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Abstract: Perinatal asphyxia (PA) is a clinical condition characterized by oxygen supply suspension
before, during, or immediately after birth, and it is an important risk factor for neurodevelopmental
damage. Its estimated 1/1000 live births incidence in developed countries rises to 5–10-fold in
developing countries. Schizophrenia, cerebral palsy, mental retardation, epilepsy, blindness, and
others are among the highly disabling chronic pathologies associated with PA. However, so far,
there is no effective therapy to neutralize or reduce PA-induced harm. Selective regulators of es-
trogen activity in tissues and selective estrogen receptor modulators like raloxifene have shown
neuroprotective activity in different pathological scenarios. Their effect on PA is yet unknown. The
purpose of this paper is to examine whether raloxifene showed neuroprotection in an oxygen–glucose
deprivation/reoxygenation astrocyte cell model. To study this issue, T98G cells in culture were
treated with a glucose-free DMEM medium and incubated at 37 ◦C in a hypoxia chamber with 1%
O2 for 3, 6, 12, and 24 h. Cultures were supplemented with raloxifene 10, and 100 nM during both
glucose and oxygen deprivation and reoxygenation periods. Raloxifene 100 nM and 10 nM improved
cell survival—65.34% and 70.56%, respectively, compared with the control cell groups. Mitochondrial
membrane potential was preserved by 58.9% 10 nM raloxifene and 81.57% 100 nM raloxifene cotreat-
ment. Raloxifene co-treatment reduced superoxide production by 72.72% and peroxide production
by 57%. Mitochondrial mass was preserved by 47.4%, 75.5%, and 89% in T98G cells exposed to 6-h
oxygen–glucose deprivation followed by 3, 6, and 9 h of reoxygenation, respectively. Therefore, ralox-
ifene improved cell survival and mitochondrial membrane potential and reduced lipid peroxidation
and reactive oxygen species (ROS) production, suggesting a direct effect on mitochondria. In this
study, raloxifene protected oxygen–glucose-deprived astrocyte cells, used to mimic hypoxic–ischemic
brain injury. Two examiners performed the qualitative assessment in a double-blind fashion.

Keywords: raloxifene; neuroprotection; astrocytes; glucose deprivation; oxygen deprivation;
hypoxic–ischemic brain injury

1. Introduction

Perinatal asphyxia (PA) is a clinical syndrome characterized by an oxygen supply
shortage around birth time [1]. It may be the result of a variety of factors, including um-
bilical cord compression, alterations in gas exchange in the placenta, and fetal pulmonary
failure, resulting in multiorgan oxygen (hypoxia) and/or hypoperfusion (ischemia) during
the perinatal period [2].
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PA affects not only glial and neural circuits in the corpus striatum and the hippocam-
pus [3,4] but also increases presynaptic terminal button density and striatal and cortical
dendritic spines [5,6]. It also leads to necrosis and apoptosis in these areas and the cor-
tex [7] and astrogliosis in the striatum and cerebellum [4,8]. It disrupts the dopaminergic,
GABAergic, glutamatergic, and redox systems [7,9,10] leading to oxidative stress [9] and
protein aggregation with ubiquitination [5], among other deleterious effects.

Mortality caused by PA has decreased in the last decades, while morbidity has in-
creased [11]. Many physical and mental disorders can be associated with PA [12], including
cognitive deficits [8,13,14], seizures and/or epilepsy [15], schizophrenia [16], autism spectrum
disorders [17], attention-deficit/hyperactivity [18], and neurodegenerative disorders [19].

Glucose is the primary energy source for the adult brain, with neurons having the
highest energy demand among cells [20]. From glucose metabolism, the brain gets pre-
cursors for neurotransmitter synthesis, ATP for physiological functions, and neuronal and
non-neuronal cell maintenance [21]. However, astrocytes and other brain cells are crucial
for brain glucose metabolism [22].

Astrocytes make up nearly 25% of brain volume, and their role in multiple processes
has been studied over the past 20 years, including supporting the nervous system, main-
taining the cerebral microenvironment for proper function, and regulating cerebral blood
flow, which is crucial for optimal neuronal function. One of their most important functions
is their involvement in brain metabolism. On the one hand, astrocytes take up glucose from
the blood vessels and provide energy metabolites to neurons [23]. Through the astrocyte-
neuron lactate shuttle (ANLS), astrocytes supply neurons with lactate, which serves as a
substrate for the citric acid cycle to meet their energy demands [24].

Neurons are very sensitive to energy deficits. Changes in glucose metabolism have
been linked to cell death pathways and autophagy, increasing the risk of various central ner-
vous system disorders. Different studies have shown how these alterations are associated
with various neurodegenerative disorders’ progression, including Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis, neuroglycopenia, and Huntington’s
disease, among others [21,25]. Reduced oxidation levels observed in post-ischemic brain
tissues suggest these alterations may contribute to cerebrovascular and neurodegenerative
abnormalities, including stroke [25].

Therefore, there is considerable research focused on the prevention or reversal of
neuronal damage caused by hypoglycemia. Steroids, such as estrogens and progesterone,
have shown the ability to modulate neuronal activity and provide neuroprotective effects
against toxicity and neurodegeneration in vivo studies [26]. Neurons and glial cells have
high-affinity steroid receptors, highlighting their importance in brain activity [26–28]. It has
been described that the protective response of astrocytes can be modulated by neurosteroids,
which regulate and modulate the expression of many genes involved in the development,
connectivity, and survival of the nervous system in both glial and neuronal cells [29,30].

Raloxifene is a benzothiophene-derived selective estrogen receptor modulator (SERM)
that was developed by Eli Lilly under the brand name “Evista” and approved by the
U.S. Food and Drug Administration (FDA) to treat osteoporosis in menopause more than
twenty years ago [31]. Later on, studies were conducted on its possible application to
neurological diseases and brain injuries [32].

Raloxifene modulates the morphology and functions of astrocytes, neurons, and
microglia via its interaction with estrogen receptors α (ERα) and β (ERβ) and G-protein-
coupled estrogen receptor (GPR30) activation [33,34].

