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Abstract Obesity has been associated with increased chronic
neuroinflammation and augmented risk of neurodegeneration.
This is worsened during the normal aging process when the
levels of endogenous gonadal hormones are reduced. In this
study, we have assessed the protective actions of tibolone, a
synthetic steroid with estrogenic actions, on T98G human
astrocytic cells exposed to palmitic acid, a saturated fatty acid
used to mimic obesity in vitro. Tibolone improved cell surviv-
al, and preserved mitochondrial membrane potential in
palmitic acid-treated astrocytic cells. Although we did not find
significant actions of tibolone on free radical production, it
modulated astrocytic morphology after treatment with
palmitic acid. These data suggest that tibolone protects astro-
cytic cells by preserving both mitochondrial functionality and
morphological complexity.
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Introduction

Astrocytes play an important role in controlling brain homeosta-
sis. These cells control the extracellular levels of potassium,
water, and neurotransmitters (glutamate, GABA, and glycine)
[1], regulate blood flow, transport glucose from the vasculature
[2], and release neurotrophic factors, such as the brain-derived
neurotrophic factor (BDNF), energy substrates, and
neurosteroids [3]. Also, astrocytes participate in forming neuro-
glia networks and information processing [4]. In addition, astro-
cytes are key regulators of inflammatory processes in the brain,
although their role on neuroinflammation is somehow contro-
versial. For example, the anti-inflammatory actions of astrocytes
involve the activation of transcription factors and receptors, such
as the signal transducer and activator of transcription 3 (STAT3),
BDNF, estrogen receptor o« (ERe), and transforming growth
factor 3 receptor (TGF3R), which are involved in protective
pathways associated to anti-inflammatory cytokine release, re-
duced astrogliosis, and increased neuronal survival. Conversely,
NF-kB transcription factor, sphingosine 1-phosphate (S1P), and
interleukin 17 receptor (IL7R) activation are involved with det-
rimental pathways, which are related with enhanced astrogliosis,
cytokine release, neuronal death, and oxidative stress [5].
Pathological activation of astrocytes signaling pathways is in-
volved in neurodegenerative conditions such as Alzheimer’s dis-
ease (AD) and Parkinson’s disease (PD), stroke [6], and psychi-
atric diseases such as schizophrenia [7] and major depression
disorder [8].

Previously, we have used T98G cells, which is a cell line
widely assessed as astrocytic model. T98G cells have similar
morphological and functional characteristics of that of human
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Table 1  Studies demonstrating effects of tibolone in the CNS
Cellular or animal model ~ Results Reference
Cynomologous monkeys High-dose tibolone showed a decrease in 5-HT levels in the frontal [54]
cortex from ovariectomized cynomologous monkeys.
Arcuate neurons from  Tibolone and 33-OH attenuate GABAR response by means of a membrane [55]
female guinea pigs ER different from ERx and ERf3.
Female Wistar rats Tibolone reduced lipid peroxidation in the brain cortex and hippocampus [56]
of ovariectomized female.
Neurons from neonatal rats  Tibolone prevented cell death, increasing of GSH and a decreasing of GSSG, [57]
(10-day-old) and male reduced protein oxidative damage produced by buthionine sulfoximine. Tibolone also
rats of Wister line increased HSP70 expression.
CA3 pyramidal neuron  Tibolone partially reduced loss of the CA3 pyramidal neuron induced by chronic [58]
from male Wistar rats O3 exposure. It reduced peroxidation and protein oxidation and prevented
cognitive deficits in rats.
Male Wistar rats Tibolone increased SOD2 expression in rats with and without ozone exposure. [59]
It increased choline acetyltransferase and reduce damage induced on memory.
Astrocytes (T98G) Tibolone decreased calcium levels in glucose deprived cells and preserved [38]
mitochondrial membrane potential.
CA1 pyramidal neurons  Tibolone reverses the spine pruning in CA1 pyramidal neurons caused by ovariectomy [60]
from Sprague Dawley but it did not reduce lipid peroxidation.
rats
Astrocytes (T98G) and pri- Tibolone protects astrocytes from damage by glucose deprivation through estrogen [21]
mary mouse receptor beta and an increasing neuroglobin expression.
astrocytes

5-HT 5-hydroxytryptamine, 33-OH 3b-hydroxytibolone, ERc estrogen receptor «, ER(3 estrogen receptor (3, GABA 3 gamma-aminobutyric acid B, GSH
reduced glutathione, GSSG oxidized glutathione, HSP70 70 kilodalton heat shock protein, SOD2 superoxide dismutase 2

astrocytes, and have been shown to expresses GFAP (glial
fibrillary acidic protein), nestin, and vimentin [9]. Therefore,
this cell line is considered as a biological model to evaluate
new therapeutic strategies and their molecular mechanisms
affecting astrocyte function [10—13].

