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MOLECULAR MECHANISMS INVOLVED IN THE PROTECTIVE EFFECTS OF 

TIBOLONE IN ASTROCYTIC CELLS TREATED WITH PALMITIC ACID 

 

Abstract  

Obesity is associated with increased chronic neuroinflammation and with an augmented risk 

for neurodegeneration. This is worsened during the normal aging process when the levels of 

endogenous gonadal hormones are reduced. Tibolone is a synthetic steroid used for hormone 

therapy during postmenopausal period and it has estrogenic, progestogenic and androgenic 

effects. In clinical and preclinical studies, it has been observed that tibolone has antioxidant, 

anti-inflammatory and anti-depressive actions. However, its actions on astrocyte cells 

exposed to palmitic acid, a saturated fatty acid used to model obesity in vitro, are unknown. 

This PhD thesis demonstrates that tibolone prevents cell death and protects T98G cells 

against mitochondrial damage and morphological changes induced by palmitic acid. 

Tibolone effect on mitochondria was mediated by estrogen receptor β. The gene expression 

analysis showed that tibolone has an anti-inflammatory effect because of its actions on 

reducing the expression of IL6, IL1B and miR155-3p genes. Interestingly, tibolone 

attenuated the increased expression of genes involved in epigenetic mechanisms, such as 

DNA methylation (DNMT3B) and telomere-regulating genes (TERT, TERC) induced by 

palmitic acid. Finally, it was observed that telomerase (TERT) inhibition reduced the IL6 

expression in cells treated with palmitic acid and it interfered with the protective effect of 

tibolone on cell death. This study showed for the first time the main molecular mechanisms 

involved in tibolone effects in an obesity model in vitro. This thesis contributes with new 

knowledge about the molecular and cellular biology of the telomerase protein since it is the 

first work evaluating the role of TERT in tibolone and palmitic acid actions. These results 

demonstrate that tibolone has beneficial effects on astrocytic cells at the cellular and 

molecular level and suggest that tibolone might be a neuroactive steroid with therapeutic 

actions upon different diseases. However, future studies on in vivo models are necessary to 

evaluate the possible clinical application of tibolone in the treatment of diseases affecting the 

central nervous system.  
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MECANISMOS MOLECULARES INVOLUCRADOS EN EL EFECTO 

PROTECTOR DE LA TIBOLONA EN CÉLULAS ASTROCITARIAS TRATADAS 

CON ÁCIDO PALMÍTICO 

Resumen  

La obesidad se asocia con un aumento de la neuroinflamación crónica e incrementa el riesgo 

de neurodegeneración. Esto empeora durante el proceso de envejecimiento normal cuando se 

reducen los niveles de hormonas gonadales endógenas. La tibolona es un esteroide sintético 

utilizado para la terapia hormonal durante la posmenopausia y tiene efectos estrogénicos, 

progestogénicos y androgénicos. En estudios clínicos y preclínicos, se ha observado que la 

tibolona tiene acciones antioxidantes, antiinflamatorias y antidepresivas. Sin embargo, se 

desconoce su acción sobre células astrocitarias expuestas al ácido palmítico, un ácido graso 

utilizado para modelar la obesidad in vitro. Esta tesis demuestra que la tibolona previene la 

muerte celular y protege las células T98G contra el daño mitocondrial y los cambios 

morfológicos inducidos por el ácido palmítico. El efecto de la tibolona sobre las mitocondrias 

fue mediado por el receptor de estrógeno β. El análisis de la expresión génica mostró que la 

tibolona tiene un efecto antiinflamatorio debido a sus acciones para reducir la expresión de 

los genes IL6, IL1B y miR155-3p. Interesantemente, la tibolona atenuó el aumento de la 

expresión de los genes involucrados en los mecanismos epigenéticos como la metilación del 

ADN (DNMT3B) y el complejo telomérico (TERT, TERC) inducidos por el ácido palmítico. 

Finalmente, se observó que la inhibición de la telomerasa (TERT) redujo la expresión de IL6 

en células tratadas con ácido palmítico e interfirió con el efecto protector de la tibolona sobre 

la muerte celular. Este estudio mostró por primera vez los principales mecanismos 

moleculares implicados en los efectos de la tibolona en un modelo de obesidad in vitro. Esta 

tesis contribuye a un nuevo conocimiento sobre la biología molecular y celular de la proteína 

telomerasa, ya que es el primer trabajo que evalúa el papel del TERT en las acciones de 

tibolona y ácido palmítico. Estos resultados demuestran que la tibolona tiene efectos 

beneficiosos sobre las células astrocíticas a nivel celular y molecular, y sugieren que la 

tibolona podría ser un esteroide neuroactivo con acciones terapéuticas sobre diferentes 

enfermedades. Sin embargo, estudios futuros en modelos in vivo son necesarios para evaluar 

la posible aplicación clínica de tibolona en el tratamiento de enfermedades que afectan el 

sistema nervioso central. 
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1. Introduction 

Distinct risk factors for neurodegenerative diseases (ND) have been identified, and these 

include genetic factors (Pihlstrom et al., 2017), hormonal changes during the aging process 

(Brinton et al., 2015) and obesity and overweight (Cai, 2013). In 2016, obesity and 

overweight had a global prevalence of about 13% and 39%, respectively, in adults aged 18 

years (World Health Organization, 2016). In Colombia, according to the nutritional status 

survey for 2015, the prevalence of overweight was about 37.7% and obesity 18.7%, 

increasing in comparison to the previous survey performed in 2010 (Herran et al., 2016). 

Based on these previous epidemiological studies, obesity and overweight constitute a public 

health problem in this country and around the world (Ng et al., 2014). Previous studies 

reported that people with high body mass index have a major risk of developing Alzheimer’s 

disease (AD) (Profenno et al., 2010), Parkinson´s disease (Ikeda et al., 2007) and mood and 

anxiety disorders (Bodenlos et al., 2011).  

 

Obesity increases the lipid levels in the blood, favors pro-inflammatory cytokines release and 

affects the blood-brain barrier (BBB) permeability. These changes are induced, in part, by a 

dysregulation of leptin and adiponectin release in adipocyte cells (Greenberg and Obin, 

2006). It is thought that a major permeability in the BBB can induce the crossing of free fatty 

acids and cytokines from the periphery towards the central nervous system (CNS), and 

therefore induce neuronal damage and brain inflammation (Miller and Spencer, 2014). In this 

context, it is considered that obesity increments the risk for Alzheimer’s and Parkinson´s 

diseases (Rhea et al., 2017). In Alzheimer’s disease patients, it has been found high levels of 

palmitic acid in the parietal neocortex (Fraser et al., 2010). In this regard, palmitic acid (PA) 

is a saturated fatty acid present in high amounts in food and it can be generated endogenously 

by a de novo synthesis mechanism. PA is responsible for different functions in the cells; for 

example, it provides an energy source, is part of membranes and induces cellular 

differentiation (Wang et al., 2014). Moreover, PA induces mobilization of proteins as Ras 

GTPases by a palmitoylation mechanism (Carta et al., 2017; Eisenberg et al., 2013). 

Although PA plays a key physiological role in cells, high concentrations of PA can induce 

detrimental effects leading to apoptosis and alterations of cellular functions (Gonzalez-

Barroso and Rial, 2009). PA can affect distinct cell types in the brain, such as neurons (Patil 
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and Chan, 2005), microglia (Hidalgo-Lanussa et al., 2017) and astrocytes (Table 1). Thereby, 

it is considered that PA could contribute to the development of neurodegenerative diseases, 

and therefore it constitutes a model for the study of molecular mechanisms that could explain 

the relationship between obesity and neurodegeneration (Patil et al., 2007).  

 

Astrocytes are glial cells that play several functions in the brain. They are characterized by 

having a star-shaped form and are classified into protoplasmic and fibrous, which are located 

in gray and white matter, respectively (Guillamon-Vivancos et al., 2015). Astrocytes regulate 

blood flow by releasing prostaglandins, nitric oxide and arachidonic acid. They maintain the 

homeostasis of pH, ions, fluids and are involved in processes of synaptic transmission 

through the delivery of glio-transmitters (Glutamate, ATP, adenosine and Gamma-

Aminobutyric acid). Moreover, these cells maintain BBB integrity and play an important role 

in brain metabolism (Iglesias et al., 2017; Sofroniew and Vinters, 2010). Astrocytes release 

trophic factors that are indispensable for neurons, such as Brain-Derived Neurotrophic Factor 

(BDNF), Platelet Derived Growth Factor (PDGF), Ciliary Neurotrophic Factor (CNTF), 

Nerve Growth Factor (NGF), Fibroblast Growth Factor 2 (bFGF) and Transforming Growth 

Factor Beta 1 (TGFβ) (Ridet et al., 1997). These glial cells provide antioxidant protection to 

the neurons by secreting glutathione peroxidase, ascorbate and other antioxidant enzymes 

(Wilson, 1997). They are able to synthesize steroids (for instance, estradiol and testosterone), 

which have neuroprotective effects for the CNS  (Giatti et al., 2015).  

 

Several studies have analyzed the effect of PA in astrocyte cells (Table 1). This fatty acid 

affects mitochondrial function (Wong et al., 2014), induces astrocyte reactivity (Oliveira et 

al., 2018), reduces the expression of proteins responsible for glutamate uptake (Huang et al., 

2017), among other changes (Table 1). It also modulates epigenetic mechanisms; for 

example, in primary astrocytes treated with 0.2 mM PA, the expression of microRNAs 

(MIR137, MIR181C) are reduced (Liu et al., 2013). On the other hand, PA induces DNA 

methylation of  PGC−1α gene in cortical astrocytes after 48 hours of treatment (Su et al., 

2015). Since astrocytes play essential roles in the brain, these cells constitute a novel and key 

target to evaluate drugs with therapeutic potentials for diseases affecting the brain (Hamby 

and Sofroniew, 2010).  
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Table 1. Palmitic acid effects on astrocyte cells.  

Reference  Effects Astrocyte type PA conditions 

(Yudkoff et al., 1989) 

0.72 mM PA reduces intracellular 

glutamine concentrations and increases 

leucine, isoleucine and Taurine. 

Primary rat 

astrocytes 

0.72 y 0.36 mM (24 

hours) 

(Blazquez et al., 2001) 

PA induces apoptosis and involves the de 

novo synthesis of ceramide through Raf-

1/ERK pathway. 

Primary cortical 

astrocytes 

0.2mM (24, 48 and 72 

hours) 

(Escartin et al., 2007) 

CNTF induces resistance to palmitic acid 

damage in activated astrocytes by 

increasing of beta-oxidation.  

