochondrial DNA [45], the mitochondrial Hydroxyacyl-CoA Dehydro-
genase Trifunctional Multienzyme Complex Subunit Beta (HADHB) fatty acid oxidation
enzyme, [46,47], the mitochondrial adenosine triphosphatase (ATPase) [47,48], and the
pro-apoptotic BAD protein [49,50] indicate possible involvement of the mitochondrial ERβ
in the regulation of mitochondrial transcription, energy metabolism and apoptosis.

Mitochondrial ATP production by oxidative phosphorylation is critical for neurons
to meet their energy demands and survive. In addition, mitochondrial impairment, in-
duced by excessive cytoplasmic Ca2+ loading or increased ROS generation, could lead
to mitochondrial membrane potential depolarization, mitochondrial swelling, release of
apoptotic factors, caspase activation, and eventually the induction of apoptosis and cell
death. Thus, mitochondrial dysfunction is closely related to neuronal viability and neu-
rodegeneration [38]. A non-genomic effect of E2 on the regulation of Ca2+ transport in
brain mitochondria and the involvement of ERβ in this action is proposed [51,52]. Thus,
the verification and elucidation of the direct actions of estrogens on mitochondria is of
great interest. The presence of ERβ in mitochondria could establish a direct control of
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mitochondrial activities by estrogens and could ensure estrogens’ actions on the integration
and orchestration of nuclear and mitochondrial functions. Due to the widely accepted
neuroprotective actions of estrogens and to the great importance of the preservation of
mitochondrial functions in neurodegenerative diseases [17,22,53], the delineation of the
putative mitochondrial estrogen receptors’ anti-apoptotic and anti-oxidant actions could
uncover novel therapeutic targets for those high-risk disorders.

An obstacle to the verification of the direct mitochondrial ERβ actions, and to the
delineation of the biochemical mechanisms of its actions, is the questionable availability
of specific antibodies against ERβ [54]. To overcome this impediment, neuroblastoma
N2A cell lines stably overexpressing a mitochondrial-targeted GFPERβ (N2A mtGFPERβ)
were generated, and the cells were further analyzed for their resistance to apoptotic and
oxidative stimuli in comparative studies. Overexpression of the mtGFPERβ protein in the
selected G418-resistant colonies was confirmed by Western blot analysis, using antibodies
against GFP and antibodies against ERβ. Results were verified by real-time PCR using ERβ-
specific primers. Moreover, the mitochondrial localization of the expressed mtGFPERβ
protein was validated in colocalization studies of the GFP and ERβ proteins with the
mitochondrial CMX dye, applying immunofluorescence analysis and confocal microscopy
studies. Verification of the expression and the mitochondrial localization of the green
fluorescence protein in N2AmtGFP control cells was also achieved. Colonies exhibiting the
highest expression of the mtGFPERβ and mtGFP proteins were used in this study.

Mitochondrial ROS production and induction of apoptosis is closely related to many
degenerative diseases, including neurodegeneration [55–57]. In the current study, we
showed mitochondrial ERβ-dependent resistance in the induction of apoptosis upon
treatment of the cells with either the apoptotic stimulus staurosporine or the oxidative
stress stimulus H2O2. Thus, assessment of caspase-9 and caspase-3 activation, applying
Western blot analysis, revealed decreased production of cleaved caspase-9 and -3, and
reduced proteolytic degradation of procaspase-9 and -3 in N2AmtGFPERβ cells compared
to that in N2AmtGFP cells when treated either with 0.5 to 2 µM staurosporine or 2 mM
H2O2. Moreover, upon treatment with relatively low concentrations of apoptotic stimuli,
the presence of E2 strengthened the mtERβ-dependent resistance in the induction of
apoptosis in N2AmtERβ cells, whereas the inability of E2 to reverse this effect in control
N2AmtGFP cells was observed. This observation indicates that the presence of mtERβ is
adequate to offer protection against apoptotic stimuli, but its activity is also at least in part
estrogen-dependent. The protective antioxidant activities of the mtERβ were also verified
in fluorescence microscopy studies of the CMX mitochondrial dye, which is incorporated
exclusively in functionally active mitochondria [29,30]. Upon H2O2-induced oxidative
stress, the percentage of sustained functionally active mitochondria was higher in mtERβ-
overexpressing N2A cells, compared to control N2A and N2AmtGFP cells. This observation
is in agreement with previous studies showing anti-apoptotic and antioxidant activities of
estrogens in mitochondria, which is proposed to be mediated by nuclear and membranous
ERs, as well as by estrogen receptor-independent estrogen action [58–62]. The results from
this study provide evidence for the direct involvement of the mitochondrial ERβ in this
process. Thus, since endogenous ERβ levels in N2A cells are limited [25,27], the results
from this study indicate that estrogens’ protective actions are also mediated, at least in part,
via the mitochondrial estrogen receptor beta.