Selective estrogen receptor modulators (SERMs) exert brain protection by reducing
inflammatory responses, lipid peroxidation, the production of reactive oxygen species
(ROS), astrogliosis, and leukocyte infiltration in the injured area. These beneficial effects
improve spatial learning and memory and can promote neuronal survival [33]. Raloxifene
treatment increases neuronal survival because of its anti-inflammatory effect. Improved
learning and memory and less cognitive impairment were reported in elderly women and
cancer patients after raloxifene treatment [33,35].
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Raloxifene preserved neurogenesis in the cerebral cortex and spinal cord in a middle
cerebral artery occlusion model [36]. In male rodents treated with tamoxifen and raloxifene,
hippocampal pyramidal neurons showed increased dendritic spine density and geometry
changes—likely mediated by increased BDNF—[37]. Raloxifene might be involved in brain
plasticity, learning processes, and long-term memory, and yet more studies are needed in
this regard [33].

Estrogen affected ERα expression and protected astrocytes under oxygen–glucose de-
privation and hypoxic injury [38], likely involving hypoxia-inducible factor-1 (HIF-1). This
factor has a vital role in cellular adaptation to hypoxic conditions, is expressed in astrocytes
under ischemia, and is associated with glutathione (GSH) increase, astrocytic survival, and
protection against glutamate toxicity [39]. In a model of oxygen–glucose deprivation in cor-
tical neurons, raloxifene also prevented apoptosis and necrosis by binding to GPR30, which
triggers rapid intracellular calcium signaling and antiapoptotic neuroprotective mechanism
activation [40]. Under oxygen–glucose deprivation, raloxifene induced the activation of
transcription factor Nrf2 and antioxidant response element (ARE), an ER-independent pro-
moter of redox homeostasis in neurons [40]. ARE activation is involved in the expression
of protective genes against oxidative stress and depends on Nrf2 activity [41]. Evidence
shows that SERMs like raloxifene have antioxidant potential, antiapoptotic properties, and
trigger survival and differentiation mechanisms in neurons and glia. Thus, SERMs might
mitigate brain damage [33].

2. Results
2.1. Cell Viability

The MTT assay was used to examine the effect of raloxifene on OGD/R-exposed T98G
cells’ viability. Figure 1A shows cell viability when cells were co-treated with OGD and
raloxifene at different concentrations (during injury). Cells were treated with raloxifene
since they were subjected to oxygen and glucose deprivation until the end of the reoxy-
genation period. Cells exposed to OGD for 6 h followed by reoxygenation for 3 h showed
65.34% (p = 0.0021) and 70.56% (p < 0.0001) recovery with 100 nM and 10 nM of raloxifene,
respectively, compared with the untreated control cells (Figure 1A).

In this model, cell viability assessed with MTT decreased from the early hours of
OGD/reoxygenation, progressively decreasing from 3 h to 24 h of OGD/24 h reoxygenation.
Approximately 50% of the damaged cells died after 24 h OGD/24 h reoxygenation.

Cells’ viability and morphology are directly related. We performed a qualitative analy-
sis using a phase contrast microscope to evaluate cell shape changes after the OGD/R insult
in T98G cells (Figure 1B–F). The OGD/R insult resulted in cellular shrinkage, vacuoliza-
tion, and a decrease in the number of processes (Figure 1C). Co-treatment with raloxifene
decreased cell degeneration (Figure 1D,F), showing astrocytic-like morphology comparable
to control cells (Figure 1B).

Our next aim was to analyze the average cell area of randomly chosen cells under our
experimental conditions. We noted a qualitative change in cell morphology during glu-
cose deprivation (OGD/R) stress (Figure 1C). Post-raloxifene co-treatment, morphological
changes were reduced, returning to their control levels. To quantify morphological changes,
we measured the mean cell area across all experimental conditions. Raloxifene-treated
cells’ area (450 ± 35 µm) was comparable to controls’ (460 ± 22 µm) (p < 0.001). Cell area
decreased in the OGD/R group compared with the control group (311 ± 37 µm) (p < 0.001).

2.2. Raloxifene-Reduced Superoxide Production in OGD-Exposed T98G Cells

Flow cytometry analysis using dihydroethidium (DHE) was used to measure the effect
of treatment with raloxifene on superoxide anion (O 2•−) production in OGD-exposed
cells. Dihydroethidium (DHE) is a cell-permeable compound that interacts with the su-
peroxide anion O 2•− to form ethidium, which binds to nucleic acids and emits bright red
fluorescence [42]. (Figure 2, Suppl. Figure S1).
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Figure 1. Raloxifene decreased OGD-induced cell death. (A) T98G cells were treated with different 
concentrations of raloxifene during 6 h of OGD and 3 h of reoxygenation, and cell viability was 
assessed by MTT assay. Data are represented as the mean ± SEM of four independent experiments. 
Control (101.99 ± 1.85); OGD/R (52.59 ± 2.02); OGD/R + 100 nM raloxifene (65.34 ± 2.03); OGD/R + 10 
nM raloxifene (70.56 ± 2.36). Data were examined by analysis of variance, followed by the post hoc 
Dunnet’s test for between-group comparisons and Tukey’s test for multiple comparisons, * p < 0.005. 
(B) Cell surface quantification with different concentrations of raloxifene during 6 h of OGD and 3 
h of reoxygenation. Data are represented as the mean ± SEM of four independent experiments. Con-
trol (225.3 ± 13.01); OGD/R (278.7 ± 18.51); OGD/R + 100 nM raloxifene (318.2 ± 21.86); OGD/R + 10 
nM raloxifene (277.1 ± 18.16). Data were examined by analysis of variance, followed by the post hoc 
Dunnet’s test for between-group comparisons and Tukey’s test for multiple comparisons, * p < 0.005. 
(C–F) Raloxifene reduced morphological alterations induced by oxygen–glucose deprivation/reox-
ygenation. Representative microphotographs showing the morphology of cells exposed to (C) 
DMEM, (D) OGD/R, (E) OGD/R + Ral 100 nM, and (F) OGD/R + Ral 10 nM. Scale bar 50 µm. 
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OGD/reoxygenation, progressively decreasing from 3 h to 24 h of OGD/24 h reoxygena-
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Cells’ viability and morphology are directly related. We performed a qualitative anal-
ysis using a phase contrast microscope to evaluate cell shape changes after the OGD/R 
insult in T98G cells (Figure 1B–F). The OGD/R insult resulted in cellular shrinkage, vacu-
olization, and a decrease in the number of processes (Figure 1C). Co-treatment with ralox-
ifene decreased cell degeneration (Figure 1D,F), showing astrocytic-like morphology com-
parable to control cells (Figure 1B). 