Primary astrocytes 0.2 mM (24 hours) 

(Patil et al., 2007) 
PA reduces GLUT1 expression, glucose 

uptake and lactate release 
Cortical astrocytes 0.2 mM (24 hours) 

(Geekiyanage and 

Chan, 2011) 

PA reduces MIR137, MIR181C and 

MIR-9 expression increasing SPT 

expression and Aβ peptide levels.  

Primary astrocytes 0.2 mM (24 hours) 

(Gupta et al., 2012) 

PA decreases cell viability and increases 

the expression of IL6, TNF through 

TLR4 receptor  

Primary astrocytes 0.4 mM (24 hours) 

(Wang et al., 2012) 

PA reduces cell viability, increases TNF 

and IL-6 expression, ROS production 

and BAX/Bcl-2 ratio.  

Cortical astrocytes 
0.2 mM (4, 24 and 48 

hours) 

(Liu and Chan, 2014) 

PA increases IL1B expression by IPAF-

ASC inflammasome activation and 

CREB transcription factor  

Cortical astrocytes 
0.2, 0.4 y 0.7 mM (12 

hours) 

(Wong et al., 2014) 
PA induces apoptosis by means of MMP 

uncoupling and ROS production 
Cortical astrocytes 100 μM (24 hours) 

(Morselli et al., 2014) 

PA reduces PGC−1α and ERα 

expression promoting inflammation in 

male mouse.  

hypothalamic 

astrocytes 
100 μM (8 hours) 

(Su et al., 2015) 

PA induces hypermethylation of 

PGC−1α promotor reducing the gene 

expression. PA reduces mtDNA:ntDNA 

rate and increases ATF4 expression. 

Cortical astrocytes 
0.1 y 0.5 mM (48 

hours) 

(Huang et al., 2017) PA reduces GLT-1 protein expression. Cortical astrocytes 
1, 5, 10, 20, 30 μM (24 

hours) 

(Frago et al., 2017) 

PA increases GFAP in male but reduces 

it in female. It induces reticulum 

endoplasmic stress in male and female 

mouse in a similar manner. 

Hippocampi 

astrocytes 
500 μM (24 hours) 
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(Ortiz-Rodriguez et al., 

2018) 

PA increases LC3-II and p62 levels 

(autophagy markers) 
Cortical astrocytes 

250–500 μM (4.5 or 24 

hours) 

(Ng and Say, 2018) 

PA increases cell death, lipid 

peroxidation and ROS production in 

T98G cells  

T98G cell line  
100-500 μM ( 24  or 48 

hours) 

(Oliveira et al., 2018) 
GFAP expression was higher in 

hypothalamic than cortical astrocytes.  

hypothalamic and 

cortical astrocytes 
200 μM (1 week) 

(Ramirez et al., 2019) 

PA increases ROS production reduces 

SOD activity and GSH levels and 

induces Nrf2 nuclear translocation.  

Cortical astrocytes 100 μM 

Abbreviations: PA: Palmitic acid; Raf-1: Raf-1 proto-oncogene, serine/threonine kinase; ERK: mitogen-

activated protein kinase 1; CNTF: ciliary neurotrophic factor; GLUT1: glucose Transporter Type 1; SPT: Serine 

Palmitoyltransferase; Aβ: amyloid beta; IL6: interleukin 6; TNF: tumor necrosis factor; TLR4:   toll like 

receptor 4; ROS: reactive oxygen species; BAX: BCL2 associated X, apoptosis regulator; Bcl-2: BCL2 

apoptosis regulator; IL1B: interleukin 1 beta; IPAF: NLR family CARD domain containing 4; ASC: PYD And 

CARD Domain Containing; CREB: CREB Binding Protein; MMP: Mitochondrial membrane potential;  

PGC−1α: Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-Alpha; ERα: estrogen receptor 

alpha; mtDNA: mitochondrial DNA; ntDNA: nuclear DNA; ATF4: Activating Transcription Factor 4; GLT-1:  

Glutamate/Aspartate Transporter II; GFAP: Glial Fibrillary Acidic Protein; LC3-II: Microtubule-associated 

proteins 1A/1B light chain 3B;  p62: Nucleoporin p62; SOD: Superoxide Dismutase; GSH: Glutathione; Nrf2: 

Nuclear Factor, Erythroid 2 Like 2. 

  

Several therapeutic strategies have been evaluated for neurodegenerative diseases, but to 

date, the available treatments are aimed to reduce the clinical symptoms and do not stop the 

progression of these debilitating diseases (Duraes et al., 2018). The decline in estrogen levels 

is a risk factor for developing Alzheimer’s disease in pre and post-menopausal women 

(Rocca et al., 2007), as estrogens are important for cognition, synapsis formation, neuronal 

survival, and favoring an anti-inflammatory microenvironment (Acaz-Fonseca et al., 2016; 

Arevalo et al., 2015). In this regard, some authors have proposed the neuroactive steroids as 

a possible therapeutic strategy (Giatti et al., 2015). Remarkably, estrogen regulates 

metabolism, and therefore, its reduction during menopausal leads to obesity in women, 

thereby augmenting the risk of developing acute and chronic degeneration (Christensen and 

Pike, 2015). A large number of women receive a hormone replacement therapy (HRT) for 

reducing detrimental effects caused by the loss of estrogens. Although HTR has been 

associated with protection against AD development, several adverse effects have been found, 

including the risk of developing breast and endometrial cancers (Wend et al., 2012). 

Therefore, the study of alternative molecules with selective estrogen activity in different 

tissues has increased in the last few years. Tibolone is one of those alternative compounds, a 

synthetic steroid with estrogenic, progestogenic and androgenic activity (Kloosterboer, 

2004).  
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Tibolone is a synthetic steroid classified as a selective tissue estrogenic activity regulator 

(STEARs), which is administrated to postmenopausal women to prevent osteoporosis and 

climacteric symptoms (Kloosterboer, 2001). Preclinical and clinical studies have 

demonstrated that tibolone could be beneficial for the central nervous system (Pinto-Almazan 

et al., 2017). Other studies have also pointed that tibolone has beneficial effects on body 

metabolism; for instance, it decreases weight gain and fat mass while increasing lean mass 

in postmenopausal women (Boyanov and Shinkov, 2005; Carranza-Lira et al., 2011; 

Tommaselli et al., 2006), and reduces FFA levels in plasma in postmenopausal women 

(Manzella et al., 2002). Tibolone metabolites are distributed throughout the body, including 

the brain (Verheul et al., 2007). As shown in Table 1 from chapter 2, it is still not clear how 

tibolone can affect brain cells, namely neurons, astrocytes and microglia in the CNS 

(Gonzalez-Giraldo et al., 2017).  

 

Tibolone has anti-inflammatory (de Medeiros et al., 2012) and neuroprotective actions under 

stress conditions (Avila-Rodriguez et al., 2016; Belenichev et al., 2012).  Nonetheless, it is 

not well known the molecular mechanisms exerted by tibolone in the CNS. It has been 

proposed that signaling mechanisms driven by tibolone are dependent on the activation of 

estrogen receptors (ERs) (Guzman et al., 2007). These downstream protective effects include 

antioxidant actions, thereby reducing cell death (Avila Rodriguez et al., 2014; Gonzalez-

Giraldo et al., 2017), and attenuation of reactive gliosis (Crespo-Castrillo et al., 2018). ERs 

have genomic and non-genomic actions, which are mechanisms that regulate gene expression 

and various signaling pathways involved in inflammation and apoptosis (Arevalo et al., 

2015). Activation of ERs can also induce changes in epigenetic mechanisms, which play key 

roles in the regulation of gene and protein expression. These mechanisms include DNA 

methylation, histone modifications (Zhao et al., 2010) and microRNAs (Rao et al., 2013; Rao 

et al., 2015). ERs can also affect telomere length and telomere-regulating proteins (Du et al., 

2004; Shin and Lee, 2016). It is noteworthy that tibolone actions and estrogen receptor 

activation on pathways associated with epigenetic mechanisms and telomere complex on 

astrocytes exposed to palmitic acid have not been explored yet.  
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Telomeres are important for genome stability and have been previously associated with the 

risk for Alzheimer’s disease (Forero et al., 2016). Telomeres can be affected by several 

factors, such as hormonal changes and obesity (Kim et al., 2009; Shin and Lee, 2016; 

Wojcicki et al., 2018). Several proteins are involved in telomere maintenance. Telomerase is 

the protein responsible for the maintenance of telomere length in dividing cells. Different 

non-canonical functions have been found for telomerase in distinct cells from the brain, and 

these include reduction of cell death, reactive oxygen species and gene expression regulation 

(Gonzalez-Giraldo et al., 2016). Telomerase gene and protein expression are modulated by 

different molecules, such as hormones (e.g. Estrogen) (Cha et al., 2008) and inflammatory 

stimuli, such as lipopolysaccharide (LPS) (Gizard et al., 2011) through activation of several 

transcription factors (Poole et al., 2001). Telomerase also plays an important role on 

inflammation response (Ghosh et al., 2012); nonetheless, in astrocytic cells, telomerase has 

been correlated with glial fibrillary acidic protein (GFAP) expression (Baek et al., 2004; Tao 

et al., 2013), and its role in the mechanism of inflammation in these cells has not been 

assessed. More details about telomerase and the CNS are presented in Chapter 1 (Gonzalez-

Giraldo et al., 2016).  

 

1.1 Research hypothesis 

Considering that treatment with PA can be used as a neuroinflammatory model of injury in 

astrocytic cells, we aimed to evaluate the molecular mechanisms involved in the possible 

protective effect of tibolone against it. In this thesis, we hypothesized that tibolone attenuates 

the changes induced by PA (e.g. inflammation, cell death and astrocyte function alterations) 

through the activation of estrogen receptors (alpha and beta), epigenetic mechanisms or by 

means of telomere-regulating proteins (Figure 1).  
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Figure 1. Tibolone attenuates the changes induced by PA through the activation of 

estrogen receptors (alpha and beta), epigenetic mechanisms or by means of telomere-

regulating proteins. Estrogen receptors (ERs) are distributed throughout the cell, especially 

found in subcellular compartments such as nucleus, plasmatic membrane, cytoplasm and 

mitochondria. ERs activation leads to induction of genomic and non-genomic mechanisms, 

which exert metabolic and transcriptional actions depending on the triggering time. ERs 

regulate gene expression through several mechanisms. For example, they activate the 

transcription by direct DNA binding, thus interacting with signaling protein as MAPK/ERK 

or other transcription factors. ERs can also regulate gene expression through the epigenetic 

mechanisms.  

 

To evaluate the suggested hypothesis, the following aims were proposed: 
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1.2 Study Aim 

To identify the molecular mechanisms involved in the protective effect of tibolone in an 

astrocytic cell model exposed to palmitic acid.  