In accordance with results from Western blot analysis and fluorescence microscopy
studies, MTT cell viability assay confirmed the protective effect of the mtERβ overex-
pression in cells treated with H2O2 at a concentration range of 10–500 µM, even upon
conditions of a longer incubation time (12 h/2.5 h). This effect was not detectable at higher
concentrations of H2O2, possibly due to severe induction of the oxidative stress, which
could not be reversible by the protective activity of mtERβ. No statistically significant
differences between N2AmtGFPERβ and N2AmtGFP cell viability were also observed
in cells treated with staurosporine. Nevertheless, results from the Western blot analysis
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uncovered the protective actions of mtERβ, as was shown by the reduced activation of
caspase-9, which corresponds to the initial steps of mitochondrial-induced apoptosis.

Mitochondria are the main energy suppliers of the cell. The maintenance of functional,
active mitochondria ensures adequate energy production, which is essential for neuron
survival and the prevention of degenerative processes that lead to neurodegenerative dis-
eases and aging [24]. Thus, factors that ensure and reinforce energy production are crucial
regulators of neuronal viability and function. In this context, mtERβ can be considered
such a valuable factor, as indicated by our observations showing increased ATP content
in N2AmtGFPERβ compared to that in N2AmtGFP cells. The elimination of ATP level
by rotenone substantiates its mitochondrial origin, further supporting the involvement of
mitochondrial ERβ in this action.

Thus, anti-apoptotic and antioxidant activities of the mitochondrial-localized ERβ
could be attributed to its proposed actions on the mitochondrial transcriptional activation,
and thus oxidative phosphorylation enzyme activation [12,42], that ends up in an increase
in ATP production and a reduction in ROS production. In addition, anti-apoptotic and
antioxidant activities of mtERβ can also be mediated via their involvement in the regu-
lation of the activity of mitochondrial apoptosis-associated and antioxidant molecules,
such as BAD and MnSOD [4,50,63,64], via mtERβ interaction with other mitochondrial
components or via its interfering with other estrogen-dependent or estrogen-independent
signaling pathways, such as Ca2+ modulating effects [11,51,52]. Moreover, since E2 is
known to activate the synthesis of many nuclear-encoded antioxidant enzymes, namely
MnSOD, thioredoxin, and glutathione peroxidase [65–68], the involvement of mtERβ
in the orchestration of the synthesis of nuclear-encoded mitochondrial antioxidant- and
apoptosis-associated molecules is also an interesting issue that remains to be explored.

To sum up, the results from this study revealed an increased resistance to staurosporine-
and H2O2-induced apoptotic stimuli in N2A cells overexpressing a mitochondrial-targeted
estrogen receptor beta, as indicated by the reduced activation of caspase-9 and -3, the
increased cell viability and ATP production, and the increased resistance to mitochondrial
impairment in the presence or absence of E2. Thus, the direct involvement of mtERβ in
the antioxidant and anti-apoptotic E2 actions is documented, rendering ERβ a promising
therapeutic target for mitochondrial-related degenerative diseases.