Estradiol is a neuroprotective hormone that reduces neuro-
inflammation and regulates the activation of astrocytes [14,
15]. However, the use of estradiol as a neuroprotectant is lim-
ited by its peripheral hormonal actions. Tibolone is a steroid
with estrogenic, progestogenic, and androgenic activities,
which are mediated by its three metabolites, 3x-, 33-OH-
tibolone, and A4-isomer [16]. It has been described that
tibolone has beneficial effects on the bone, vagina, and brain,
and it is used as treatment for climacteric symptoms and oste-
oporosis prevention [17]. Tibolone is classified as a selective
tissue estrogenic activity regulators (STEARs) by its different
actions on enzyme regulation, receptor activation, and metab-
olism. For example, it has been demonstrated that tibolone
inhibits steroid sulphatase activity in breast cancer cells, but
not on cell lines derived from bone tissue [18]. Furthermore, it
has been observed that tibolone and its 3-hydroxy metabolites
have agonist actions on estrogen receptor in astrocytes [19].
The use of STEARS such as tibolone might provide an alter-
native therapeutic approach to the use of estradiol to regulate
reactive astrogliosis [20, 21]. A growing number of studies
have analyzed the effects of tibolone on neurons and astro-
cytes (Table 1). Previously, Avila et al. found that tibolone
protects astrocytes from damage induced by glucose
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deprivation, and the authors demonstrated that neuroglobin
is involved in its protective effects [21].

Obesity has been related with inflammation-induced cog-
nitive impairment [8] and with an increased risk for neurode-
generative diseases [22, 23]. High-fat diet in animals alters
blood glucose, insulin sensitivity, and cytokine expression
[24]. Besides, it has been found that the peripheral immune
cells, from mice fed with high-fat diet to induce obesity, can
enter to the central nervous system (CNS) and induce neuro-
inflammation [25]. Glial properties are modified by high-fat
diet. For instance, cortical glia derived from adult mice fed
with high-fat diet provided less support for the growth and
viability of primary embryonic cortical neurons than cortical
glia derived for animals fed with control diet [24]. Fatty acids,
which are elevated in obese people [26], can cross the blood
brain barrier and contribute to modify the function of glial
cells, thus increasing neuroinflammation [27, 28]. In the pres-
ent study, we used palmitic acid, a saturated fatty acid, to
mimic obesity-induced neuroinflammation in vitro. Palmitic
acid is the most abundant lipid in the diet and can be generated
by cells through a de novo synthesis pathway [29]. This fatty
acid induces the expression of cytokines and reduces cellular
viability in astrocytes and neurons [30, 31], activating inflam-
matory signals [32] and inducing cytotoxicity [33].
Additionally, palmitic acid can induce apoptosis in astrocytes
by upregulating serine palmitoyltransferase subunits [34].
Furthermore, the levels of this fatty acid are increased in the
parietal neocortex from patients with AD [35], suggesting that
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it could play an important role in neurodegenerative diseases.
Altogether, these studies suggest that palmitic acid is involved
in the effects of high-fat diet in the brain [36]. The aim of this
study was to determine the possible effects of tibolone on
astrocytic alterations induced by palmitic acid.

Materials and Methods
Cell Culture

T98G human astrocytoma cell line was purchased from the
American Type Culture Collection (ATCC® CRL-1690™)
(Manassas, VA, USA). T98G cell line has been used in several
studies as a biological model to evaluate astrocyte character-
istics and functions [10-13, 21, 37—40]. Cells were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM) high
glucose (Lonza, Walkersville, USA) supplemented with 10%
fetal bovine serum (FBS) (Eurobio, France) and 10 U penicil-
lin/10 mg streptomycin/25 ng amphotericin (Lonza,
Walkersville, USA). Cell cultures were incubated at 37 °C
under a 5% CO, atmosphere.