Our next aim was to analyze the average cell area of randomly chosen cells under our 
experimental conditions. We noted a qualitative change in cell morphology during glu-
cose deprivation (OGD/R) stress (Figure 1C). Post-raloxifene co-treatment, morphological 
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changes, we measured the mean cell area across all experimental conditions. Raloxifene-
treated cells’ area (450 ± 35 µm) was comparable to controls’ (460 ± 22 µm) (p < 0.001). Cell 

Figure 1. Raloxifene decreased OGD-induced cell death. (A) T98G cells were treated with different
concentrations of raloxifene during 6 h of OGD and 3 h of reoxygenation, and cell viability was
assessed by MTT assay. Data are represented as the mean ± SEM of four independent experi-
ments. Control (101.99 ± 1.85); OGD/R (52.59 ± 2.02); OGD/R + 100 nM raloxifene (65.34 ± 2.03);
OGD/R + 10 nM raloxifene (70.56 ± 2.36). Data were examined by analysis of variance, followed by
the post hoc Dunnet’s test for between-group comparisons and Tukey’s test for multiple comparisons,
* p < 0.005. (B) Cell surface quantification with different concentrations of raloxifene during 6 h of
OGD and 3 h of reoxygenation. Data are represented as the mean ± SEM of four independent experi-
ments. Control (225.3 ± 13.01); OGD/R (278.7 ± 18.51); OGD/R + 100 nM raloxifene (318.2 ± 21.86);
OGD/R + 10 nM raloxifene (277.1 ± 18.16). Data were examined by analysis of variance, followed by
the post hoc Dunnet’s test for between-group comparisons and Tukey’s test for multiple comparisons,
* p < 0.005. (C–F) Raloxifene reduced morphological alterations induced by oxygen–glucose depriva-
tion/reoxygenation. Representative microphotographs showing the morphology of cells exposed to
(C) DMEM, (D) OGD/R, (E) OGD/R + Ral 100 nM, and (F) OGD/R + Ral 10 nM. Scale bar 50 µm.

We measured hydrogen peroxide production to confirm a decrease in reactive oxygen
species (ROS) production by raloxifene in OGD/R-exposed T98G cells using another dye.
DCFDA (Dichlorofluorescein diacetate) is an organic dye of the fluorescein family that emits
fluorescence after oxidation by hydrogen peroxide and other ROS [43]. Using DCFDA, the
mean fluorescence intensity was measured in cell culture microphotographs (Figure 3).

Figure 3 illustrates fluorescence intensity levels after 6 h of OGD insult and 6 h of
reoxygenation (Figure 3E). H2O2 production increased in OGD/R-exposed cells compared
with control cells (p < 0.0001) (Figure 3A,B). Cotreatment with raloxifene attenuated H2O2
production (Figure 3C,D).



Int. J. Mol. Sci. 2024, 25, 12121 5 of 16

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 5 of 17 
 

 

area decreased in the OGD/R group compared with the control group (311 ± 37 µm) (p < 
0.001). 

2.2. Raloxifene-Reduced Superoxide Production in OGD-Exposed T98G Cells 
Flow cytometry analysis using dihydroethidium (DHE) was used to measure the ef-

fect of treatment with raloxifene on superoxide anion (O 2•−) production in OGD-exposed 
cells. Dihydroethidium (DHE) is a cell-permeable compound that interacts with the su-
peroxide anion O 2•− to form ethidium, which binds to nucleic acids and emits bright red 
fluorescence [42]. (Figure 2, Suppl. Figure S1). 

 
Figure 2. Raloxifene reduced superoxide production at 6 h of OGD and 3 h of reoxygenation. (A) 
Mean fluorescence values of dihydroethidium (DHE) intensity. (B–E) Representative fluorescence 
micrographs of dihydroethidium (DHE) staining in T98G cells exposed to (B) DMEM, (C) OGD/R, 
(D) OGD/R + Ral 100 nM with 6 h of OGD and 3 h of reoxygenation, and (E) OGD/R + Ral 10 nM 
with 6 h of OGD and 3 h of reoxygenation. *** p < 0.0001. Scale bar 50 µm. 
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Figure 2. Raloxifene reduced superoxide production at 6 h of OGD and 3 h of reoxygenation.
(A) Mean fluorescence values of dihydroethidium (DHE) intensity. (B–E) Representative fluorescence
micrographs of dihydroethidium (DHE) staining in T98G cells exposed to (B) DMEM, (C) OGD/R,
(D) OGD/R + Ral 100 nM with 6 h of OGD and 3 h of reoxygenation, and (E) OGD/R + Ral 10 nM
with 6 h of OGD and 3 h of reoxygenation. *** p < 0.0001. Scale bar 50 µm.

2.3. Raloxifene Effect on Mitochondrial Membrane Potential Loss in Reperfused OGD-Exposed
T98G Cells

To evaluate the effect of raloxifene on mitochondrial membrane potential (∆ψm), a
quantitative analysis was performed using flow cytometry (Figure 4A, Suppl. Figure S2).
Cells treated with 10 nM of the uncoupling protonophore carbonyl cyanide m-chlorophenyl
hydrazone (CCCP, Sigma, St Louis, MI, USA) were used as a mitochondrial oxidative phos-
phorylation inhibition experimental control. CCCP dissipates the mitochondrial membrane
potential, providing a baseline for analysis. ∆ψm was measured using the lipophilic cation
tetramethylrhodamine methyl ester (TMRM), a dye that changes its intensity in response to
∆ψm changes [44]. 4 shows OGD/R and raloxifene effects on T98G cells’ ∆ψm. Mitochon-
drial membrane potential loss (p = 0.0006) was observed after 6 h of OGD followed by 3 h
of reoxygenation and was attenuated by 10 nM raloxifene treatment (p = 0.0180) compared
with untreated OGD/R-exposed cells (Figure 4A). Fluorescence microphotographs showed
a similar pattern with decreased fluorescence staining after OGD/R exposure and intensity
recovery after raloxifene treatment (Figure 4B–E, Suppl. Figure S2).
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(55.51 ± 1.03); OGD/R (131.00 ± 4.01); OGD/R + 100 nM raloxifene (75.15 ± 6.60); OGD/R + 10 nM 
raloxifene (72.38 ± 7.82). Data were examined by analysis of variance, followed by the post hoc Dun-
net’s test for between-group comparisons and Tukey’s test for multiple comparisons **** p < 0.0001. 
Scale bar 50 µm. 