4. Materials and Methods
4.1. Chemicals

Dulbecco’s modified eagle medium (DMEM), trypsin, fetal bovine serum (FBS), Lipo-
fectamin 2000, and MitoTracker Red CMXRos (CMX) were obtained from Thermo Fisher
Scientific (Thermo Fisher Scientific GmbH, Basel, Switzerland). Molecular weight mark-
ers, complete protease cocktail inhibitors, and Western blotting luminol reagent were
purchased from Thermo Fisher Scientific, Roche (Mannheim, Germany) and Santa Cruz
Biotechnology (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), respectively. Geneticin
(G418) was provided by Calbiochem (Merck, Kenilworth, NJ, USA). All other chemicals,
including Hoechst 33342, staurosporine, estradiol (E2), and H2O2, were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

4.2. Antibodies

Monoclonal antibodies against human ERβ (B-3) and α-tubulin were provided by
Santa Cruz Biotechnology. Monoclonal antibodies against β-actin were provided by Sigma
Aldrich. Monoclonal antibodies against caspase-9 and -3 and polyclonal antibodies against
cleaved caspase-3 were provided by Cell Signaling (Cell Signaling Technology, Danvers,
MA, USA). Monoclonal antibodies against GFP were provided by Roche. Horseradish
peroxidase (HRP)- and Alexa 568-conjugated secondary antibodies were purchased from
Thermo Fisher Scientific.
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4.3. Cell Culture—Generation of N2A Cells Stably Expressing a Mitochondrial Targeted GFPERβ
Fusion Protein

Mouse N2A neuroblastoma cells (obtained from the American type culture collection—
ATCC) were maintained in low glucose (1 g/L) DMEM, supplemented with 10% FBS,
2 mM glutamine, and 50 units/mL penicillin/streptomycin (DMEM complete medium).
Cells were grown at 37 ◦C in a humidified atmosphere with 5% CO2. For stable cell lines
generation, at day 1 before transfection, N2A cells were plated in 60 mm culture dishes so
that they reached 60–70% confluency at the time of transfection. To obtain stable expression
of the human mitochondrial ERβ, the human estrogen receptor beta gene (AB006590) [69]
was inserted into the pEGPC2 vector (Clontech-Takara, Mountain View, CA, USA), in frame
with the enhanced green fluorescence protein (EGFP) gene between Xho1 and BamH1 sites,
to produce the pEGFPC2ERβ vector. Subsequently, the following sequence: atggctcagc-
gacttcttctgaggaggttcctggcctctgtcatctccaggaagccctctcagggtcagtggccacccctcacttccagagccctgcag
accccacaatgcagtcctggtggcctgctgtaacacccaacccagcccggacaatatacaccacgaggatctccttgaca, which
encodes a mitochondrial targeting peptide, was inserted in frame with the EGFP Gene be-
tween the NheI and AgeI sites of the pEGFPC2ERβ construct to produce the pmtEGFPERβ
construct. The produced construct was transfected into the N2A cells using Lipofectamin
2000 (Thermo Fisher Scientific GmbH, Europe), according to the manufacturer’s instruc-
tions. Control cells (N2AmtGFP cells) were prepared by transfection of the pmtEGFPC2
construct [70]. After 36 h incubation at 37 ◦C, cells were trypsinized and passed at a 1:14
dilution in selective growth medium [DMEM supplemented with 10% (v/v) FBS, containing
1.5 mg/mL G418]. On the next day, the medium in all plates was replaced with fresh selec-
tive medium and cells were cultured for 2 weeks. G418-resistant colonies were expanded,
cloned independently, and analyzed by immunofluorescence and Western blot analysis
to confirm the expression of the mitochondrial-GFP (mtGFP) and -GFPERβ (mtGFPERβ)
proteins in the N2AmtGFP and N2AmtGFPERβ cells, respectively.