Tibolone Pretreatment

T98G cells were seeded in multi-plates using DMEM supple-
mented with FBS, and cell growth was allowed for 24 h (h).
Before tibolone treatment, serum starvation was performed for
24 h using DMEM without L-glutamine, serum, and phenol
red (Lonza, Walkersville, USA). A stock of 40 mM tibolone
(Sigma, St Louis, MO, USA) was prepared in 100% DMSO
(Sigma, St Louis, MO, USA). Later, tibolone was diluted in
DMEM without L-glutamine, serum, and phenol red (Lonza,
Walkersville, USA). Cells were treated with several concen-
trations of tibolone to determine the optimal dose conditions
for 24 h before the treatment with palmitic acid. A vehicle
containing 0.2% DMSO was used as control of tibolone.
Once tibolone pretreatment was finalized, the medium was
replaced by 1 mM palmitic acid or control (2.5% BSA and
2 mM carnitine) for 24 h.

Palmitic Acid Treatment

We first evaluated the concentration of palmitic acid by which
T98G cells viability was found reduced by ~50%. On the
same day of treatment, we prepared a mixture containing 5%
bovine serum albumin (BSA) (Sigma, St Louis, MO, USA),
2 mM palmitic acid (Sigma, St Louis, MO, USA), 2 mM
carnitine (Sigma, St Louis, MO, USA), and DMEM without
L-glutamine, serum, and phenol red (Lonza, Walkersville,
USA). Carnitine was used to allow palmitic acid entry to the
mitochondria [41]. We tested the following concentrations of
palmitic acid: 100, 200, 500, and 750 uM and 1 mM for 24 h.

The maximum concentration of BSA used was 2.5%, and in
all experiments, we used 2 mM carnitine. Control group
consisted in 2.5% BSA and 2 mM carnitine dissolved in se-
rum and phenol red-free DMEM.

Cell Viability Analysis

For the viability analysis, we used MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) and
propidium iodide test. MTT assay was performed according
to previous protocol [21, 39]. When the treatment time was
completed, MTT reagent at final concentration of 0.5 mg/ml
was added to the cells for 3 h in the dark in a 37 °C, 5% CO,
humidified incubator. Finally, formazan crystals were dis-
solved in DMSO 100%, and absorbance was evaluated in a
FLUOstar Omega microplate reader at 595 nm (BMG
LABTECH, Ortenberg, Germany). Absorbance values were
normalized to the control (2.5% BSA), which was considered
as 100% survival. Additionally, we also used propidium io-
dide (Sigma, St Louis, MO, USA) for viability analysis. Once
the treatment time was completed, cells were detached using
500 mg/L trypsin with 200 mg/L. EDTA (Lonza, Walkersville,
USA) and then, cells were resuspended in PBS 1X. Staining
was performed using 10 pg/ml propidium iodide for 15 min
[21]. Analysis of propidium iodide uptake was done by means
of flow cytometry using the Guava EasyCyte cytometer
(Millipore, MA, USA). Data was expressed in terms of per-
centage of uptake.

Mitochondrial Functionality Analysis

We employed flow cytometry to evaluate mitochondrial mem-
brane potential by means of tetramethylrhodamine methyl
(TMRM) dye [42] and mitochondrial mass using nonyl acri-
dine orange (NAO) dye [43]. Firstly, cells were stained with
500 nM TMRM (Sigma, St Louis, MO, USA) or 200 nM
NAO (Sigma, St Louis, MO, USA) for 30 min in the dark in
a 37 °C, 5% CO, humidified incubator. Later, cells were de-
tached and resuspended in PBS 1X. Analysis of fluorescence
was performed in the Guava EasyCyte cytometer (Millipore,
MA, USA) using yellow (TMRM) and green (NAO) channel
[13, 21]. Data was expressed as mean fluorescence.