 

1.3 Specific aims  

1.3.1 To determine the possible actions of tibolone on cell viability, mitochondrial 

function, reactive oxygen species production and morphology changes in 

astrocyte cells (T98G) exposed to palmitic acid. (Chapter 2) 

 

In this part (Chapter 2), it was determined the conditions, concentrations and treatment time 

for tibolone and palmitic acid stimulation in T98G. Cells were grown for 24 hours in DMEM 

supplemented with serum and antibiotic. Once finished the first 24 hours, serum and 

antibiotic deprivation was performed for another 24 hours. Next, 70 µM tibolone 

pretreatment was done for 24 hours followed by treatment with 1 mM Palmitic acid for 24 

hours (Figure 2). Under these conditions, tibolone preserved mitochondrial integrity 

reducing the cell death induced by palmitic acid (Gonzalez-Giraldo et al., 2017). Once the 

protective effect of tibolone on astrocytic cells was determined, we next hypothesized which 

estrogen receptor was involved in mediating tibolone protective actions and how tibolone 

can modulate gene expression in cells treated with palmitic acid. To address it, the second 

aim was developed, and analysis and results are shown in chapter 3.  

 

Figure 2. Experimental conditions for tibolone and palmitic acid treatments in T98G cells.  
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1.3.2 To analyze the estrogenic action of tibolone and its effect on the regulation of 

genes containing estrogen response elements in astrocyte cells exposed to 

palmitic acid. (Chapter 3). 

 

Following the experimental conditions standardized in the second chapter, in chapter 3 we 

observed tibolone actions on mitochondria, involving mainly the estrogen receptor β. The 

gene expression analysis showed that tibolone has an anti-inflammatory effect, as it reduced 

significantly the expression of IL6, IL1B, and miR155-3p genes. Interestingly, it was found 

that tibolone attenuates the increased expression of genes involved in epigenetic mechanisms, 

such as DNA methylation (DNMT3B) and telomere complex (TERT, TERC) induced by 

palmitic acid (Gonzalez-Giraldo et al., 2019). Since we found a regulation of TERT 

expression by PA and tibolone, and considering the several functions of the protein encoded 

by this gene (Chapter 1), this led to the following question: what is the role of telomerase 

(TERT) in cells treated with palmitic acid and tibolone? In chapter 4 (third aim), the results 

are presented and discussed.  

 

1.3.3 To assess the role of TERT on astrocyte cells treated with tibolone and palmitic 

acid in T98G cell line and Normal Human Astrocytes (NHA) cells (Chapter 4).  

 

In this section (Chapter 4), we blocked TERT function using a chemical compound 

(BBR1532) and then, cell death, reactive oxygen species production and IL6 expression were 

evaluated in T98G cells exposed to tibolone and palmitic acid. Results showed that 

telomerase protein was increased by PA after 36 hours, alone or in combination with tibolone 

and that the protein activity was affected by PA. Telomerase inhibition reduced IL6 

expression and it interfered with the protective effects of tibolone on cell death. Moreover, 

tibolone increased 707-Tyr phosphorylation in PA-treated T98G cells and tibolone induced 

707-Tyr phosphorylation in NHA cells (Gonzalez-Giraldo, Garzon-Benitez, Forero, Barreto, 

2019, Under review).  

 

Finally, in the general discussion section it is presented the concluding remarks and 

the suggested potential future studies that could be generated from the results of this work.  

11



 

Reference 

Acaz-Fonseca, E., Avila-Rodriguez, M., Garcia-Segura, L.M., Barreto, G.E., 2016. Regulation of 
astroglia by gonadal steroid hormones under physiological and pathological conditions. 
Progress in neurobiology 144, 5-26. 

Arevalo, M.A., Azcoitia, I., Garcia-Segura, L.M., 2015. The neuroprotective actions of oestradiol and 
oestrogen receptors. Nature reviews. Neuroscience 16, 17-29. 

Avila-Rodriguez, M., Garcia-Segura, L.M., Hidalgo-Lanussa, O., Baez, E., Gonzalez, J., Barreto, G.E., 
2016. Tibolone protects astrocytic cells from glucose deprivation through a mechanism 
involving estrogen receptor beta and the upregulation of neuroglobin expression. 
Molecular and cellular endocrinology 433, 35-46. 

Avila Rodriguez, M., Garcia-Segura, L.M., Cabezas, R., Torrente, D., Capani, F., Gonzalez, J., Barreto, 
G.E., 2014. Tibolone protects T98G cells from glucose deprivation. The Journal of steroid 
biochemistry and molecular biology 144 Pt B, 294-303. 

Baek, S., Bu, Y., Kim, H., Kim, H., 2004. Telomerase induction in astrocytes of Sprague-Dawley rat 
after ischemic brain injury. Neuroscience letters 363, 94-96. 

Belenichev, I.F., Odnokoz, O.V., Pavlov, S.V., Belenicheva, O.I., Polyakova, E.N., 2012. The 
neuroprotective activity of tamoxifen and tibolone during glutathione depletion in vitro. 
Neurochemical Journal 6, 202-212. 

Blazquez, C., Geelen, M.J., Velasco, G., Guzman, M., 2001. The AMP-activated protein kinase 
prevents ceramide synthesis de novo and apoptosis in astrocytes. FEBS letters 489, 149-
153. 

Bodenlos, J.S., Lemon, S.C., Schneider, K.L., August, M.A., Pagoto, S.L., 2011. Associations of mood 
and anxiety disorders with obesity: comparisons by ethnicity. Journal of psychosomatic 
research 71, 319-324. 

Boyanov, M.A., Shinkov, A.D., 2005. Effects of tibolone on body composition in postmenopausal 
women: a 1-year follow up study. Maturitas 51, 363-369. 

Brinton, R.D., Yao, J., Yin, F., Mack, W.J., Cadenas, E., 2015. Perimenopause as a neurological 
transition state. Nature reviews. Endocrinology 11, 393-405. 

Cai, D., 2013. Neuroinflammation and neurodegeneration in overnutrition-induced diseases. 
Trends in endocrinology and metabolism: TEM 24, 40-47. 

Carranza-Lira, S., Barcena-Jacobo, T.D., Sandoval-Barragan, M.P., Ramos-Leon, J.C., 2011. Visceral 
adiposity after tibolone use. International journal of gynaecology and obstetrics: the 
official organ of the International Federation of Gynaecology and Obstetrics 115, 191-193. 

Carta, G., Murru, E., Banni, S., Manca, C., 2017. Palmitic Acid: Physiological Role, Metabolism and 
Nutritional Implications. Frontiers in physiology 8, 902. 

Crespo-Castrillo, A., Yanguas-Casas, N., Arevalo, M.A., Azcoitia, I., Barreto, G.E., Garcia-Segura, 
L.M., 2018. The Synthetic Steroid Tibolone Decreases Reactive Gliosis and Neuronal Death 
in the Cerebral Cortex of Female Mice After a Stab Wound Injury. Molecular neurobiology. 

Cha, Y., Kwon, S.J., Seol, W., Park, K.S., 2008. Estrogen receptor-alpha mediates the effects of 
estradiol on telomerase activity in human mesenchymal stem cells. Molecules and cells 26, 
454-458. 

Christensen, A., Pike, C.J., 2015. Menopause, obesity and inflammation: interactive risk factors for 
Alzheimer's disease. Frontiers in aging neuroscience 7, 130. 

de Medeiros, A.R., Lamas, A.Z., Caliman, I.F., Dalpiaz, P.L., Firmes, L.B., de Abreu, G.R., Moyses, 
M.R., Lemos, E.M., dos Reis, A.M., Bissoli, N.S., 2012. Tibolone has anti-inflammatory 
effects in estrogen-deficient female rats on the natriuretic peptide system and TNF-alpha. 
Regulatory peptides 179, 55-60. 

12



 

Du, B., Ohmichi, M., Takahashi, K., Kawagoe, J., Ohshima, C., Igarashi, H., Mori-Abe, A., Saitoh, M., 
Ohta, T., Ohishi, A., Doshida, M., Tezuka, N., Takahashi, T., Kurachi, H., 2004. Both 
estrogen and raloxifene protect against beta-amyloid-induced neurotoxicity in estrogen 
receptor alpha-transfected PC12 cells by activation of telomerase activity via Akt cascade. 
The Journal of endocrinology 183, 605-615. 

Duraes, F., Pinto, M., Sousa, E., 2018. Old Drugs as New Treatments for Neurodegenerative 
Diseases. Pharmaceuticals 11. 

Eisenberg, S., Laude, A.J., Beckett, A.J., Mageean, C.J., Aran, V., Hernandez-Valladares, M., Henis, 
Y.I., Prior, I.A., 2013. The role of palmitoylation in regulating Ras localization and function. 
Biochemical Society transactions 41, 79-83. 

Escartin, C., Pierre, K., Colin, A., Brouillet, E., Delzescaux, T., Guillermier, M., Dhenain, M., Deglon, 
N., Hantraye, P., Pellerin, L., Bonvento, G., 2007. Activation of astrocytes by CNTF induces 
metabolic plasticity and increases resistance to metabolic insults. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 27, 7094-7104. 

Forero, D.A., Gonzalez-Giraldo, Y., Lopez-Quintero, C., Castro-Vega, L.J., Barreto, G.E., Perry, G., 
2016. Meta-analysis of Telomere Length in Alzheimer's Disease. The journals of 
gerontology. Series A, Biological sciences and medical sciences 71, 1069-1073. 

Frago, L.M., Canelles, S., Freire-Regatillo, A., Argente-Arizon, P., Barrios, V., Argente, J., Garcia-
Segura, L.M., Chowen, J.A., 2017. Estradiol Uses Different Mechanisms in Astrocytes from 
the Hippocampus of Male and Female Rats to Protect against Damage Induced by Palmitic 
Acid. Frontiers in molecular neuroscience 10, 330. 

Fraser, T., Tayler, H., Love, S., 2010. Fatty acid composition of frontal, temporal and parietal 
neocortex in the normal human brain and in Alzheimer's disease. Neurochemical research 
35, 503-513. 

Geekiyanage, H., Chan, C., 2011. MicroRNA-137/181c regulates serine palmitoyltransferase and in 
turn amyloid beta, novel targets in sporadic Alzheimer's disease. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 31, 14820-14830. 

Ghosh, A., Saginc, G., Leow, S.C., Khattar, E., Shin, E.M., Yan, T.D., Wong, M., Zhang, Z., Li, G., Sung, 
W.K., Zhou, J., Chng, W.J., Li, S., Liu, E., Tergaonkar, V., 2012. Telomerase directly regulates 
NF-kappaB-dependent transcription. Nature cell biology 14, 1270-1281. 

Giatti, S., Garcia-Segura, L.M., Melcangi, R.C., 2015. New steps forward in the neuroactive steroid 
field. The Journal of steroid biochemistry and molecular biology 153, 127-134. 