4.4. Western Blot Analysis

Western blot analysis of molecules involved in mitochondria-mediated apoptosis, such
as caspase-9 and caspase-3, was performed in extracts from N2AmtGFP and N2AmtGFPERβ
cells, treated, or not, with 0.5–2 µM staurosporine or 2 mM H2O2, in the presence or ab-
sence of estradiol, using specific antibodies. Briefly, cells plated on 6 well plates were
cultured for 40–48 h in low glucose DMEM without phenol red, supplemented with 10%
dextran-coated charcoal stripped fetal bovine serum. Then, cells were incubated with
0.5–2 µM staurosporine or 2 mM H2O2 at various time points, as indicated in the results
section. After the washing of the cells with phosphate buffer saline (PBS), cells were lysed
in lysis buffer (20 mM Tris pH: 7.5, 250 mM NaCl, 0.5% Triton, 3 mM EDTA) supplemented
with cocktail protease inhibitors. Protein determination, electrophoresis and Western blot
analysis were performed as previously described [71]. Quantification of the results was
carried out by applying ImageJ (1.52 p) analysis (NIH, Bethesda, MD, USA).

4.5. Immunofluorescence—Confocal Microscopy

Cells grown on coverslips for 48 h in DMEM complete medium were further incubated
for 30 min at 37 ◦C with 200 nM CMX. In the case of H2O2 treatment, cells were treated with
1 mM or 2 mM H2O2 for 2.5 h at 37 ◦C in the presence of 200 nM CMX. Subsequently, cells
were washed 3 × 5 min with PBS, fixed for 10 min in ice-cold methanol, and transferred to
ice-cold acetone for 2 min. For nuclear staining, specimens were incubated with 1 µg/mL
Hoechst 33,342 in PBS for 30 min at room temperature. Antibodies against ERβ (B-3, Santa
Cruz Biotechnology, Dallas, TX, USA) were applied for ERβ detection. Secondary anti-
mouse Alexa 568-conjugated antibodies were used. The specimens were washed in PBS
and mounted in anti-fading medium. Images were taken using an inverted laser-scanning
confocal microscope (Zeiss laser scanning microscope 800, Zeiss LSM 800, Zeiss, Jena,
Germany). Image analysis and quantification of fluorescence staining were performed
as previously described [25] using the ImageJ (1.52 p) analysis program. Briefly, the total
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corrected fluorescence of area of interest (TCF) = integrated density − (selected area ×
mean fluorescence of background readings) was calculated. The TCF of treated cells was
then normalized against the mean TCF of the relative control cells (Relative Fluorescence
Density). Quantitative colocalization analysis of the GFP fusion proteins and the CMX and
Hoechst staining, and of the ERβ and the CMX staining, was performed by measuring the
Pearson’s correlation coefficient, applying the ZEN Zeiss LSM 800 software, according to
manufacturer’s instructions.

4.6. Cell Viability Assay

In order to investigate the role of mtERβ on the cell viability under stress conditions,
the MTT assay [72] was performed. Cells of the two stable cell lines were plated on 96-well
plates and were cultured in low glucose DMEM without phenol red, supplemented with
10% dextran-coated charcoal stripped fetal bovine serum. After 40–48 h, the cells were
incubated with various concentrations of staurosporine or H2O2 in the presence or absence
of E2 for 12 h, as indicated in the results section. Then, the cells were incubated with
0.5 mg/mL MTT for 3 h at 37 ◦C and 5% CO2 and the formed formazan crystals were
dissolved with isopropanol. The color intensity at 570 nm (reference filter at 690 nm)
was measured using a multimode plate reader (EnSpire, PerkinElmer, UK). Relative cell
viability corresponds to absorbance values of treated cells normalized against absorbance
values of the relative control cells.

4.7. ATP Measurements

ATP contents in N2A, N2AmtGFP, and N2AmtGFPERβ was measured as previously
described [70]. Briefly, cells grown in DMEM complete medium were thrypsinized and
plated in a 6-well plate in hormone-free DMEM medium for 48 h. Subsequently, cells
were treated in the presence or absence of 0.2 µM rotenone for 16 h. Cells were washed in
PBS, harvested and centrifuged at 800× g. ATP from the cell pellet was extracted with 1%
tricloroacetic acid and ATP content was measured in a Luminometre (LB 9508, Berthold,
Europe) by bioluminescence using the luciferin–luciferase reaction kit (Enliten, Promega
Coorporation, Madison, WI, USA) following the manufacturer’s instructions.