Reactive Oxygen Species (ROS) Production

We assessed the effect of tibolone and palmitic acid on ROS
production by means of dihydroethidium (DHE), which eval-
uates superoxide ion and 20,70-dichlorofluorescein diacetate
(DFCDA), which evaluates oxygen peroxide (H,0,), as pre-
viously described [13, 38, 39]. When the paradigm of pretreat-
ment and insult culminated, the cells were stained with 10 uM
DHE (Sigma, St Louis, MO, USA) or 10 uM DFCDA
(Sigma, St Louis, MO, USA) for 25 min in the dark in a
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37 °C, 5% CO, humidified incubator. Finally, fluorescence
was analyzed using a FLUOstar Omega microplate reader
for DHE (excitation 480 nm/ emission 580 nm) (BMG
LABTECH, Ortenberg, Germany) and flow cytometry was
performed in the Guava EasyCyte cytometer (Millipore,
MA, USA) using green channel for DFCDA. Data was
expressed as mean fluorescence.

Morphological Analysis

First, bright-field images for each treatment were acquired
randomly using a %40 objective in a Zeiss inverted micro-
scope (Carl Zeiss Microscopy, LLC, USA). Images were proc-
essed with the Image] software (Wayne Rasband, National
Institutes of Health, Bethesda). RGB images were converted
to grayscale (8-bit image) and then transformed to binary out-
line using threshold and dilation method [44, 45]. We carried
out a fractal dimension analysis, which was realized using
fractal box counting method in ImagelJ software, and we used
binary images corresponding to the outlines of the cells. Box
counting method calculates the Db value, which is determined
by the number of boxes required to cover the image. The Db is
the slope of the regression line for the log-log plot of box size
(A. Karperien, Charles Sturt University, Australia) [46, 47].
Additionally, we evaluated convex hull-derived parameters
(circularity, perimeter, and area) by means of hull and circle
plugin in ImageJ software (A. Karperien, Charles Sturt
University, Australia and T R. Roy, University of Alberta,
Canada). Data were acquired from at least three independent
cultures with a minimum of 20 cells for each condition.

Statistical Analysis

In the present study, the GraphPad Prism version 6.0 for
Windows (GraphPad Software, La Jolla, CA, USA) (www.
graphpad.com) was used for all analysis. Data were
recollected from at least three independent experiments.
Data are shown as mean = SEM. One-way ANOVA test was
used to evaluate significant differences between treatments.
Post hoc analysis was performed using Tukey’s test. A p val-
ue < 0.005 was considered significant.

Results

Effects of Tibolone and Palmitic Acid on T98G Cell
Viability

We first determined the IC50 by which 1 mM palmitic acid
was able to reduce cell viability by ~50% (Fig. 1a). We ob-
served a direct correlation of increasing concentrations of
palmitic acid and diminished cell viability. This result was
confirmed by PI assay, where the percentage of PI uptake
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for control was 8.1%, while for 250 uM palmitic acid was
9.6% and for 1 mM palmitic acid was 30% (Fig. 1b,
p < 0.0001). Once the concentration of palmitic acid was
determined, we proceeded to evaluate several concentrations
of tibolone under conditions of pretreatment for 24 h, accord-
ing to our previous studies [21, 38]. Our findings indicated
that 70 and 50 uM tibolone induced an increase of 16%
(p = 0.0229) and 18% (p = 0.0055) on cell viability, respec-
tively (Fig. 2a). It is important to note that we used 0.2%
DMSO as control for tibolone, and no significant alterations
on cell viability were observed (Fig. 2a). Moreover, PI uptake
was reduced by 44.4% (p = 0.0003) and 26.2% (p = 0.0042)
when cells are treated with 70 and 20 uM tibolone, respec-
tively, in comparison to 1 mM palmitic acid alone (Fig. 2b).
Since we observed significant differences in cell viability
when palmitic acid-treated cells were exposed to tibolone at
70, 50, and 20 uM, we used these parameters in next
experiments.