Gizard, F., Heywood, E.B., Findeisen, H.M., Zhao, Y., Jones, K.L., Cudejko, C., Post, G.R., Staels, B., 
Bruemmer, D., 2011. Telomerase activation in atherosclerosis and induction of telomerase 
reverse transcriptase expression by inflammatory stimuli in macrophages. Arteriosclerosis, 
thrombosis, and vascular biology 31, 245-252. 

Gonzalez-Barroso, M.d.M., Rial, E., 2009. The Role of Fatty Acids in the Activity of the Uncoupling 
Proteins. Current Chemical Biology 3, 180-188. 

Gonzalez-Giraldo, Y., Forero, D.A., Echeverria, V., Garcia-Segura, L.M., Barreto, G.E., 2019. 
Tibolone attenuates inflammatory response by palmitic acid and preserves mitochondrial 
membrane potential in astrocytic cells through estrogen receptor beta. Molecular and 
cellular endocrinology. 

Gonzalez-Giraldo, Y., Forero, D.A., Echeverria, V., Gonzalez, J., Avila-Rodriguez, M., Garcia-Segura, 
L.M., Barreto, G.E., 2016. Neuroprotective effects of the catalytic subunit of telomerase: A 
potential therapeutic target in the central nervous system. Ageing research reviews 28, 
37-45. 

13



 

Gonzalez-Giraldo, Y., Garcia-Segura, L.M., Echeverria, V., Barreto, G.E., 2017. Tibolone Preserves 
Mitochondrial Functionality and Cell Morphology in Astrocytic Cells Treated with Palmitic 
Acid. Molecular neurobiology. 

Greenberg, A.S., Obin, M.S., 2006. Obesity and the role of adipose tissue in inflammation and 
metabolism. The American journal of clinical nutrition 83, 461S-465S. 

Guillamon-Vivancos, T., Gomez-Pinedo, U., Matias-Guiu, J., 2015. Astrocytes in neurodegenerative 
diseases (I): function and molecular description. Neurologia 30, 119-129. 

Gupta, S., Knight, A.G., Gupta, S., Keller, J.N., Bruce-Keller, A.J., 2012. Saturated long-chain fatty 
acids activate inflammatory signaling in astrocytes. Journal of neurochemistry 120, 1060-
1071. 

Guzman, C.B., Zhao, C., Deighton-Collins, S., Kleerekoper, M., Benjamins, J.A., Skafar, D.F., 2007. 
Agonist activity of the 3-hydroxy metabolites of tibolone through the oestrogen receptor 
in the mouse N20.1 oligodendrocyte cell line and normal human astrocytes. Journal of 
neuroendocrinology 19, 958-965. 

Hamby, M.E., Sofroniew, M.V., 2010. Reactive astrocytes as therapeutic targets for CNS disorders. 
Neurotherapeutics : the journal of the American Society for Experimental 
NeuroTherapeutics 7, 494-506. 

Herran, O.F., Patino, G.A., Del Castillo, S.E., 2016. Dietary transition and excess weight in adults 
according to the Encuesta de la Situacion Nutricional en Colombia, 2010. Biomedica : 
revista del Instituto Nacional de Salud 36, 109-120. 

Hidalgo-Lanussa, O., Avila-Rodriguez, M., Baez-Jurado, E., Zamudio, J., Echeverria, V., Garcia-
Segura, L.M., Barreto, G.E., 2017. Tibolone Reduces Oxidative Damage and Inflammation 
in Microglia Stimulated with Palmitic Acid through Mechanisms Involving Estrogen 
Receptor Beta. Molecular neurobiology. 

Huang, H.T., Liao, C.K., Chiu, W.T., Tzeng, S.F., 2017. Ligands of peroxisome proliferator-activated 
receptor-alpha promote glutamate transporter-1 endocytosis in astrocytes. The 
international journal of biochemistry & cell biology 86, 42-53. 

Iglesias, J., Morales, L., Barreto, G.E., 2017. Metabolic and Inflammatory Adaptation of Reactive 
Astrocytes: Role of PPARs. Molecular neurobiology 54, 2518-2538. 

Ikeda, K., Kashihara, H., Tamura, M., Kano, O., Iwamoto, K., Iwasaki, Y., 2007. Body mass index and 
the risk of Parkinson disease. Neurology 68, 2156; author reply 2156-2157. 

Kim, S., Parks, C.G., DeRoo, L.A., Chen, H., Taylor, J.A., Cawthon, R.M., Sandler, D.P., 2009. Obesity 
and weight gain in adulthood and telomere length. Cancer epidemiology, biomarkers & 
prevention : a publication of the American Association for Cancer Research, cosponsored 
by the American Society of Preventive Oncology 18, 816-820. 

Kloosterboer, H.J., 2001. Tibolone: a steroid with a tissue-specific mode of action. The Journal of 
steroid biochemistry and molecular biology 76, 231-238. 

Kloosterboer, H.J., 2004. Tissue-selectivity: the mechanism of action of tibolone. Maturitas 48 
Suppl 1, S30-40. 

Liu, L., Chan, C., 2014. IPAF inflammasome is involved in interleukin-1beta production from 
astrocytes, induced by palmitate; implications for Alzheimer's Disease. Neurobiology of 
aging 35, 309-321. 

Liu, L., Martin, R., Chan, C., 2013. Palmitate-activated astrocytes via serine palmitoyltransferase 
increase BACE1 in primary neurons by sphingomyelinases. Neurobiology of aging 34, 540-
550. 

Manzella, D., Fornaro, F., Carbonella, M., Picardi, C., Paolisso, G., Colacurci, N., 2002. Effect of 
tibolone administration on heart rate variability and free fatty acid levels in 
postmenopausal women. Fertility and sterility 78, 1005-1009. 

14



 

Miller, A.A., Spencer, S.J., 2014. Obesity and neuroinflammation: a pathway to cognitive 
impairment. Brain, behavior, and immunity 42, 10-21. 

Morselli, E., Fuente-Martin, E., Finan, B., Kim, M., Frank, A., Garcia-Caceres, C., Navas, C.R., 
Gordillo, R., Neinast, M., Kalainayakan, S.P., Li, D.L., Gao, Y., Yi, C.X., Hahner, L., Palmer, 
B.F., Tschop, M.H., Clegg, D.J., 2014. Hypothalamic PGC-1alpha protects against high-fat 
diet exposure by regulating ERalpha. Cell reports 9, 633-645. 

Ng, M., Fleming, T., Robinson, M., Thomson, B., Graetz, N., Margono, C., Mullany, E.C., Biryukov, 
S., Abbafati, C., Abera, S.F., Abraham, J.P., Abu-Rmeileh, N.M., Achoki, T., AlBuhairan, F.S., 
Alemu, Z.A., Alfonso, R., Ali, M.K., Ali, R., Guzman, N.A., Ammar, W., Anwari, P., Banerjee, 
A., Barquera, S., Basu, S., Bennett, D.A., Bhutta, Z., Blore, J., Cabral, N., Nonato, I.C., Chang, 
J.C., Chowdhury, R., Courville, K.J., Criqui, M.H., Cundiff, D.K., Dabhadkar, K.C., Dandona, 
L., Davis, A., Dayama, A., Dharmaratne, S.D., Ding, E.L., Durrani, A.M., Esteghamati, A., 
Farzadfar, F., Fay, D.F., Feigin, V.L., Flaxman, A., Forouzanfar, M.H., Goto, A., Green, M.A., 
Gupta, R., Hafezi-Nejad, N., Hankey, G.J., Harewood, H.C., Havmoeller, R., Hay, S., 
Hernandez, L., Husseini, A., Idrisov, B.T., Ikeda, N., Islami, F., Jahangir, E., Jassal, S.K., Jee, 
S.H., Jeffreys, M., Jonas, J.B., Kabagambe, E.K., Khalifa, S.E., Kengne, A.P., Khader, Y.S., 
Khang, Y.H., Kim, D., Kimokoti, R.W., Kinge, J.M., Kokubo, Y., Kosen, S., Kwan, G., Lai, T., 
Leinsalu, M., Li, Y., Liang, X., Liu, S., Logroscino, G., Lotufo, P.A., Lu, Y., Ma, J., Mainoo, N.K., 
Mensah, G.A., Merriman, T.R., Mokdad, A.H., Moschandreas, J., Naghavi, M., Naheed, A., 
Nand, D., Narayan, K.M., Nelson, E.L., Neuhouser, M.L., Nisar, M.I., Ohkubo, T., Oti, S.O., 
Pedroza, A., Prabhakaran, D., Roy, N., Sampson, U., Seo, H., Sepanlou, S.G., Shibuya, K., 
Shiri, R., Shiue, I., Singh, G.M., Singh, J.A., Skirbekk, V., Stapelberg, N.J., Sturua, L., Sykes, 
B.L., Tobias, M., Tran, B.X., Trasande, L., Toyoshima, H., van de Vijver, S., Vasankari, T.J., 
Veerman, J.L., Velasquez-Melendez, G., Vlassov, V.V., Vollset, S.E., Vos, T., Wang, C., Wang, 
X., Weiderpass, E., Werdecker, A., Wright, J.L., Yang, Y.C., Yatsuya, H., Yoon, J., Yoon, S.J., 
Zhao, Y., Zhou, M., Zhu, S., Lopez, A.D., Murray, C.J., Gakidou, E., 2014. Global, regional, 
and national prevalence of overweight and obesity in children and adults during 1980-
2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet 384, 766-
781. 

Ng, Y.W., Say, Y.H., 2018. Palmitic acid induces neurotoxicity and gliatoxicity in SH-SY5Y human 
neuroblastoma and T98G human glioblastoma cells. PeerJ 6, e4696. 

Oliveira, A.A.B., Melo, N.F.M., Vieira, E.D.S., Nogueira, P.A.S., Coope, A., Velloso, L.A., Dezonne, 
R.S., Ueira-Vieira, C., Botelho, F.V., Gomes, J.A.S., Zanon, R.G., 2018. Palmitate treated-
astrocyte conditioned medium contains increased glutathione and interferes in 
hypothalamic synaptic network in vitro. Neurochemistry international 120, 140-148. 

Ortiz-Rodriguez, A., Acaz-Fonseca, E., Boya, P., Arevalo, M.A., Garcia-Segura, L.M., 2018. Lipotoxic 
Effects of Palmitic Acid on Astrocytes Are Associated with Autophagy Impairment. 
Molecular neurobiology. 

Patil, S., Chan, C., 2005. Palmitic and stearic fatty acids induce Alzheimer-like 
hyperphosphorylation of tau in primary rat cortical neurons. Neuroscience letters 384, 
288-293. 

Patil, S., Melrose, J., Chan, C., 2007. Involvement of astroglial ceramide in palmitic acid-induced 
Alzheimer-like changes in primary neurons. The European journal of neuroscience 26, 
2131-2141. 