4.8. Statistical Analysis

All results are expressed as mean ± SD. Data were analyzed by two-way ANOVA
followed by Tukeys’s post-hoc test using StatPlus LE 7.3.0 software. Differences were
considered significant at a two-tailed p value < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22147620/s1.

Author Contributions: A.-M.G.P.; validation, I.T., A.G., M.E.K., F.D.K. and A.G.K.; formal analysis,
I.T. and A.G.; investigation, I.T., M.E.K.; resources, A.-M.G.P. and D.D.L.; data curation, I.T. and
A.-M.G.P.; writing—original draft preparation, A.-M.G.P.; writing—review and editing, A.-M.G.P.,
I.T. and D.D.L.; visualization, I.T.; supervision, A.-M.G.P.; project administration, A.-M.G.P.; funding
acquisition, A.-M.G.P. and D.D.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the project “Synthetic Biology: From omics technologies
to genomic engineering” (OMIC-ENGINE) (MIS 5002636) which is implemented under the action
“reinforcement of the Research and Innovation Infrastructure” funded by the Operational Programme
“Competitiveness, Entrepreneurship and Innovation (NSRF 2014–2020) and co-financed by Greece
and the European Union (European Regional Development Fund) (to A.-M.G.P., I.T, A.G. and D.D.L.).
The research work was supported by the Hellenic Foundation for Research and Innovation (HFRI) un-
der the HFRI PhD Fellowship grant (Fellowship Number: 6246 to I.T.). This work was also supported
by the Postgraduate Programme “Application of Molecular Biology-Molecular Genetics-Molecular
Markers”, Department of Biochemistry and Biotechnology, University of Thessaly (to A-M.G.P.).

https://www.mdpi.com/article/10.3390/ijms22147620/s1
https://www.mdpi.com/article/10.3390/ijms22147620/s1


Int. J. Mol. Sci. 2021, 22, 7620 15 of 17

Acknowledgments: The authors would like to thank the Bodossaki Foundation for their optiMOS
camera donation (Qimaging, Surrey, BC, Canada). The optiMOS camera was used in the initial
evaluation of fluorescence staining.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hess, R.A.; Bunick, D.; Lee, K.-H.; Bahr, J.; Taylor, J.A.; Korach, K.; Lubahn, D.B. A role for oestrogens in the male reproductive

system. Nat. Cell Biol. 1997, 390, 509–512. [CrossRef]
2. Hofbauer, L.C.; Khosla, S.; Dunstan, C.; Lacey, D.L.; Spelsberg, T.C.; Riggs, B.L. Estrogen Stimulates Gene Expression and Protein

Production of Osteoprotegerin in Human Osteoblastic Cells. Endocrinology 1999, 140, 4367–4370. [CrossRef]
3. Rosenfeld, C.S.; Ganjam, V.K.; Taylor, J.A.; Yuan, X.; Stiehr, J.R.; Hardy, M.P.; Lubahn, D.B. Transcription and Translation of

Estrogen Receptor-? in the Male Reproductive Tract of Estrogen Receptor-? Knock-Out and Wild-Type Mice. Endocrinology 1998,
139, 2982–2987. [CrossRef]

4. Klinge, C.M. Estrogens regulate life and death in mitochondria. J. Bioenerg. Biomembr. 2017, 49, 307–324. [CrossRef]
5. Kocanova, S.; Mazaheri, M.; Caze-Subra, S.; Bystricky, K. Ligands specify estrogen receptor alpha nuclear localization and

degradation. BMC Cell Biol. 2010, 11, 98. [CrossRef]
6. Psarra, A.-M.G.; Sekeris, C.E. Steroid and thyroid hormone receptors in mitochondria. IUBMB Life 2008, 60, 210–223. [CrossRef]

[PubMed]
7. Heldring, N.; Pike, A.; Andersson, S.; Matthews, J.; Cheng, G.; Hartman, J.; Tujague, M.; Ström, A.; Treuter, E.; Warner, M.; et al.