Effects of Tibolone and Palmitic Acid on Mitochondrial
Parameters

Next, we assessed the actions of tibolone and palmitic acid on
mitochondrial membrane potential (Alm), ROS production,
and mitochondrial volume/mass. We observed that palmitic
acid reduced by 56.1% (p = 0.0013) the mitochondrial mem-
brane potential (Fig. 3a), and that tibolone at 70 uM
(p = 0.002), 50 uM (p = 0.0003), or 20 uM (p = 0.0138)
attenuated the loss of Alpm in palmitic acid-treated astrocytic
cells. Similar results were observed when we evaluated mito-
chondrial mass using NAO, a dye that represents a measure-
ment of mitochondrial functionality, since it binds cardiolipin
only when the inner mitochondrial membrane is not altered
[48]. Our results indicated that 1 mM palmitic acid reduced
mitochondrial mass in a proportion of 50% (p = 0.0029) and
tibolone at all concentrations (p < 0.0001) preserved NAO
fluorescence in the presence of palmitic acid (Fig. 3b).

Since palmitic acid might induce ROS production in astro-
cytes [33], as well as in other cell types [49], we next mea-
sured its effects on hydrogen peroxide and superoxide in the
presence or absence of tibolone. No significant alterations on
hydrogen peroxide (Fig. 4a) or superoxide levels (Fig. 4b)
were observed when cells are treated with different doses of
tibolone in the presence of 1 mM palmitic acid.

Morphological Changes in T98G Cells After Tibolone
and Palmitic Acid Treatments

Previous studies have reported that morphological changes in
astrocytes are associated with CNS diseases [45]. Here, to
quantitatively assess astrocytic cell morphology under different
experimental paradigms, we performed fractal analysis of ran-
domly selected individual cells, and assessed fractal dimension,
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Fig. 1 Effects of palmitic acid on astrocytic cell viability. a MTT assay
was performed to evaluate the effect of several concentrations of palmitic
acid for 24 h on cell viability. It was observed that 1 mM palmitic acid
induced a reduction in cell survival in comparison to other concentrations.
b This result was later confirmed by assessing PI uptake, where astrocytic

circularity, convex hull (arbor area), cell area, and perimeter. As
shown in Fig. 5a, control cells showed a short and thin mor-
phology, a similar feature to cells that were exposed to both
70 uM tibolone and 1 mM palmitic acid. On the contrary, cells
treated with palmitic acid in absence of tibolone presented a
round and thick morphology. Fractal analysis revealed that
tibolone-treated cells had increased fractal dimension (Fig.
5b, p = 0.0077) and smaller circularity (Fig. 5¢, p < 0.0001).
Moreover, tibolone induced a non-significant 23.58% increase
in convex hull (Fig. 5d) and 24.2% increase in cell area (Fig.
5e) in comparison to cells treated with palmitic acid alone.
However, perimeter area increased by 21.31% (Fig. 5f,
p = 0.0005) in astrocytic cells under tibolone + palmitic acid
treatment when compared to palmitic acid alone.
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Fig. 2 Effects of pretreatment with tibolone on the viability of astrocytic
cells treated with palmitic acid. a Cells were pretreated for 24 h with
several concentrations of tibolone and then treated with palmitic acid.
We observed that cell viability by MTT assay was increased when
astrocytic cells are treated with tibolone at 70, 50, and 20 pM. b PI
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cells treated with 1 mM palmitic acid presented increased PI uptake
(p < 0.0001) in comparison with control and 250 uM palmitic acid.
Data show the mean + SEM of at least three independent experiments.
Control, 2.5% BSA and 2 mM carnitine

Discussion

Astrocytes are important for CNS homeostasis [50], since
these cells are involved in pro- and anti-inflammatory mech-
anisms during a pathological event [5]. For example, it has
been found that genes related with inflammation and mito-
chondrial function are differentially expressed in astrocytes
from postmortem tissue of patients with AD [51], as well as
for other diseases such as schizophrenia [52], PD, and major
depression [53]. For this reason, studies focused on the eval-
uation of potential therapeutic approaches aimed at attenuat-
ing damage in astrocytes have taken great importance. In the
present study, we assessed tibolone’s protective actions in
palmitic acid treated-astrocytes.