Pihlstrom, L., Wiethoff, S., Houlden, H., 2017. Genetics of neurodegenerative diseases: an 
overview. Handbook of clinical neurology 145, 309-323. 

15



 

Pinto-Almazan, R., Segura-Uribe, J.J., Farfan-Garcia, E.D., Guerra-Araiza, C., 2017. Effects of 
Tibolone on the Central Nervous System: Clinical and Experimental Approaches. BioMed 
research international 2017, 8630764. 

Poole, J.C., Andrews, L.G., Tollefsbol, T.O., 2001. Activity, function, and gene regulation of the 
catalytic subunit of telomerase (hTERT). Gene 269, 1-12. 

Profenno, L.A., Porsteinsson, A.P., Faraone, S.V., 2010. Meta-analysis of Alzheimer's disease risk 
with obesity, diabetes, and related disorders. Biological psychiatry 67, 505-512. 

Ramirez, D., Saba, J., Turati, J., Carniglia, L., Imsen, M., Mohn, C., Scimonelli, T., Durand, D., Caruso, 
C., Lasaga, M., 2019. NDP-MSH reduces oxidative damage induced by palmitic acid in 
primary astrocytes. Journal of neuroendocrinology 31, e12673. 

Rao, Y.S., Mott, N.N., Wang, Y., Chung, W.C., Pak, T.R., 2013. MicroRNAs in the aging female brain: 
a putative mechanism for age-specific estrogen effects. Endocrinology 154, 2795-2806. 

Rao, Y.S., Shults, C.L., Pinceti, E., Pak, T.R., 2015. Prolonged ovarian hormone deprivation alters the 
effects of 17beta-estradiol on microRNA expression in the aged female rat hypothalamus. 
Oncotarget 6, 36965-36983. 

Rhea, E.M., Salameh, T.S., Logsdon, A.F., Hanson, A.J., Erickson, M.A., Banks, W.A., 2017. Blood-
Brain Barriers in Obesity. The AAPS journal. 

Ridet, J.L., Malhotra, S.K., Privat, A., Gage, F.H., 1997. Reactive astrocytes: cellular and molecular 
cues to biological function. Trends in neurosciences 20, 570-577. 

Rocca, W.A., Bower, J.H., Maraganore, D.M., Ahlskog, J.E., Grossardt, B.R., de Andrade, M., 
Melton, L.J., 3rd, 2007. Increased risk of cognitive impairment or dementia in women who 
underwent oophorectomy before menopause. Neurology 69, 1074-1083. 

Shin, Y.A., Lee, K.Y., 2016. Low estrogen levels and obesity are associated with shorter telomere 
lengths in pre- and postmenopausal women. Journal of exercise rehabilitation 12, 238-
246. 

Sofroniew, M.V., Vinters, H.V., 2010. Astrocytes: biology and pathology. Acta neuropathologica 
119, 7-35. 

Su, X., Chu, Y., Kordower, J.H., Li, B., Cao, H., Huang, L., Nishida, M., Song, L., Wang, D., Federoff, 
H.J., 2015. PGC-1alpha Promoter Methylation in Parkinson's Disease. PloS one 10, 
e0134087. 

Tao, X., Ming-Kun, Y., Wei-Bin, S., Hai-Long, G., Rui, K., Lai-Yong, T., 2013. Role of telomerase 
reverse transcriptase in glial scar formation after spinal cord injury in rats. Neurochemical 
research 38, 1914-1920. 

Tommaselli, G.A., Di Carlo, C., Di Spiezio Sardo, A., Bifulco, G., Cirillo, D., Guida, M., Capasso, R., 
Nappi, C., 2006. Serum leptin levels and body composition in postmenopausal women 
treated with tibolone and raloxifene. Menopause 13, 660-668. 

Verheul, H.A., van Iersel, M.L., Delbressine, L.P., Kloosterboer, H.J., 2007. Selective tissue 
distribution of tibolone metabolites in mature ovariectomized female cynomolgus 
monkeys after multiple doses of tibolone. Drug metabolism and disposition: the biological 
fate of chemicals 35, 1105-1111. 

Wang, Z., Liu, D., Wang, J., Liu, S., Gao, M., Ling, E.A., Hao, A., 2012. Cytoprotective effects of 
melatonin on astroglial cells subjected to palmitic acid treatment in vitro. Journal of pineal 
research 52, 253-264. 

Wang, Z., Liu, D., Zhang, Q., Wang, J., Zhan, J., Xian, X., Du, Z., Wang, X., Hao, A., 2014. Palmitic 
acid affects proliferation and differentiation of neural stem cells in vitro. Journal of 
neuroscience research 92, 574-586. 

Wend, K., Wend, P., Krum, S.A., 2012. Tissue-Specific Effects of Loss of Estrogen during 
Menopause and Aging. Frontiers in endocrinology 3, 19. 

16



 

Wilson, J.X., 1997. Antioxidant defense of the brain: a role for astrocytes. Canadian journal of 
physiology and pharmacology 75, 1149-1163. 

Wojcicki, J.M., Elwan, D., Lin, J., Blackburn, E., Epel, E., 2018. Chronic Obesity and Incident 
Hypertension in Latina Women Are Associated with Accelerated Telomere Length Loss 
over a 1-Year Period. Metabolic syndrome and related disorders 16, 262-266. 

Wong, K.L., Wu, Y.R., Cheng, K.S., Chan, P., Cheung, C.W., Lu, D.Y., Su, T.H., Liu, Z.M., Leung, Y.M., 
2014. Palmitic acid-induced lipotoxicity and protection by (+)-catechin in rat cortical 
astrocytes. Pharmacological reports : PR 66, 1106-1113. 

Yudkoff, M., Nissim, I., Nissim, I., Stern, J., Pleasure, D., 1989. Effects of palmitate on astrocyte 
amino acid contents. Neurochemical research 14, 367-370. 

Zhao, Z., Fan, L., Frick, K.M., 2010. Epigenetic alterations regulate estradiol-induced enhancement 
of memory consolidation. Proceedings of the National Academy of Sciences of the United 
States of America 107, 5605-5610. 

  

17



 

Chapter 1: Neuroprotective effects of the catalytic subunit of telomerase: a 

potential therapeutic target in the central nervous system 

 

This review has been published in the journal of Ageing Research review. 2016 Jul; 28:37-

45. (Impact factor 8.973).  

 

Yeimy González-Giraldoa, Diego A. Forerob, Valentina Echeverriac, Janneth Gonzaleza, 

Marco Ávila-Rodriguezd, Luis Miguel Garcia-Segurae*, George E. Barretoa,f,g* 

a Departamento de Nutrición y Bioquímica, Facultad de Ciencias, Pontificia Universidad 

Javeriana, Bogotá D.C., Colombia 

b Laboratory of Neuropsychiatric Genetics, Biomedical Sciences Research Group, School of 

Medicine, Universidad Antonio Nariño, Bogotá, Colombia 

c Facultad de Ciencias de la Salud, Universidad San Sebastián, Lientur 1457, Concepción, 

Chile 

d Facultad de Ciencias de la Salud, Universidad del Tolima, Ibagué, Tolima, Colombia  

e Instituto Cajal, CSIC, Madrid, Spain 

f Instituto de Ciencias Biomédicas, Universidad Autónoma de Chile, Santiago, Chile 

g Universidad Científica del Sur, Lima, Perú. 

 

*  Correspondence: George E. Barreto, M.Sc., Ph.D. Departamento de Nutrición y 

Bioquímica, Facultad de Ciencias, Pontificia Universidad Javeriana, Bogotá D.C., Colombia. 

Phone: +57 1 320 8320 (ext 4096). Email: gsampaio@javeriana.edu.co  

Luis Miguel Garcia-Segura, PhD. Instituto Cajal, CSIC, Madrid, Spain. Email: 

lmgs@cajal.csic.es  

 

 

 

 

 

 

 

18

mailto:gsampaio@javeriana.edu.co
mailto:lmgs@cajal.csic.es


 

Abstract  

Senescence plays an important role in neurodegenerative diseases and involves key 

molecular changes induced by several mechanisms such as oxidative stress, telomere 

shortening and DNA damage. Potential therapeutic strategies directed to counteract these 

molecular changes are of great interest for the prevention of the neurodegenerative process. 

Telomerase is a ribonucleoprotein composed of two subunits: catalytic subunit (TERT) and 

RNA subunit (TERC). It is known that the telomerase is involved in the maintenance of 

telomere length and is a highly expressed protein in embryonic stages and decreases in adult 

cells. In the last decade, a growing number of studies have shown that TERT has 

neuroprotective effects in cellular and animal models after a brain injury. Significantly, 

differences in TERT expression between controls and patients with major depressive disorder 

have been observed.  More recently, TERT has been associated with the decrease in reactive 

oxygen species and DNA protection in mitochondria of neuron. In this review, we highlight 

the role of TERT in some neurodegenerative disorders and discuss some studies focusing on 

this protein as a potential target for neuroprotective therapies. 

 

Keywords: Senescence, Oxidative stress, Telomeres, Telomerase, Neuroprotection 
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1.1 Introduction  

Senescence is a process of mitotic arrest of the cell cycle, which is started in the G1/S check-

point (Muller, 2009). During this state the cell experiences several modifications, such as 

changes in morphology, metabolism and expression of cytokines and growing factors. These 

changes result in what is known as the Senescence-Associated Secretory Phenotype (SASP) 

(Fridlyanskaya et al., 2015). It has been considered that senescence might be caused by a 

series of biological processes, including telomere shortening, oxidative stress, DNA damage, 

calcium dysregulation, misfolded proteins and oncogene expression (Liu, 2014). Senescence 

is divided into replicative senescence, Stress-Induced Premature Senescence (SIPS) and 

oncogene-induced senescence, being SIPS the most important for the central nervous system 

(CNS) (Tan et al., 2014). Premature senescence caused by stress can involve telomere-

dependent or telomere-independent mechanisms (Muller, 2009). Mitochondria play an 

important role in senescence, as they are among the organelles that produce more oxidative 

stress and their dysfunction has been associated with high levels of reactive oxygen species 

(ROS) in senescent cells (Correia-Melo and Passos, 2015) and during aging (Melo et al., 

2011). Moreover, the increase in ROS leads to telomere shortening. Telomeres are G-rich 

sequences, which are sensitive to oxidation and therefore ROS can induce DNA damage in 

telomeres (Oikawa and Kawanishi, 1999). In addition, repair mechanisms of telomeric DNA 

seem to be particular and need to be studied in more detail. For example, a study found that 

after UV irradiation the repair was absent in fibroblasts (Rochette and Brash, 2010), whereas 

in oxidative guanine damage in mouse cells the base excision repair (BER) pathway 

participated in oxidative base repair in telomeres (Wang et al., 2010).  

 

Strategies directed to counteract the molecular changes in senescent cells have been explored. 