Estrogen Receptors: How Do They Signal and What Are Their Targets. Physiol. Rev. 2007, 87, 905–931. [CrossRef]
8. Levin, E.R. Extranuclear Steroid Receptors Are Essential for Steroid Hormone Actions. Annu. Rev. Med. 2015, 66, 271–280.

[CrossRef] [PubMed]
9. Fuentes, N.; Silveyra, P. Estrogen receptor signaling mechanisms. Adv. Protein Chem. Struct. Biol. 2019, 116, 135–170. [CrossRef]

[PubMed]
10. Psarra, A.-M.; Solakidi, S.; Sekeris, C. The mitochondrion as a primary site of action of steroid and thyroid hormones: Presence

and action of steroid and thyroid hormone receptors in mitochondria of animal cells. Mol. Cell. Endocrinol. 2006, 246, 21–33.
[CrossRef] [PubMed]

11. Simpkins, J.W.; Yang, S.-H.; Sarkar, S.N.; Pearce, V. Estrogen actions on mitochondria—Physiological and pathological implications.
Mol. Cell. Endocrinol. 2008, 290, 51–59. [CrossRef] [PubMed]

12. Chen, J.-Q.; Cammarata, P.R.; Baines, C.; Yager, J.D. Regulation of mitochondrial respiratory chain biogenesis by estro-
gens/estrogen receptors and physiological, pathological and pharmacological implications. Biochim. Biophys. Acta (BBA)-Bioenerg.
2009, 1793, 1540–1570. [CrossRef]

13. Mattingly, K.A.; Ivanova, M.M.; Riggs, K.A.; Wickramasinghe, N.S.; Barch, M.J.; Klinge, C.M. Estradiol Stimulates Transcription
of Nuclear Respiratory Factor-1 and Increases Mitochondrial Biogenesis. Mol. Endocrinol. 2008, 22, 609–622. [CrossRef] [PubMed]

14. McEwen, B.S.; Akama, K.T.; Spencer-Segal, J.L.; Milner, T.A.; Waters, E.M. Estrogen effects on the brain: Actions beyond the
hypothalamus via novel mechanisms. Behav. Neurosci. 2012, 126, 4–16. [CrossRef] [PubMed]

15. Emmanuelle, N.-E.; Marie-Cécile, V.; Florence, T.; Jean-François, A.; Françoise, L.; Coralie, F.; Alexia, V. Critical Role of Estrogens
on Bone Homeostasis in Both Male and Female: From Physiology to Medical Implications. Int. J. Mol. Sci. 2021, 22, 1568.
[CrossRef] [PubMed]

16. Ueda, K.; Adachi, Y.; Liu, P.; Fukuma, N.; Takimoto, E. Regulatory Actions of Estrogen Receptor Signaling in the Cardiovascular
System. Front. Endocrinol. 2020, 10, 909. [CrossRef] [PubMed]

17. Azcoitia, I.; Barreto, G.E.; Garcia-Segura, L.M. Molecular mechanisms and cellular events involved in the neuroprotective actions
of estradiol. Analysis of sex differences. Front. Neuroendocr. 2019, 55, 100787. [CrossRef]

18. Jia, M.; Dahlman-Wright, K.; Gustafsson, J.Å. Estrogen receptor alpha and beta in health and disease. Best Pract. Res. Clin.
Endocrinol. Metab. 2015, 29, 557–568. [CrossRef]

19. Arevalo, M.-A.; Azcoitia, I.; Garcia-Segura, L. The neuroprotective actions of oestradiol and oestrogen receptors. Nat. Rev.
Neurosci. 2015, 16, 17–29. [CrossRef]