Figure 3 illustrates fluorescence intensity levels after 6 h of OGD insult and 6 h of 
reoxygenation (Figure 3E). H2O2 production increased in OGD/R-exposed cells compared 
with control cells (p < 0.0001) (Figure 3A,B). Cotreatment with raloxifene attenuated H2O2 
production (Figure 3C,D). 

2.3. Raloxifene Effect on Mitochondrial Membrane Potential Loss in Reperfused OGD-Exposed 
T98G Cells 

To evaluate the effect of raloxifene on mitochondrial membrane potential (Δψm), a 
quantitative analysis was performed using flow cytometry (Figure 4A, Suppl Figure S2). 
Cells treated with 10 nM of the uncoupling protonophore carbonyl cyanide m-chloro-
phenyl hydrazone (CCCP, Sigma, St Louis, MI, USA) were used as a mitochondrial 

Figure 3. Raloxifene reduced peroxide production at 6 h of OGD and 6 h of reoxygenation. The
figure shows the representative fluorescence microphotographs of 2′,7′-Dichlorofluorescin Diacetate
(DCFDA) staining of T98G cells exposed to (A) Control, (B) OGD/R, (C) OGD/R, OGD/R + Ral 100 nM
with 6 h of OGD and 6 h of reoxygenation, (D) OGD/R, OGD/R + Ral 10 nM with 6 h of OGD and
6 h of reoxygenation, and (E) the mean fluorescence values of DCFDA intensity measured by flow
cytometry. Data are represented as the mean ± SEM of five independent experiments. Control
(55.51 ± 1.03); OGD/R (131.00 ± 4.01); OGD/R + 100 nM raloxifene (75.15 ± 6.60); OGD/R + 10 nM
raloxifene (72.38 ± 7.82). Data were examined by analysis of variance, followed by the post hoc Dunnet’s
test for between-group comparisons and Tukey’s test for multiple comparisons **** p < 0.0001. Scale
bar 50 µm.

2.4. Raloxifene-Attenuated Mitochondrial Mass Reduction in OGD/R-Exposed T98G Cells

To determine the OGD/R effect on mitochondrial mass, a quantitative analysis was
performed using nonyl acridine orange (NAO) and flow cytometry (Figure 5). NAO
is a marker of the mitochondrial membrane surface and measures mitochondrial lipid
peroxidation by detecting cardiolipin oxidation [45].

OGD/R resulted in a mitochondrial mass reduction in OGD/R-exposed T98G cells
compared with control cells (p < 0.0001) exposed to 6 h OGD and 3 h reoxygenation
(Figure 5O). This change was counteracted by co-treatment with 100 nM (p = 0.0349)
and 10 nM (p = 0.0038) raloxifene, which preserved mitochondrial mass (Figure 5O).
Fluorescence microphotographs confirmed a similar pattern using the NAO dye. OGD/R
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exposure decreased fluorescence intensity compared with control cells, while treatment
with raloxifene preserved fluorescence intensity (Figure 5A–D).

To understand lipid peroxidation dynamics, mitochondrial mass changes were mea-
sured after 6 h of OGD using fluorescence microphotographs, followed by different reoxy-
genation periods (Figure 5D,H,L). Figure 5 shows intensity loss in OGD/R-exposed cells
and the raloxifene corrective effect at different reoxygenation times between 6 h (Figure 5H)
and 9 h (Figure 5L).

Qualitative studies measuring fluorescence intensity in the microphotographs con-
firmed what was observed (Figure 5). An amount of 10 nM (p = 0.0073) and 100 nM
(p = 0.0468) raloxifene attenuated mitochondrial mass loss at different reoxygenation times
(6 and 9 h, respectively) in 6 h OGD-exposed cells (Figure 5H,L).
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Figure 4. Raloxifene attenuated mitochondrial membrane potential loss at 6 h of OGD and 3 h of
reoxygenation. (A) The figure shows the mean fluorescence values. (B–E) Representative fluores-
cence micrographs of tetra-methyl rhodamine methyl ester (TMRM) staining in T98G cells exposed
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Figure 5. Raloxifene preserved mitochondrial mass in T98G cells exposed to 6 h of OGD and
3 h of reoxygenation. The figure shows the mitochondrial mass in T98G cells exposed to 6 h of
oxygen–glucose deprivation (OGD) to 3 h (A–D), 6 h (E–H), and 9 h (I–L) of reoxygenation. The
representative microphotographs of acridine orange (NAO) fluorescence in T98G astrocytic cells
exposed to (A) DMEM, (B) OGD/R, (C) OGD/R + Ral 100 nM with 3 h of reoxygenation, and
(D) OGD/R + Ral 10 nM with 3 h of reoxygenation. (M) Mean fluorescence values of NAO intensity in
this period of insult. Data are represented as the mean ± SEM of five independent experiments. Con-
trol (6671.00 ± 86.18); OGD/R (1903.00 ± 155.30); OGD/R + 100 nM raloxifene (2940.00 ± 142.90);
OGD/R + 10 nM raloxifene (3163.00 ± 119.80). (E) DMEM, (F) OGD/R, (G) OGD/R + Ral 100 nM
with 6 h of reoxygenation, and (H) OGD/R + Ral 10 nM with 6 h of reoxygenation. (N) Mean
fluorescence values of NAO intensity in this period of insult. Data are represented as the
mean ± SEM of five independent experiments. Control (416.7.00 ± 39.47); OGD/R (183.1 ± 17.70);
OGD + 100 nM raloxifene (238.4 ± 26.43); OGD + 10 nM raloxifene (314.6 ± 27.45) (I) DMEM,
(J) OGD/R, (K) OGD/R + Ral 100 nM with 9 h of reoxygenation, and (L) OGD/R + Ral 10 nM with
9 h of reoxygenation. (O) Mean fluorescence values of NAO intensity in this period of insult. Data
are represented as the mean ± SEM of five independent experiments. Control (452.20 ± 22.28);
OGD/R (330.42 ± 23.45); OGD/R + 100 nM raloxifene (404.71 ± 12.34); OGD/R + 10 nM raloxifene
(374.64 ± 19.78). Data were examined by analysis of variance, followed by the post hoc Dunnet’s test
for between-group comparisons and Tukey’s test for multiple comparisons, * p < 0.005, ** p < 0.01,
**** p < 0.0001. Scale bar 50 µm.
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3. Discussion

This study focused on characterizing the astrocytic T98G-OGD/R model. Careful
analysis of the events occurring during OGD offered noteworthy evidence regarding cell
viability, lipid peroxidation, reactive species production, and mitochondrial function.