Several studies have found that telomerase has neuroprotective effects in the brain and it has 

been shown that its expression and activity are increased after injury (Table 1). Telomerase 

is a ribonucleoprotein responsible for telomere length maintenance, and it has been 

demonstrated that its protein component (Telomerase Reverse Transcriptase, TERT) has 

extra-telomeric functions, which are important for post-mitotic cells such as neurons 

(Spilsbury et al., 2015). TERT overexpression is associated with decreased ROS levels 

(Spilsbury et al., 2015) and with the reduction of excitotoxicity induced by NMDA in neurons 

20



 

(Kang et al., 2004). TERT has effects on neuronal survival because it regulates Bcl2/Bax 

expression (Li et al., 2013). Therefore, TERT could be considered as a key protective protein 

since it may decrease some secretory phenotypes of senescence in the brain, which have been 

associated with the onset of neurodegenerative diseases (Tan et al., 2014).  

 

Senescence is associated with cellular mechanisms that trigger neurodegenerative diseases 

and other aging-associated process. It has been shown that senescence involves 

mitochondrial dysfunction, morphological changes, activation of p38 mitogen-activated 

protein kinases (p38MAPK) and increased secretion of proteins and factors, such as β-

galactosidase and IL-6, by astrocytes and neurons (Bhat et al., 2012; Jurk et al., 2012), in 

both normal aging and neurodegenerative conditions such as Alzheimer’s (AD) and 

Parkinson’s (PD) diseases. Another important factor for senescence is telomere length, 

although its role in neurological diseases is still controversial. Several studies have found that 

telomere loss is associated with diseases such as schizophrenia (Polho et al., 2015), 

depression (Lin et al., 2016) and AD (Tedone et al., 2015). A recent meta-analysis of 13 

primary studies (including 860 AD patients and 2,022 controls) found shorter telomeres in 

AD patients (Forero et al., 2016a). Another recent meta-analysis for PD, including 8 primary 

studies (956 PD patients and 1,284 controls), did not find shorter telomeres in samples of 

leukocytes in PD patients (Forero et al., 2016b). On the other hand, there are different 

mechanisms by which senescence could affect the brain. For example, SASP of mitotic cells 

such as microglia, astrocytes, endothelial cells and oligodendrocytes can affect neurons, 

leading to a pathological state due to the inflammatory factors and loss of trophic support 

from astrocytes to neurons (Chinta et al., 2015). In the brain there are mitotic (glial cells) and 

post-mitotic (neurons) cells and therefore senescence in post-mitotic cells does not involve 

cell cycle arrest, rather it involves a block on re-entering the cell cycle (Campisi and d'Adda 

di Fagagna, 2007). Interestingly, a study showed that BrdU+ astrocytes expressing Aldh1l1, 

a protein known to be expressed by mature astrocytes, did not resume proliferation from days 

2-7 after focal brain ischemia, demonstrating that mature astroglia do not proliferate as highly 

as expected following injury (Barreto et al., 2011a; Barreto et al., 2011b; Barreto et al., 

2011c; Barreto et al., 2012).  
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As senescence leads to an alteration in cellular function and structure in the CNS, this process 

could be considered as the starting point for the search of new treatments against 

neurodegenerative diseases. Therefore, a therapeutic intervention for senescence in CNS may 

be associated with an increase of TERT expression and/or telomerase activity (Table 1). 

Here we discuss the role of TERT in brain pathologies and studies that have explored it as a 

potential target for neuroprotective therapies. 

 

Telomeres are DNA sequences at the end of the chromosomes that consist of a repetition of 

TTAGGG  (G-rich strand) with orientation 5'-3' towards the terminal portion of the 

chromosome (Gomez et al., 2012). Telomeres, which are folded into a T loop structure that 

gives stability to the genome, avoid fusion of nearby chromosomes and serve as binding sites 

for DNA repair proteins. Telomeres act as a cellular biological clock since their shortening 

has been observed after each DNA replication (Harley, 1991). When the telomere length 

reaches a lower limit, then the cell enters apoptosis or senescence. Moreover, telomere 

shortening is the main cause of replicative senescence, which is triggered by the p53-p21 and 

DNA-damage response (DDR) pathways (Muller, 2009). On the other hand, several factors 

such as genetic, epigenetic and environmental variables can lead to shortening of telomeres. 

During aging telomere loss is observed, however life styles such as smoking, obesity, lack of 

exercise and an inadequate diet might accelerate the telomere shortening and therefore 

increase risk for different diseases (Shammas, 2011).  

 

Until now is unknown the mechanisms by which the telomeres are affected in post-mitotic 

cells  such as neurons, but it is thought that ROS could be involved in telomere shortening, 

although further studies are needed to elucidate this issue (Eitan et al., 2014). For this reason 

telomere shortening could be associated with the pathophysiological mechanisms of several 

diseases (Cai et al., 2013). Interestingly, a study has demonstrated that hydrogen peroxide 

(H2O2) induces DNA damage in the 5´site of 5´-GGG-3´ in the telomere sequence (Oikawa 

and Kawanishi, 1999). Two methods have been commonly employed to analyze telomere 

length in large cohorts of neurological patients: the Terminal Restriction Fragment technique, 

which uses restriction enzymes and Southern blot; and a technique based in quantitative 

Polymerase Chain Reaction (qPCR), which uses 4 primers binding telomere sequences and 
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a single copy gene (Lustig, 2015; Speck-Hernandez et al., 2015). Furthermore, in several 

neurological disorders, differences in telomere length are associated with functional genetic 

variants, which can induce changes in the activity of monoamine oxidase A, among other 

candidates (Speck-Hernandez et al., 2015).  

 

1.2 Telomeric complex 

1.2.1 Telomeres 

In addition to the telomere length maintenance by telomerase (see section 2.2), there are 

several proteins involved in the regulation of telomere structure and function, such as 

telomeric repeat binding factors 1 and 2 (TRF1 and TRF2), these are part of the shelterin 

complex, which is composed by six proteins (Stewart et al., 2012). TRF1 (HGNC symbol: 

TERF1) is encoded by a gene located in 8q21.11 and is a negative regulator of telomeric 

DNA length and TRF2 (HGNC symbol: TERF2) is encoded by a gene located in 16q22.1 

and protects telomeric DNA in the T loop (Kanoh and Ishikawa, 2003). Both TRF1 and TRF2 

inhibit telomerase activity, therefore their overexpression is associated with telomere loss, 

which can lead to senescence (Gomez et al., 2012). In neurons, it has been demonstrated that 

both TERT and TRF2 are important for the regulation of neuronal survival and differentiation 

(Cheng et al., 2007). However, their roles seem to be different between neural progenitor 

cells and mature neurons. For example, mature neurons have low levels of TERT and high 

levels of TRF2 compared to neural progenitor cells (Cheng et al., 2007). When TRF2 is 

silenced, mature neurons become most vulnerable to telomere damaging agents and 

apoptosis. In contrast, in neural progenitor cells, the overexpression of TRF2 or the silencing 

of TERT increase their vulnerability to DNA damaging agents (Cheng et al., 2007).  
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Table 1. Studies that have evaluated TERT expression and telomerase activity in brains from 

animal models under normal conditions or after an injury. 

Reference Animal model Injury Results 

Fu et al, 

2000 

Sprague–

Dawley rats 

Trophic factor  

withdrawal 

Telomerase activity decreased in adult brain in 

comparison with embryonic (E18) and early 

postnatal stages. 

Caporaso et 

al, 2003 
CD-1 mice None 

Telomerase activity was detected in the 

subventricular zone whereas in adult hippocampi 

it was not detected 

Baek et al, 

2004 

Sprague–

Dawley rats 

Transient middle 

cerebral artery 

occlusion 

TERT expression began from 24 h after occlusion. 

TERT was localized in astrocytes and it was not 

expressed in normal conditions. 

Kang et al, 

2004 

 

mTERT 

transgenic 

mice; Adult 

male mice 

Hypoxic-ischemic 

TERT increased over 24 hr after injury and at 72 

hrs the level was reduced.  

TERT overexpression was associated with 

resistance against injury. 

Chen et al, 

2005 

Wild-type and 

eNOS knock-

out mice  

Occlusion of the 

right middle 

cerebral artery 

eNOS knock-out mice had less telomerase activity 

in the ischemic border. Treatment with BDNF 

increased telomerase activity. 

Flanary et 

al, 2005 

Adult Sprague-

Dawley rats 

facial nerve 

axotomy 

Telomerase activity and TERT expression were 

increased after injury in Microglia. 

Increase in Telomere Length was also observed. 

Lee et al, 

2008 

TERT-deficient 

and TERT 

transgenic mice 

Exposition to lethal 

dose of NMDA 

Overexpression of TERT enhanced survival after 

injury, whereas in TERT-deficient mice, the lethal 

dose of NMDA accelerated death. Telomerase 

activity was not detected.   

Jaskelioff et 

al, 2011c 

Conditional  

knock-out for 

TERT-ER mice 

None 

TERT reactivation in TERT-ER mice by 

administration of 4-OHT improved telomere 

elongation. TERT reactivation led to reinstate the 

numbers of mature oligodendrocytes 

Qu et al, 

2011 

Sprague-

Dawley rats 

Ischemia and 

hypoxia treatment 

(HI) 

TERT mRNA and protein expression were 

upregulated from 24 h and 72 h respectively after 

HI, mainly in neurons.  

Wolf et al, 

2011 

Pregnant 

transgenic mice 

(GFP) 

polyriboinosinicpol

yribocytidylic acid  

Maternal viral-like immune response affected 

telomerase activity and telomere length in neural 

precursor cells 

Eitan et al, 

2012 

CD-1 adult 

male mice 
None 

Adult mouse cerebellum: TERT expression and 

telomerase activity had higher levels in the 

nucleus. In cerebellum of old mice TERT 

expression was higher in the cytoplasm. 

 Zhao et al, 

2012 

Sprague–

Dawley rats 

hypoxic-ischemic 

(HI) 

Expression of TERT was higher in hypoxia than 

in HI 

Tao et al, 

2013  

Sprague–

Dawley rats 

Spinal cord injury 

(weight drop 

method) 

TERT expression increased after injury. There 

was a correlation between expression of TERT 

and GFAP. TERT contributed to astrocyte 

activation 
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Abbreviations: TERT: Telomerase; eNOS: Endothelial Nitric Oxide Synthase; BDNF: 

Brain-derived neurotrophic factor; NMDA: N-methyl-Daspartic acid; TERT-ER: telomerase 

reverse transcriptase-Estrogen Receptor, conditional knock-out mice; GFAP: Glial fibrillary 

acidic protein. 4-OHT: 4-hydroxytamoxifen. 