20. Baez-Jurado, E.; Rincón-Benavides, M.; Lanussa, O.A.H.; Guio-Vega, G.; Ashraf, G.M.; Sahebkar, A.; Echeverria, V.; Garcia-Segura,
L.; Barreto, G. Molecular mechanisms involved in the protective actions of Selective Estrogen Receptor Modulators in brain cells.
Front. Neuroendocr. 2019, 52, 44–64. [CrossRef]

21. Saldanha, C.J. Estrogen as a Neuroprotectant in Both Sexes: Stories from the Bird Brain. Front. Neurol. 2020, 11, 497. [CrossRef]
[PubMed]

22. Uddin, M.S.; Rahman, M.M.; Jakaria, M.; Rahman, M.S.; Hossain, M.S.; Islam, A.; Ahmed, M.; Mathew, B.; Omar, U.M.; Barreto,
G.E.; et al. Estrogen Signaling in Alzheimer’s Disease: Molecular Insights and Therapeutic Targets for Alzheimer’s Dementia.
Mol. Neurobiol. 2020, 57, 2654–2670. [CrossRef]

23. Kann, O.; Kovács, R. Mitochondria and neuronal activity. Am. J. Physiol. Physiol. 2007, 292, C641–C657. [CrossRef]
24. Johnson, J.; Mercado-Ayón, E.; Mercado-Ayón, Y.; Na Dong, Y.; Halawani, S.; Ngaba, L.; Lynch, D.R. Mitochondrial dysfunction

in the development and progression of neurodegenerative diseases. Arch. Biochem. Biophys. 2020, 108698, 108698. [CrossRef]

http://doi.org/10.1038/37352
http://doi.org/10.1210/endo.140.9.7131
http://doi.org/10.1210/endo.139.6.6028
http://doi.org/10.1007/s10863-017-9704-1
http://doi.org/10.1186/1471-2121-11-98
http://doi.org/10.1002/iub.37
http://www.ncbi.nlm.nih.gov/pubmed/18344181
http://doi.org/10.1152/physrev.00026.2006
http://doi.org/10.1146/annurev-med-050913-021703
http://www.ncbi.nlm.nih.gov/pubmed/25587652
http://doi.org/10.1016/bs.apcsb.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/31036290
http://doi.org/10.1016/j.mce.2005.11.025
http://www.ncbi.nlm.nih.gov/pubmed/16388892
http://doi.org/10.1016/j.mce.2008.04.013
http://www.ncbi.nlm.nih.gov/pubmed/18571833
http://doi.org/10.1016/j.bbamcr.2009.06.001
http://doi.org/10.1210/me.2007-0029
http://www.ncbi.nlm.nih.gov/pubmed/18048642
http://doi.org/10.1037/a0026708
http://www.ncbi.nlm.nih.gov/pubmed/22289042
http://doi.org/10.3390/ijms22041568
http://www.ncbi.nlm.nih.gov/pubmed/33557249
http://doi.org/10.3389/fendo.2019.00909
http://www.ncbi.nlm.nih.gov/pubmed/31998238
http://doi.org/10.1016/j.yfrne.2019.100787
http://doi.org/10.1016/j.beem.2015.04.008
http://doi.org/10.1038/nrn3856
http://doi.org/10.1016/j.yfrne.2018.09.001
http://doi.org/10.3389/fneur.2020.00497
http://www.ncbi.nlm.nih.gov/pubmed/32655477
http://doi.org/10.1007/s12035-020-01911-8
http://doi.org/10.1152/ajpcell.00222.2006
http://doi.org/10.1016/j.abb.2020.108698


Int. J. Mol. Sci. 2021, 22, 7620 16 of 17

25. Tsialtas, I.; Gorgogietas, V.A.; Michalopoulou, M.; Komninou, A.; Liakou, E.; Georgantopoulos, A.; Kalousi, F.D.; Karra, A.G.;
Protopapa, E.; Psarra, A.-M.G. Neurotoxic effects of aluminum are associated with its interference with estrogen receptors
signaling. NeuroToxicology 2020, 77, 114–126. [CrossRef]