0.0042
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0.0060
50
<0.0001 0.0003

40+
Z 30
g
=
-
= 20-
N3

104
B

Control 1 mMPal 70 pM 50 M 20 pM

Tibolone + 1 mM Pal

uptake assay confirmed that pretreatment with 70 pM tibolone reduced
cell death, and this value is similar to that of control cells. Data show the
mean + SEM of at least three independent experiments. Control of
tibolone, 0.2% DMSO. Control of palmitic acid, 2.5% BSA and 2 mM
carnitine
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Fig.3 Analysis of mitochondrial parameters in astrocytic cells pretreated
with tibolone and treated with palmitic acid. Astrocytes were pretreated
with tibolone for 24 h and treated with 1 mM palmitic acid for 24 h. a
Mitochondrial membrane potential (A{m) was evaluated using TMRM
dye by means of flow cytometry. It was observed that tibolone at all
concentrations prevented the Alpm collapse induced by 1 mM palmitic

Although the protective effects of tibolone in the CNS are
well documented (Table 1) [21, 38, 54-60], its role on astrocytic
cells stressed with palmitic acid in vitro, a model assembling
obesity, and neuroinflammation, was not previously investigat-
ed. In this regard, first, we carried out a pretreatment with differ-
ent concentrations of tibolone, and our findings indicated that
this neuroactive steroid attenuated palmitic acid-induced cell
death and preserved AYm and cardiolipin levels altered by the
fatty acid. On the other hand, tibolone has shown to exert anti-
inflammatory actions [61], and as palmitic acid may induce ac-
tivation of immune signals in astrocytes [30], with the increasing
expression of cytokines TNF, IL-1B, and IL-6 [30, 32, 62], we
suggest that the regulation of cytokines could be involved in the
protective actions of this steroid. Nevertheless, further analyses
are necessary to elucidate the anti-inflammatory effects of
tibolone on astrocytes submitted to fatty acids.

Here, we show that palmitic acid reduced astrocytic cell
viability, which is in accordance to previous studies [30, 33,

15+
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:l> Mean Fluorescence (DFCDA)
n S
L L

T T T T T
Control 1 mMPal 70 pM 50 M 20 pM

Tibolone + 1 mM Pal

Fig. 4 Analysis of reactive oxygen species (ROS) production in astro-
cytic cells pretreated with tibolone and treated with palmitic acid. No
significant differences were observed in hydrogen peroxide (a) and
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acid. b Similar results were observed when analyzing mitochondria mass
using NAO. Although 1 mM palmitic acid dampened NAO fluorescence,
tibolone at 70, 50, and 20 uM prevented the reduction of cardiolipin by
palmitic acid (p < 0.0001). Data show the mean = SEM of at least three
independent experiments. Control, 2.5% BSA and 2 mM carnitine

63]. Palmitic acid can reduce cell viability through several
pathways. For example, palmitic acid, as other fatty acids,
can interact with mitochondrial carriers and lead to reduction
of mitochondrial membrane potential and, in turn, the opening
of the permeability transition pore (PTP), which generates per-
meabilization of inner mitochondrial membrane (IMM).
Likewise, increased ROS production by (3-oxidation process
can induce PTP opening [29]. This is noteworthy since we
observed that palmitic acid reduced Albm at 24 h, as shown
in several cellular models using palmitic acid [64, 65], includ-
ing in astrocytes [33]; however, this was not correlated to aug-
mented ROS production. In fact, in our study, palmitic acid did
not provoke an increase in the production of superoxide and
hydrogen peroxide levels, suggesting that it may induce cell
death independently of free radical generation [66]. In absence
of ROS production, it is possible that palmitic acid does not
enter mitochondria and undergo 3-oxidation process; rather, it
could increase de novo synthesis of ceramide [63, 67]. It has
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superoxide levels in cells treated with palmitic acid alone or in the pres-
ence of tibolone. Data show the mean + SEM of at least three independent
experiments. Control, 2.5% BSA and 2 mM carnitine
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Fig. 5 Effects of tibolone and palmitic acid on astrocytic cell
morphology. a Grayscale and binary representations of astrocytic cells
exposed to both palmitic acid and tibolone. b Fractal dimension analysis
showed that cells pretreated with tibolone had a level of complexity
higher than those cells exposed to palmitic acid only. ¢ Circularity
analysis demonstrated that astrocytes treated with palmitic acid were