 

1.2.2 Telomerase 

Telomerase is a ribonucleoprotein responsible for telomere length maintenance. In addition, 

it has extra-telomeric and non-canonical functions (Gordon and Santos, 2010), which do not 

require the RNA subunit (Sharma et al., 2012). TERT is highly expressed in embryonic stages 

and especially in germline, hematopoietic progenitor cells and endometrial progenitor cells 

(Poole et al., 2001) and its expression is decreased in somatic cells (Baek et al., 2004). On 

the other hand, increased telomerase activity has been detected in cancers, and its inhibition 

induces senescence and apoptosis in tumor cells (Cao et al., 2008). Telomerase has two 

subunits, a catalytic subunit called telomerase reverse transcriptase (TERT) and an RNA 

subunit (TERC), encoded by a gene located in 3q26.2, that serves as template for the 

synthesis of G-rich strand (Haendeler et al., 2003). The RNA part is not required for the non-

canonical functions of TERT (Sharma et al., 2012). The protein component of telomerase is 

encoded by telomerase reverse transcriptase (TERT) gene, which is located in chromosome 

5 at the position 5p15.33 (Safran et al., 2010).  This gene contain 15 introns and 16 exons, 

and its promoter region lacks TATA and CAAT boxes, although it has an increased number 

of transcriptional binding sites (Daniel et al., 2012). TERT protein has 1132 amino acids, and 

contains four domains: (i), the telomerase essential N-terminal domain, which is important 

for assembly of telomerase complex at the telomeres; (ii), the telomerase RNA binding 

domain, which contains specific binding sequences for TERC; (iii), the reverse transcriptase, 

responsible for the catalytic activity of the enzyme and (iv), the C-terminal domain, which 

participates in protein-protein interactions, localization and activity regulation (Nicholls et 

al., 2011). Furthermore, TERT interacts with several proteins for its assembly, localization, 

inhibition and translocation (Safran et al., 2010).  

 

Cellular localization of TERT is regulated by intracellular signaling. The distribution of 

TERT protein is approximately of 20% in mitochondria in fibroblasts under normal 

conditions (Sharma et al., 2012), whereas telomerase activity has been detected principally 

in nucleus of HEK-293 cells (Haendeler et al., 2009).  Post-translational modifications, such 
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as phosphorylation, are required for its translocation and subcellular localization. Upon stress 

signaling events, such as those triggered by the exposition to a high dose of exogenous H2O2, 

TERT is translocated from the nucleus to the cytoplasm and this process is regulated by Src 

kinase family inhibitor PP1, since TERT is phosphorylated in a tyrosine at position 707 

(Haendeler et al., 2003). In the nucleus, TERT is regulated by protein tyrosine phosphatase 

2 (Shp-2) (Jakob et al., 2008). TERT is imported from the cytoplasm to the nucleus through 

Akt-mediated phosphorylation at serine 227 and its interaction with heath shock protein 90 

(Hsp90). TERT localization is also regulated by interaction with other proteins such as 

nuclear factor kappa B (NF-kB) and tumor necrosis factor α (TNF α) (Chung et al., 2012). 

TERT has a mitochondrial targeting signal and, therefore, TERT can enter the mitochondrial 

matrix where it interacts with mitochondrial DNA and mitochondrial tRNA (Sharma et al., 

2012). Several studies have evidenced that TERT is translocated from the nucleus to the 

mitochondria in response to oxidative stress (Ahmed et al., 2008; Haendeler et al., 2003; 

Santos et al., 2004).  

 

As mentioned above, the expression of TERT is regulated positively by several transcription 

factors, including c-Myc, cAMP response element-binding protein (CREB)/activation 

transcription factor (ATF), ikaros 2 (Ik2), specificity protein 1 (Sp1), estrogen receptors ERs 

and Sp1/ERs, while TERT is regulated negatively by transcription factors such as p53, Wilms 

tumor protein 1 (WT1) and myeloid zinc finger 2 (MZF2) (Poole et al., 2001). Factors that 

upregulate TERT transcription will be beneficial for cells where TERT is expressed at very 

low levels (Spilsbury et al., 2015) and this expression is transient and decreases after some 

hours (Kang et al., 2004). Once available, TERT is translocated to cytoplasm and 

mitochondria upon stress events and induces different neuroprotective mechanisms (Figure 

1).  

 

Additionally, epigenetic mechanisms, such as DNA methylation and histone acetylation, can 

also regulate TERT expression (Daniel et al., 2012). Furthermore, chaperone p23 and HSP90 

are necessary to assemble of the telomerase holoenzyme and they contributed to its efficient 

activity (Holt et al., 1999). To stimulate telomerase activity, post-translational modifications 

by serine/threonine protein kinase C (PKC) and Akt are necessary (Nicholls et al., 2011).  
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1.3 Telomerase activity and TERT expression in the central nervous system 

1.3.1 TERT in the human central nervous system 

Recently, TERT has been postulated as a therapeutic target for neurodegenerative diseases 

due to its protective role in oxidative stress and DNA damage after injury, especially in 

injured spinal cord (Smith et al., 2013), neonatal hypoxic-ischemic brain injury (Li et al., 

2011) and in an amyotrophic lateral sclerosis animal model (Eitan et al., 2012). However, 

few studies have analyzed TERT expression and telomerase activity in the human CNS. 

According to genome-wide expression studies in different human tissues, TERT has higher 

expression levels in pineal gland, parietal lobe and caudate nucleus (Su et al., 2004). In a 

recent study, the analysis of post-mortem brain tissues from patients with major depressive 

disorder (MDD) and normal controls revealed that the expression of TERT and telomere 

length were different in oligodendrocytes, but not in astrocytes, among MDD patients and 

controls, and that the TERT expression was higher in control subjects. This study also 

showed that age affected TERT expression and telomere length in oligodendrocytes from the 

uncinate fasciculus area in the brain (Szebeni et al., 2014). Similarly, other study showed that 

TERT was expressed in the neuronal cytoplasm and in activated microglia, but not in 

astrocytes, in the hippocampi from AD brains. When the authors compared TERT expression 

in brain tissue from AD patients and control subjects, no significant differences were found. 

However, it was shown that TERT is extensively located in neuronal mitochondria from 

patients with advanced Braak stages (VI). Interestingly, in the same study, it was observed 

that TERT and pathological Tau are mutually exclusive in neurons of the hippocampus, 

suggesting that telomerase could prevent Tau accumulation in neurons (Spilsbury et al., 

2015). On the other hand, in patients with amyotrophic lateral sclerosis (ALS), TERT 

expression and telomere length were lower in blood and spinal cord samples, in comparison 

with control subjects; in addition, the expression of p53 and p21 in ALS patients was 

inversely correlated with the expression of TERT (De Felice et al., 2014).  

 

1.3.2 Telomerase activity and TERT expression in animal models of brain injury 

It has been shown that TERT is expressed in embryonic and early postnatal developmental 

stages in the brain of rodents and that telomerase activity is decreased in the adult brain (Fu 

et al., 2000). Telomerase activity has also been detected in the subventricular zone in adult 
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rats, a region known to have abundant neural precursor cells (Caporaso et al., 2003). On the 

other hand, several animal studies have demonstrated neuroprotective effects of TERT after 

brain injury (Table 1). In models of hypoxic-ischemic brain injury, it has been observed that 

TERT expression is increased in the neuronal cytoplasm at 12 hours (Zhao et al., 2012) and 

24 hours (Kang et al., 2004; Qu et al., 2011) after injury. TERT can exert anti-apoptotic 

effects, since its inhibition induces apoptosis in association with high levels of cleaved 

caspase-3, a protein involved in apoptosis (Zhao et al., 2012). Conversely, TERT 

overexpression confers resistance to excitotoxicity (Kang et al., 2004), although its 

overexpression has been associated with the inhibition of proliferation and with a decrease 

in the number of astrocytes. Interestingly, TERT is expressed first in neurons and then in 

astrocytes after hypoxia-ischemia (Qu et al., 2011).  In other animal models of brain injury, 

such as trophic factor withdrawal, spinal cord injury and exposition to N-methyl-D aspartic 

acid, TERT expression and telomerase activity are increased showing protective effects 

(Baek et al., 2004; Flanary and Streit, 2005; Lee et al., 2008) Similarly, in superoxide 

dismutase 1 (SOD1) transgenic mice, an ALS model, an increase in TERT expression and 

telomerase activity protected motoneurons in the spinal cord (Eitan et al., 2012). 

 

Previously, although a study using nitric oxide synthase knockout (eNOS−/−) mice have 

demonstrated that telomerase activity is low in progenitor cells from the subventricular zone, 

its activity is increased by brain-derived neurotrophic factor (BDNF) and this influences the 

functional recovery after stroke (Chen et al., 2005).  In mice with advanced degenerative 

phenotypes, the reactivation of TERT has been linked to the extension of telomeres and 

interestingly this reactivation led to reinstate the numbers of mature oligodendrocytes 

(Jaskelioff et al., 2011). Maternal viral-like immune response has shown to affect telomerase 

activity and telomere length in neural precursor cells (Wolf et al., 2011). In summary, there 

are published studies that have shown that changes in telomerase activity and TERT 

expression have been found to be different depending on the type of damage in neurons, but 

it has been suggested that TERT could be a potential therapeutic target for these cells. 

Conversely, few, and conflictive, results about astrocytes and TERT have been reported. For 

example, TERT has been related to the activation of astrocytes, since the increase of TERT 

expression is correlated with increased glial fibrillary acidic protein (GFAP) expression in 
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Sprague–Dawley rats (Tao et al., 2013). However, a study has found a direct correlation 

between increased telomerase activity and telomere length, showing that telomerase activity 

decreased from postnatal day 16 (Flanary and Streit, 2004). On the other hand, TERT 

expression has been not detected in human astrocytes, and few studies have found TERT 

expression in neurons. Therefore, it is necessary to assess the role of TERT in human brain 

cells such as astrocytes, microglia and neurons, and evaluate molecules that can increase 

TERT expression through activation of several pathways, which could be beneficial for 

astrocytes under stress conditions (Avila Rodriguez et al., 2014; Cabezas et al., 2015).   

 

1.3.3 Telomerase activity and TERT expression in cellular models  

Several studies have analyzed TERT in neurons, astrocytes and microglia cells in culture 

from mice and rats (Table 2). These studies have shown that TERT levels are higher in 

neurons than in astrocytes (Fu et al., 2000). In vitro and in vivo studies have shown that 

TERT expression is increased when cells are exposed to glutamate or to oxygen and glucose 

deprivation (Eitan et al., 2015; Li et al., 2013; Niu and Yip, 2011). Moreover, there is 

evidence that TERT is necessary to protect brain cells from oxidative damage (Spilsbury et 

al., 2015) and apoptosis (Fu et al., 2000). On the other hand, an important finding in relation 

to neuroprotection by TERT is the reduction of ROS. For example, it has been observed that 

the inhibition of TERT causes an increase in oxidative stress and mitochondrial dysfunction 

in neurons treated with amyloid-β peptide. More importantly, TERT overexpression 

increases the resistance to apoptosis induced by amyloid-β peptide (Zhu et al., 2000). 