26. Méndez, P.; Garcia-Segura, L.M. Phosphatidylinositol 3-Kinase and Glycogen Synthase Kinase 3 Regulate Estrogen Receptor-
Mediated Transcription in Neuronal Cells. Endocrinology 2006, 147, 3027–3039. [CrossRef]

27. Su, C.; Rybalchenko, N.; Schreihofer, D.A.; Singh, M.; Abbassi, B.; Cunningham, R.L. Cell Models for the Study of Sex Steroid
Hormone Neurobiology. J. Steroids Horm. Sci. 2012; 3, (Suppl. 2). [CrossRef]

28. Li, H.-L.; Wang, H.-H.; Liu, S.-J.; Deng, Y.-Q.; Zhang, Y.-J.; Tian, Q.; Wang, X.-C.; Chen, X.-Q.; Yang, Y.; Zhang, J.-Y.; et al. Phospho-
rylation of tau antagonizes apoptosis by stabilizing beta-catenin, a mechanism involved in Alzheimer’s neurodegeneration. Proc.
Natl. Acad. Sci. USA 2007, 104, 3591–3596. [CrossRef] [PubMed]

29. Wang, Y.-F.; Li, C.-C.; Cai, J.-X. Aniracetam attenuates H2O2-induced deficiency of neuron viability, mitochondria potential and
hippocampal long-term potentiation of mice in vitro. Neurosci. Bull. 2006, 22, 274–280. [PubMed]

30. Maharjan, S.; Oku, M.; Tsuda, M.; Hoseki, J.; Sakai, Y. Mitochondrial impairment triggers cytosolic oxidative stress and cell death
following proteasome inhibition. Sci. Rep. 2014, 4, 05896. [CrossRef] [PubMed]

31. Chiaradonna, F.; Gaglio, D.; Vanoni, M.; Alberghina, L. Expression of transforming K-Ras oncogene affects mitochondrial function
and morphology in mouse fibroblasts. Biochim. Biophys. Acta (BBA)-Bioenerg. 2006, 1757, 1338–1356. [CrossRef] [PubMed]

32. Wang, J.; Sareddy, G.R.; Lu, Y.; Pratap, U.P.; Tang, F.; Greene, K.M.; Meyre, P.L.; Tekmal, R.R.; Vadlamudi, R.K.; Brann, D.W.
Astrocyte-Derived Estrogen Regulates Reactive Astrogliosis and is Neuroprotective following Ischemic Brain Injury. J. Neurosci.
2020, 40, 9751–9771. [CrossRef]

33. Wang, J.; Hou, Y.; Zhang, L.; Liu, M.; Zhao, J.; Zhang, Z.; Ma, Y.; Hou, W. Estrogen Attenuates Traumatic Brain Injury by Inhibiting
the Activation of Microglia and Astrocyte-Mediated Neuroinflammatory Responses. Mol. Neurobiol. 2021, 58, 1052–1061.
[CrossRef]

34. Lu, Y.; Sareddy, G.R.; Wang, J.; Zhang, Q.; Tang, F.-L.; Pratap, U.P.; Tekmal, R.R.; Vadlamudi, R.K.; Brann, D.W. Neuron-Derived
Estrogen Is Critical for Astrocyte Activation and Neuroprotection of the Ischemic Brain. J. Neurosci. 2020, 40, 7355–7374. [CrossRef]

35. Guo, H.; Liu, M.; Zhang, L.; Wang, L.; Hou, W.; Ma, Y.; Ma, Y. The Critical Period for Neuroprotection by Estrogen Replacement
Therapy and the Potential Underlying Mechanisms. Curr. Neuropharmacol. 2020, 18, 485–500. [CrossRef] [PubMed]

36. Dykens, J.A.; Moos, W.H.; Howell, N. Development of 17?-Estradiol as a Neuroprotective Therapeutic Agent: Rationale and
Results from a Phase I Clinical Study. Ann. N. Y. Acad. Sci. 2005, 1052, 116–135. [CrossRef]
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