In vitro experiments are crucial given the methodological limitations of in vivo mod-
els [46]. The choice of an in vitro model that meets the specific requirements of the pa-
rameters to be evaluated is of paramount importance. Models using hypoxia-simulating
agents are among the in vitro approaches. These are based on producing, at the molecular
level, the effects caused by low oxygen concentrations, primarily those based on hypoxia-
inducible factor 1α (HIF1A) expression [46]. However, they do not consider removing
glucose, the key energy supply for brain metabolism.

Estrogens have been reported to be neuroprotective in astrocytes [47–50]. Raloxifene
neuroprotection has been observed in different brain injury models: schizophrenia, exci-
totoxic neuronal death [50], and glucose deprivation [51]. Among others, raloxifene is a
neurosteroid that can modify various metabolic and genomic responses in the brain and has
shown neuroprotective effects in different pathologies [50–52]. Neuroprotective effects have
been observed in murine models of common carotid artery ligation, where neurogenesis in
the ipsilateral subventricular zone has been observed in rats treated with raloxifene [36].
Raloxifene treatment has shown neuroprotective effects, mitigating cell death. An amount
of 100 nM of raloxifene has protected against metabolic insults and cerebral injury in
astrocytic models with T98G cells [51]. The present findings agree with these observations.
Cotreatment with 100 nM raloxifene reduced cell death after OGD-reoxygenation (Figure 1).
Different molecular mechanisms may mediate cell death decreases [21,26,53–56], which
may explain the results observed in the study.

In astrocytic models, raloxifene regulates glutamate transporters (GLAST and GLT-1),
improving cell survival [50]. Noteworthy, its protective effects might involve expressing the
anti-apoptotic gene Bcl-2 [57]. Through non-genomic mechanisms, raloxifene can activate
survival proteins like MAPk, PI3K/Akt, Src, and CREB, related to anti-apoptotic metabolic
pathways and neuroprotection [50,57,58].

Changes in cell morphology have been associated with cell viability, in particular, the
state in which the cell is found. Cells exhibit different characteristics during apoptosis,
including nuclear envelope disintegration, cytoplasmic condensation, and surface reduc-
tion [59,60], parameters mostly affecting cell morphology. These changes align with the
findings in this study (Figure 1B–D), where raloxifene decreases morphological alterations
caused by glucose and oxygen deprivation, showing a potential reduction in apoptotic
cellular processes.

In our model, superoxide and hydrogen peroxide production was detected from 6 h
of OGD/R injury onwards (Figures 2 and 3). In physiological conditions, these species
are produced in regulated concentrations and are transformed into less reactive species
through energy-dependent mechanisms [61–64]. An energy shortage hinders the transfor-
mation of these species into a less reactive form, triggering damage to cellular machinery.
Therefore, this parameter is a potential indicator of damage that, if reversed, could explain
neuroprotective effects. ROS production depends on ∆ψm [65,66]. Maintaining an opti-
mal mitochondrial membrane potential (maximum 140 mV) prevents ROS formation and
exhaustively uses ATP production capacity.

Reactive oxygen species can be generated at low ∆ψm levels under certain conditions.
Yet, ROS are produced in excess when mitochondrial membrane potential levels are high
and ∆ψm exceeds 140 mV (membrane hyperpolarization). In these conditions, ROS pro-
duction in mitochondrial respiratory complexes I (NADH: ubiquinone oxidoreductase) and
III (ubiquinol–cytochrome c oxidoreductase) increases exponentially [67], and an increase
in oxidative stress could generate significant morphological changes. This corresponds
to the results presented in this study, where an exponential increase in superoxide anion
production at hour 6 of OGD/R (Figure 2) and H2O2 at hour 6 (Figure 3D) is observed.
These periods match the highest peaks of mitochondrial membrane potential production
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in glucose deprivation insults in T98G cells, as reported in previous studies [29]. This
phenomenon is attributed to the mitochondria’s need to adapt to the cell’s energy needs,
regardless of the deleterious increase in mitochondrial membrane potential. The cell enters
mitochondrial apoptosis, characterized by excessive calcium release, ∆ψm hyperpolariza-
tion, and exacerbated ROS production [68,69].

The collected data revealed a significant alteration in mitochondrial potential at 6 h of
OGD and 3 h of reoxygenation (Figure 4). This loss of potential coincides with the loss of
viability described earlier. In different models, this potential has been found to increase to
a peak within the first few hours of damage and then decrease gradually until a complete
loss, matching cell death time [29,51].

While hydrogen peroxide is less reactive, it can form different reactive hydroxyl radi-
cals in the presence of iron ions, starting lipid peroxidation cascades in the cell membrane.
This oxidative stress is a major problem in neurodegenerative diseases and one of their
major causes [69,70]. Neurosteroids have shown the ability to attenuate these oxidative
stress processes, decreasing ROS levels in injuries caused by oxidative stress in partic-
ular [71,72]. This aligns with the results reported by Capani et al. [73]. In a perinatal
asphyxia model, they found increased H2O2 production—likely related to an increase in
the dynamics of superoxide transfer and transformation—preventing the harmful accu-
mulation of this more dangerous species. Superoxide species conversion to less reactive
forms like hydrogen peroxide and water helps cells achieve a more stable physiological
state during injury [72,74]. However, this ROS increase, like membrane hyperpolarization,
is not sustained throughout the injury period. As cellular energy levels have decreased
because of a cellular energy shortage, the cell has shifted to other energy sources like fatty
acid oxidation or glycogenolysis in the early hours of insult [75], which may explain the
changes in ROS production in this study.

The mitochondrial role in cell death depends on the control of energy metabolism, ROS
production, and the release of apoptotic factors into the cytoplasm. Cytochrome C is the
most prominent pro-apoptotic factor [19], and mitochondrial apoptosis-inducing proteins
like endonuclease G, Smac/DIABLO, and Omi/HtrA have also been described to play
a significant role in apoptosis regulation. These pro-apoptotic factors are not necessarily
released through mitochondrial permeability transition pores (MPT). This suggests that
changes in ∆ψm are directly related to cellular necrosis and apoptosis [76]. Our results
showed raloxifene preserved mitochondrial membrane potential in cells exposed to oxygen
and glucose deprivation, in agreement with Vesga-Jiménez et al. [51], who reported that
raloxifene protected astrocytes from oxidative stress.