been demonstrated that prolonged exposition to palmitic acid
inhibits AMPK (AMP-activated protein kinase) in several cel-
lular models [68, 69]. This inhibition leads to augmented
malonyl-CoA levels, which reduce (3-oxidation and enhance
fatty acid synthesis [70]. This hypothesis is consistent with

more round in comparison to tibolone + palmitic acid and control cells.
Palmitic acid induced a reduction in (d) convex hull, (e) cell area, and (f)
perimeter, while tibolone improved cell complexity in all three analyzed
parameters. Data are shown of at least three independent experiments.
Control, 2.5% BSA and 2 mM carnitine

previous findings, where the increasing phosphorylation of
AMPK can reduce de novo synthesis of ceramides and apopto-
sis triggered by palmitic acid in astrocytes [67]. Ceramides are
associated with apoptosis in astrocytes treated with palmitic
acid [63, 67] via release of cytochrome ¢ from mitochondria
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[71]. Likewise, our results showed that palmitic acid reduced
the level of cardiolipin in mitochondria from astrocytic cells.
Cardiolipin is involved in cellular bioenergetics by interacting
with several key proteins and complexes in the mitochondria
[48]. For example, it has been demonstrated that cardiolipin
interacts with cytochrome ¢, and that when cardiolipin levels
are decreased, cytochrome c is released, thus leading to apo-
ptosis [72]. We observed that tibolone prevented mitochondrial
alterations induced by palmitic acid. The mechanism of actions
of'tibolone in this model could involve anti-apoptotic pathways
by means of the activation of estrogen receptor [14], since we
previously demonstrated that inhibition of ER(3 prevented the
protective effects of tibolone in T98G cells [21].

Cell death involves several morphological alterations, in-
cluding cell shrinkage, and reduction of cell and arbor areas
[73]. Astrocytic cells have a great morphological diversity,
and rapidly respond to injury by altering morphology [74].
Therefore, in addition to the mitochondrial parameters, we
also assessed morphological changes in astrocytic cells treated
with tibolone and palmitic acid. First, we assessed the fractal
dimension, a measure that determines the cellular complexity.
To understand this parameter, values of fractal dimension are
increased when irregular shape increases, and values decrease
as cells become more round [47]. Our results indicated that
70 uM tibolone preserved astrocytic cell complexity since the
values of fractal dimension were higher in control and
tibolone + palmitic acid-treated cells than in cells treated with
palmitic acid alone. In Fig. 5a, it can be noted that cells from
control and tibolone + palmitic acid groups are irregular with
some cell processes, whereas cells treated with palmitic acid
are rounder. Reduction of cellular complexity (rounded cells
and reduced cellular processes) can alter gap junctions be-
tween astrocytes, and that can reduce interactions with neu-
rons and blood vessels, leading to impairment on cerebral
functionality [75]. We assessed several other parameters de-
rived from convex hull analysis. This analysis allowed us to
quantify the area that encompasses a cell, which is determined
by a polygon formed by connecting distal points of the cell
[44, 76]. Area of convex hull was reduced when cells were
exposed to palmitic acid and tibolone-improved arbor area in
the presence of palmitic acid, suggesting that tibolone pre-
serves astrocytic cell size. Additionally, another morphologi-
cal parameter analyzed was circularity, which determines how
round is a cell (values close to 1) or how increasingly elongat-
ed the polygon is (value close to 0) (A. Karperien, Charles
Sturt University, Australia and T R. Roy, University of
Alberta, Canada). It was found that astrocytic cells treated
with palmitic acid had a higher score on circularity than
tibolone + palmitic acid-treated cells. As observed in Fig.
Sa, astrocytic cells treated with palmitic acid are rounder,
which is reminiscent of apoptotic-like aspect [73]. The actions
of'tibolone on astrocytic morphology are similar to that shown
in a previous study, in which this steroid preserved astrocytic

@ Springer

cell area under glucose withdrawal [38]. These morphological
changes induced by palmitic acid and tibolone may rely on the
modulation of different astrocytic cytoskeleton proteins such
as GFAP, vimentin, and nestin [3, 77, 78].

In conclusion, here, we have shown that tibolone is protec-
tive against cell damage induced by palmitic acid. Further
studies are necessary to explore the mechanisms involved in
tibolone’s actions, and whether these effects are dependent on
the activation of different estrogen receptors.
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