One of the most critical targets is cardiolipin, a phospholipid found in the inner mito-
chondrial membrane. It is crucial for the insertion into the membrane and the function of
cytochrome C, cytochrome C oxidase, and other phosphorylation complexes. It is required
for the optimal functioning of complex I (NADH: ubiquinone reductase), complex III
(NADH: ubiquinone cytochrome C oxidoreductase), complex IV (cytochrome C oxidase),
and complex V (ATP synthase). Changes in phospholipid structure can lead to mitochon-
drial dysfunction, as the integrity of cardiolipin depends on it. However, its high content
of fatty acids makes it susceptible to ROS-induced damage [77–79]. Considering the above,
the findings in this study may help understand the reasons behind the mitochondrial
dysfunction observed.

Figure 5 shows how OGD/R affected T98G cells’ mitochondrial mass at different
insult-exposure times. Raloxifene preserved cells from mitochondrial mass loss, disclosing
another edge of its neuroprotective effects. The decrease in ROS production has been found
to mediate this effect [79].

In sum, understanding whether and how OGD/R damage contributes to disease
could explain why hypoxic–ischemic brain injury is a complex concurrence of simultaneous
processes and how it may be approached to enhance the therapeutic effects of neuropro-
tective treatments. The outcome of this part of the study shows that raloxifene exerted
neuroprotective effects on T98G astrocytic cells exposed to hypoxia-reoxygenation injury.
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The survival of these cells in the OGD/R model suggests astrocytes might participate in
the protective effects of these neurosteroids in hypoxia-ischemia injury. Further studies
will determine if the present findings can be extrapolated to an in vivo model.

4. Materials and Methods
4.1. T98G Cell Cultures

T98G cell line was used as an astrocytic cell model system (ATCC CRL-1690) [80–82].
Cells were kept under exponential growth in Dulbecco’s modified Eagle’s medium (DMEM)
(LONZA, Walkersville, MD, USA), containing 10% fetal bovine serum (FBS, LONZA,
Walkersville, MD, USA), and 10 U penicillin/10 µg streptomycin/25 ng amphotericin
(LONZA, Walkersville, MD, USA). The medium was changed three times a week. Cultures
were incubated at 37 ◦C in a humidified atmosphere containing 5% carbon dioxide and
95% oxygen. Cells were seeded in 96-well plates for cell death measurement, 12-well plates
for flow cytometry determinations, and 24-well plates for tetra-methyl rhodamine methyl
ester (TMRM) and fluorescence measurements and microphotographs. The mean cell
area was assessed by analyzing black-and-white phase contrast microphotographs using
ImageJ software, version 1.54j. Using ImageJ, the area of each randomly selected cell was
determined, and the software was calibrated by measuring a known distance. The average
cell area was determined for every experimental group, each measured in triplicate, with at
least 25 cells analyzed per condition.

4.2. Drug Treatments

To determine raloxifene concentrations to be tested on T98G cells, dose-response
curves were performed. Cells were trypsinized for 3 min at 37 ◦C, and DMEM medium was
added for trypsin inactivation. The cells were transferred to a 15 mL centrifuge tube and
centrifuged at 1700 rpm for 5 min. The supernatant was discarded, and the cell pellet was
resuspended in 1 mL of medium. Around 100,000 cells/well were seeded in a 24-well plate
with a final volume of 500 µL/well. The plate was incubated at 37 ◦C and 5% CO2 until
reaching 80% confluence. Next, the cell medium was replaced with serum-free DMEM and
incubated for 12 h. Once this time was completed, the cells were treated with a DMEM
medium without glucose supplemented with raloxifene at concentrations of 10, and 100 nM
during the metabolic insult hours of glucose and oxygen deprivation, as well as during the
reoxygenation period. Neurosteroid solutions were prepared by diluting a 100 µM stock
drug solution in DMSO in a glucose-free DMEM medium to achieve a concentration of
0.0001% of the vehicle.

4.3. Oxygen and Glucose Deprivation

To induce oxygen–glucose deprivation, T98G cells were first washed three times with
a glucose-free DMEM solution, then treated with glucose-free DMEM and incubated at
37 ◦C in a hypoxia chamber (Stemcell) with 1% O2 for 3, 6, 12, and 24 h. Control cultures
were treated with DMEM medium under normoxic conditions for the same incubation
times. Then, the hypoxic cells were subjected to reoxygenation under normoxic conditions
with both oxygen and glucose.

4.4. Cell Viability Assessment

Cell viability was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium) assay (Sigma, St. Louis, MI, USA). Cells were seeded in 96-well plates
in DMEM culture medium containing 10% fetal bovine serum at a seeding density of
10,000 cells per well and incubated for 2–3 days until reaching confluence. Subsequently,
cells were treated according to different experimental schemes. Viability was assessed after
oxygen and glucose deprivation/reoxygenation (OGD/R) by adding an MTT solution at
a final concentration of 5 mg/mL for 4 h at 37 ◦C. Cells were then lysed by the addition
of dimethyl sulfoxide (DMSO). The resulting blue formazan product was measured using
a plate reader at 595 nm (spectrophotometer GloMax® Discover Multimode Microplate
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Reader, Promega Corporation, Madison, WI, USA). The values were normalized to the
control cultures without oxygen and glucose deprivation, which were considered to have
100% cell survival. Each assay was performed with a minimum of 18 replicated wells for
each condition, with three replicates per experiment. Cell morphology was qualitatively
analyzed using a phase contrast microscope to evaluate cell shape changes after OGD/R
insult in T98G cells (Fluorescence NIKON Eclipse Ti-E PF microscope, Tokyo, Japan).

4.5. Reactive Oxygen Species (ROS) Production Determination

Cells were seeded at a density of 75,000 cells per well into 12-well plates in DMEM
culture medium containing 10% FBS and then treated according to the experimental proce-
dure the next day. Hydrogen peroxide (H2O2) and superoxide production in cells exposed
to OGD were measured using 2′,7′-Dichlorofluorescein Diacetate (DCFDA) at 1 nM and
Dihydroethidium (DHE), respectively. Cells were incubated with the compounds at 37 ◦C
for 30 min in the dark, washed with 1X PBS, and trypsinized for flow cytometry analysis
(Becton Dickinson FACS Calibur cytometer, Franklin Lakes, NJ, USA). Each assay was
performed with six replicates for each condition and 3 repetitions. The cells were observed
using fluorescence microscopy, and photomicrographs were taken. The experiment was
performed in quintuplicate.

4.6. Mitochondrial Membrane Potential Determination

Mitochondrial membrane potential was measured by flow cytometry using Tetram-
ethyl Rhodamine Methyl Ester (TMRM). TMRM is a fluorescent cationic probe that per-
meates the cell and is taken up by active mitochondria [44]. Following treatment with
neurosteroids and OGD/reoxygenation, T98G cells were incubated with a 500 nM TMRM
solution in the absence of light at 37 ◦C for 20 min. After the incubation period, the probe
was removed, and the cells were washed with 1X PBS three times to remove residual TMRM.
Cells treated with 10 nM of the uncoupling protonophore carbonyl cyanide m-chlorophenyl
hydrazone (CCCP, Sigma, St. Louis, MI, USA) were used as a mitochondrial oxidative
phosphorylation inhibition experimental control. CCCP dissipates the mitochondrial mem-
brane potential, providing a baseline for analysis. The quantitative analysis was evaluated
by flow cytometry (Becton Dickinson FACS Calibur cytometer, Franklin Lakes, NJ, USA),
and the cells were observed using fluorescence microscopy, and photomicrographs were
taken. The experiment was performed in quintuplicate.

4.7. Mitochondrial Mass Determination

Mitochondrial mass was determined using Acridine Orange Nonyl (NAO) and quan-
titative analysis by flow cytometry and fluorescence microphotographs. After completion
of the OGD insult and reoxygenation time, cells were washed three times with 1X PBS.
Then, cells were trypsinized and transferred to centrifuge tubes with fetal bovine serum to
inactivate the enzyme. The cells were centrifuged at 4500 rpm for 5 min and resuspended
in a solution containing the light-protected NAO compound. Quantitative analysis was
performed by flow cytometry (Becton Dickinson FACS Calibur cytometer) and fluorescence
microscopy analysis. For 6 h OGD and 3 h reoxygenation conditions, flow cytometry was
used, and for 6 h OGD and 3 h and 6 h reoxygenation conditions, fluorescence microscopy
was used. For fluorescence microscopy analysis, cells were fixed with 4% paraformaldehyde
(PFA) as described previously and stained with NAO. The cells were observed using fluo-
rescence microscopy, and photomicrographs were taken. The experiment was performed in
quintuplicate. The images were processed with Image J software, and the mean fluorescence
intensity of randomly selected cells was determined as described below. The calculation
of the mean fluorescence intensity of the cells was assessed using ImageJ. The micropho-
tographs were opened in the software and pre-processed, eliminating the background.
Then, 20 cells were randomly selected using a numbered grid in each microphotograph.
The mean fluorescence value of the 20 cells was determined in 8 microphotographs for
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each treatment using the Measure algorithm of ImageJ and selecting each cell manually via
ROI’s management. There were no variations in the conditions of the image processing.

4.8. Statistical Analysis

The Kolmogorov–Smirnov and Levene’s tests were used to evaluate the normal dis-
tribution and homogeneity of variance, respectively. Data were examined by analysis
of variance, followed by the post hoc Dunnet’s test for between-group comparisons and
Tukey’s test for multiple comparisons. Data are expressed as the mean ± SEM. A statisti-
cally significant difference was set at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms252212121/s1.

Author Contributions: Conceptualization, N.T.-U., J.P.L. and F.C.; methodology, N.T.-U., J.P.L.
and S.B.; formal analysis, N.T.-U., J.P.L., T.K., L.U. and S.B.; investigation, N.T.-U., J.P.L. and S.B.;
writing—original draft preparation, N.T.-U., J.P.L. and S.B.; writing—review and editing, M.O.-L.;
visualization, M.O.-L.; supervision, M.O.-L. and F.C.; funding acquisition, F.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Consejo Nacional de Investigaciones Científicas y Técnicas.
(CONICET) (UBACYT 2014–2017), PIP CONICET (2015–2018), and PICT-ANPCYT 2018–2021.

Institutional Review Board Statement: Not applicable as the study involved no humans or animals.

Informed Consent Statement: Not applicable as the study involved no humans.

Data Availability Statement: Research data are available and shared in this study.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Herrera-Marschitz, M.; Morales, P.; Leyton, L.; Bustamante, D.; Klawitter, V.; Espina-Marchant, P.; Allende, C.; Lisboa, F.;

Cunich, G.; Jara-Cavieres, A.; et al. Perinatal asphyxia: Current status and approaches towards neuroprotective strategies, with
focus on sentinel proteins. Neurotox Res. 2011, 19, 603–627. [CrossRef] [PubMed]

2. Galeano, P.; Romero, J.I.; Luque-Rojas, M.J.; Suárez, J.; Holubiec, M.I.; Bisagno, V.; Santín, L.J.; De Fonseca, F.R.; Capani, F.;
Blanco, E. Moderate and severe perinatal asphyxia induces differential effects on cocaine sensitization in adult rats. Synapse 2013,
67, 553–567. [CrossRef]

3. Herrera, M.I.; Udovin, L.D.; Toro-Urrego, N.; Kusnier, C.F.; Luaces, J.P.; Capani, F. Palmitoylethanolamide ameliorates hip-
pocampal damage and behavioral dysfunction after perinatal asphyxia in the immature rat brain. Front. Neurosci. 2018, 12, 145.
[CrossRef] [PubMed]

4. Udovin, L.D.; Kobiec, T.; Herrera, M.I.; Toro-Urrego, N.; Kusnier, C.F.; Kölliker-Frers, R.A.; Ramos-Hryb, A.B.; Luaces, J.P.;
Otero-Losada, M.; Capani, F. Partial Reversal of Striatal Damage by Palmitoylethanolamide Administration Following Perinatal
Asphyxia. Front. Neurosci. 2020, 13, 1345. [CrossRef]

5. Saraceno, G.E.; Caceres, L.G.; Guelman, L.R.; Castilla, R.; Udovin, L.D.; Ellisman, M.H.; Brocco, M.A.; Capani, F. Consequences of
excessive plasticity in the hippocampus induced by perinatal asphyxia. Exp. Neurol. 2016, 286, 116–123. [CrossRef] [PubMed]

6. Saraceno, G.E.; Bellini, M.J.; Garcia-Segura, L.M.; Capani, F. Estradiol Activates PI3K/Akt/GSK3 Pathway Under Chronic
Neurodegenerative Conditions Triggered by Perinatal Asphyxia. Front. Pharmacol. 2018, 9, 335. [CrossRef]

7. Perez-Lobos, R.; Lespay-Rebolledo, C.; Tapia-Bustos, A.; Palacios, E.; Vío, V.; Bustamante, D.; Morales, P.; Herrera-Marschitz, M.
Vulnerability to a Metabolic Challenge Following Perinatal Asphyxia Evaluated by Organotypic Cultures: Neonatal Nicotinamide
Treatment. Neurotox. Res. 2017, 32, 426–443. [CrossRef]

8. Barkhuizen, M.; van den Hove, D.; Vles, J.; Steinbusch, H.; Kramer, B.; Gavilanes, A. 25 years of research on global asphyxia in
the immature rat brain. Neurosci. Biobehav. Rev. 2017, 75, 166–182. [CrossRef]

9. Lespay-Rebolledo, C.; Perez-Lobos, R.; Tapia-Bustos, A.; Vio, V.; Morales, P.; Herrera-Marschitz, M. Regionally Impaired Redox
Homeostasis in the Brain of Rats Subjected to Global Perinatal Asphyxia: Sustained Effect up to 14 Postnatal Days. Neurotox. Res.
2018, 34, 660–676. [CrossRef]

10. Lespay-Rebolledo, C.; Tapia-Bustos, A.; Bustamante, D.; Morales, P.; Herrera- Marschitz, M. The Long-Term Impairment in
Redox Homeostasis Observed in the Hippocampus of Rats Subjected to Global Perinatal Asphyxia (PA) Implies Changes in
Glutathione-Dependent Antioxidant Enzymes and TIGAR-Dependent Shift Towards the Pentose Phosphate Pathways: Effect of
Nicotinamide. Neurotox. Res. 2019, 36, 472–490. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms252212121/s1
https://doi.org/10.1007/s12640-010-9208-9
https://www.ncbi.nlm.nih.gov/pubmed/20645042
https://doi.org/10.1002/syn.21660
https://doi.org/10.3389/fnins.2018.00145
https://www.ncbi.nlm.nih.gov/pubmed/29662433
https://doi.org/10.3389/fnins.2019.01345
https://doi.org/10.1016/j.expneurol.2016.08.017
https://www.ncbi.nlm.nih.gov/pubmed/27578426
https://doi.org/10.3389/fphar.2018.00335
https://doi.org/10.1007/s12640-017-9755-4
https://doi.org/10.1016/j.neubiorev.2017.01.042
https://doi.org/10.1007/s12640-018-9928-9
https://doi.org/10.1007/S12640-019-00064-4


Int. J. Mol. Sci. 2024, 25, 12121 14 of 16

11. Holubiec, M.I.; Romero, J.I.; Suárez, J.; Portavella, M.; Fernández-Espejo, E.; Blanco, E.; Galeano, P.; de Fonseca, F.R. Palmi-
toylethanolamide prevents neuroinflammation, reduces astrogliosis and preserves recognition and spatial memory following
induction of neonatal anoxia-ischemia. Psychopharmacology 2018, 235, 2929–2945. [CrossRef] [PubMed]

12. Herrera-Marschitz, M.; Neira-Pena, T.; Rojas-Mancilla, E.; Espina-Marchant, P.; Esmar, D.; Perez, R.; Muñoz, V.; Gutierrez-Hernandez, M.;
Rivera, B.; Simola, N.; et al. Perinatal asphyxia: CNS development and deficits with delayed onset. Front. Cell. Neurosci. 2014, 8, 47.
[CrossRef] [PubMed]

13. Ahearne, C.E.; Boylan, G.B.; Murray, D.M. Short- and long-term prognosis in perinatal asphyxia: An update. World J. Clin. Pediatr.
2016, 5, 67–74. [CrossRef] [PubMed]

14. Galeano, P.; Blanco, E.; Logica Tornatore, T.M.A.; Romero, J.I.; Holubiec, M.I.; Rodríguez de Fonseca, F.; Capani, F. Life-long
environmental enrichment counteracts spatial learning, reference and working memory deficits in middle-aged rats subjected to
perinatal asphyxia. Front. Behav. Neurosci. 2015, 8, 406. [CrossRef]

15. Johne, M.; Käufer, C.; Römermann, K.; Gailus, B.; Gericke, B.; Löscher, W. A combination of phenobarbital and the bumetanide
derivative bumepamine prevents neonatal seizures and subsequent hippocampal neurodegeneration in a rat model of birth
asphyxia. Epilepsia 2021, 62, 1460–1471. [CrossRef]

16. Pugliese, V.; Bruni, A.; Carbone, E.A.; Calabrò, G.; Cerminara, G.; Sampogna, G.; Luciano, M.; Steardo, L., Jr.; Fiorillo, A.;
Garcia, C.S.; et al. Maternal stress, prenatal medical illnesses and obstetric complications: Risk factors for schizophrenia spectrum
disorder, bipolar disorder and major depressive disorder. Psychiatry Res. 2019, 271, 23–30. [CrossRef]

17. Modabbernia, A.; Mollon, J.; Boffetta, P.; Reichenberg, A. Impaired Gas Exchange at Birth and Risk of Intellectual Disability and
Autism: A Meta-analysis. J. Autism Dev. Disord. 2016, 46, 1847–1859. [CrossRef]

18. Perna, R.; Cooper, D. Perinatal cyanosis: Long-term cognitive sequelae and behavioral consequences. Appl. Neuropsychol. Child.
2012, 1, 48–52. [CrossRef]

19. Toro-Urrego, N.; Avila-Rodriguez, M.; Herrera, M.I.; Aguilar, A.; Udovin, L.; Luaces, J.P. Neuroactive Steroids in
Hypoxic–Ischemic Brain Injury: Overview and Future Directions. In Neuroprotection-New Approaches Prospects; Otero-Losada, M.,
Capani, F., Perez Lloret, S., Eds.; IntechOpen: London, UK, 2020. [CrossRef]

20. Detka, J.; Kurek, A.; Kucharczyk, M.; Głombik, K.; Basta-Kaim, A.; Kubera, M.; Lasoń, W.; Budziszewska, B. Brain glucose
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