Likewise, when cultured neurons are treated with hydrogen peroxide in absence of TERT, 

there is a potentiation of ROS generation (Spilsbury et al., 2015). Additionally, it has 

observed that telomerase activity is also increased under stress conditions, such as increased 

levels of glutamate (Fu et al., 2002) and after human immunodeficiency virus-infection, 

inducing changes in telomere length (Ojeda et al., 2014). Therefore, this evidence strongly 

suggests that TERT is neuroprotective, however, the molecular mechanisms by which TERT 

exerts this protection are unclear.  
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Table 2. Studies that have evaluated neuroprotective effects, TERT expression and 

telomerase activity in cellular models.  

 

Reference Cell type Injury Results 

Fu et al, 

1999 

PC12 cell line and 

primary neurons 

(mouse) 

Trophic factor  

withdrawal 

Levels of TERT were higher in neurons than 

astrocytes. 

Suppression of TERT expression using 

antisense oligonucleotide increased 

vulnerability to apoptosis induced by trophic 

factor withdrawal; overexpression reduces 

vulnerability. 

Zhu et al, 

2000 

PC12 cell line and 

primary hippocampal 

cells (mouse) 

Amyloid- β 

peptide 

Suppression of TERT expression using 

antisense oligonucleotide in neurons led to 

increased levels of oxidative stress and 

mitochondrial dysfunction 

Fu et al, 

2002 

Neurons 

(Embryonic rat) 
Glutamate 

BDNF and sAPP increased TERT expression 

and telomerase activity mediated by 

PI3K/p42/p44 MAP kinases. TERT is 

necessary to promote neuronal survival. 

Flanary et 

al, 2004 

Microglia and 

astrocytes (rats) 
None 

The telomere shortening and progression to 

senescence is faster in microglia than in 

astrocytes. 

Kang et al, 

2004 
Neurons (mice) Kainate 

TERT overexpression reduced excitotoxicity 

by excess activation NMDA receptor.  

Niu et al, 

2011 

Primary SMN cultures 

(rat) and NSC-34 cell 

line 

Glutamate 

BDNF protected the neuron by means of the 

increase of TERT expression and telomerase 

activity, and it involved Tr-KB signaling, 

PI3K/Akt and MAPK/ERK1/2 cascades.  

Qu et al, 

2011 

Rats primary cell 

cultures (Astrocytes 

and neurons) 

 Combined 

Hypoxia and 

glucose 

deprivation 

(CHGD) 

Overexpression of TERT inhibited astrocyte 

proliferation and promotes neuronal survival in 

the developing rat, through upregulation of p15 

in astrocytes.  

Iannilli et 

al, 2013 

Primary culture of 

hippocampal neurons 

(rats) 

Arsenite 0.5 mM 

TERT is associated with stress granules, after 

injury TERT could exert its pro-survival role 

through its regulation of the expression of 

p15INK4B (an inhibitor of apoptosis). TERT 

was translocated from nucleus to cytoplasm in 

aged neurons.   

Li et al, 

2013 

Primary cortical 

neurons (rats) 

Oxygen and 

glucose 

deprivation 

(OGD) 

TERT expression was weak in normoxia but it 

increased at 24 h after OGD. Inhibition of 

TERT expression by antisense nucleotides 

increased neuronal apoptosis induced by OGD. 

TERT was localized in nucleus and cytoplasm 

and it regulated expression of BCl2/Bax. 
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Ojeda et al, 

2014 
Astrocytes (mice) HIV-1 infection  

Telomerase activity was increased after 

infection and it may contribute to telomere 

lengthening. From day 3 levels were similar 

between infected and noninfected astrocytes. 

Zhang et al, 

2014 

Primary cortical 

neurons (rats) 

Acrylamide 

(ACR) 

Exposure to ACR (2.5 and 5 mM) increased 

TERT expression, but with 10 mM, TERT 

expression decreased in mitochondria. 

Telomerase activity was not detected. 

Eitan et al, 

2015 

Cerebellar Purkinje 

Neurons (mice) 

Glutamate, X-ray 

Irradiation 

TERT was expressed in mitochondria and 

cytoplasm. TERT levels increased in the 

nucleus by x-ray radiation and in the 

mitochondria by glutamate exposure 

Spilsbury 

et al, 2015 

Neurons (TERT-/- and 

TERT +/+) 

Exposition to high 

dose Hydrogen 

peroxide 

TERT protected against oxidative damage. In 

TERT-/- neurons increased ROS generation 

and oxidative damage. 

Abbreviations: TERT: Telomerase; BDNF: Brain-derived neurotrophic factor; sAPP: 

secreted form of B-amyloid precursor protein; NMDA: N-methyl-Daspartic acid; SMN: 

spinal cord motor neurons. 

 

Possible pathways involved in the protective effects of TERT have been analyzed. Signaling 

pathways as TrkB have been involved in the increase of TERT expression and telomerase 

activity by BDNF, as well as the PI3K/Akt and MAPK/EKK1/2 cascades. In addition, it has 

been observed that several transcription factors (such as nuclear factor (NF)-kB, c-Myc and 

Sp1) that are regulated by BDNF, in turn regulate TERT, when cells are exposed to glutamate 

(Niu and Yip, 2011). TERT can also regulate proteins that inhibit apoptosis, such as 

p15INK4B (Iannilli et al., 2013; Qu et al., 2011), Bax and p53 (Li et al., 2013; Niu and Yip, 

2011). Another aspect of great interest is the subcellular localization of TERT. TERT is 

located in the cytoplasm after an injury in neurons, where it forms a complex with the 

messenger RNA of the cyclin kinase inhibitor p15INK4B. This complex is dissociated to 

release TERT from it upon stress (Iannilli et al., 2013; Li et al., 2013), specifically in 

mitochondria (Eitan et al., 2015; Zhang et al., 2014). However, when neurons are exposed to 

X-ray irradiation, levels of TERT increase in the nucleus, whereas levels of TERT increases 

in the mitochondria following glutamate exposure (Eitan et al., 2015). Therefore, TERT 

could not be excluded of nucleus.  

 

It has been shown that TERT does not maintain telomere length in fibroblasts cultured under 

hypoxic conditions, but protects mitochondrial DNA, improves mitochondrial function and 

reduces ROS generation. Interestingly, TERT also affects global gene expression patterns 
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(Ahmed et al., 2008). In this context, the neuroprotective effects mentioned above, in both 

animal and cellular models, could be mediated by alterations of several anti-apoptotic 

proteins that improve cellular proliferation and survival. It has been also postulated that this 

protective effect can be achieved by the binding of TERT to MT-ND1 and MT-ND2 gene 

regions in mitochondria (Haendeler et al., 2003), as well as by the interaction with RNA 

granules in the cytoplasm of neurons exposed to injuries. The RNA component of TERT is 

not located in the mitochondria, therefore TERT could be interacting with other RNAs from 

mitochondria (Iannilli et al., 2013; Sharma et al., 2012).  

 

1.4 TERT as a therapeutic target for the central nervous system 

There is a growing interest in TERT as therapeutic target for ageing (Zhang et al., 2015), and 

senescence, since TERT could have effects on components of the SASP, such as the 

reduction of the expression of pro-inflammatory cytokines (Chinta et al., 2015), which play 

an important role in the development of neurodegenerative diseases (Chinta et al., 2013). 

However, few studies have investigated molecules that may increase telomerase activity or 

expression of TERT in the CNS. One study analyzed the effects of estradiol and raloxifene 

(a selective estrogen receptor modulator) in neurons exposed to amyloid-β peptide. The 

authors observed that these compounds protected the cells from neurotoxicity by increasing 

telomerase activity, which involved an Akt-phosphorylation dependent mechanism (Du et 

al., 2004). In addition, a triaryl compound named AGS-499 protected a motoneuron-like cell 

line from oxidative stress and increased TERT expression and telomerase activity. 

Interestingly, this protective effect was also observed in a mouse model of ALS (Eitan et al., 

2012). Moreover, it has been reported that cycloastragenol activates TERT in neurons by a 

mechanism involving the activation of CREB (Ip et al., 2014). Recently, a study has found 

that montelukast, a compound used to treat asthma, exerts a protective effect in neonatal 

hypoxic-ischemic brain damage, increasing TERT and Bcl-2 expression (Liu et al., 2015a). 

These different compounds may affect either telomerase activity (Du et al., 2004), TERT 

expression (Liu et al., 2015a; Xiao et al., 2014) or both (Eitan et al., 2012; Ip et al., 2014) 

(Table 3). Of particular importance, it has been shown that telomerase activity and 

expression of TERT can be related to the mechanisms of action for psychopharmacological 

32



 

interventions such as antidepressants and antipsychotics (Bersani et al., 2015; Wolkowitz et 

al., 2012). 

 

Several studies have found that estrogens and other compounds have neuroprotective effects 

(Arevalo et al., 2015; Avila Rodriguez et al., 2014). Estradiol and related compounds such 

as raloxifene, tamoxifen and tibolone, bind to estrogen receptors (ER) and activate multiple 

signaling mechanisms in several tissues, including the brain (Arevalo et al., 2011; Goldstein 

and Sites, 2002). It has been observed that estradiol affects senescence by increasing 

telomerase activity in endothelial precursor cells (Imanishi et al., 2005).  Furthermore, the 

administration of exogenous estradiol increases telomerase activity and expression in the 

brains of ovariectomized rats (Cen et al., 2015). As estrogen and raloxifene have shown to 

affect telomerase activity in neurons, the evaluation of other estrogenic analogs could be a 

key strategy to increase both TERT expression and telomerase activity. For example, it has 

been shown that tibolone protects astrocytes from glucose deprivation (Avila Rodriguez et 

al., 2014), and its metabolites (3a-OH-tibolone and 3b-OH-tibolone) have shown to stimulate 

transcription through ERα (Guzman et al., 2007). Another metabolite of tibolone, Δ 4-isomer, 

stimulates progesterone and androgen receptors (Genazzani et al., 2006). Interestingly, it has 

been reported that androgen receptor affects telomerase activity and expression in human 

peripheral blood lymphocytes (Calado et al., 2009). Therefore, it is possible that tibolone, 

through its tissue-selective actions on steroid receptors, may exert neuroprotection by 

increasing TERT expression and telomerase activity in astrocytes.   

 

Another compound that could affect telomerase activity is cotinine. This compound has been 

shown to affect cell viability and proliferation by means of TERT reactivation in a dose 

dependent manner (Jacob et al., 2009). In addition, nicotine has been associated with the 

reduction of senescence in endothelial progenitor cells through an increase of telomerase 

activity, involving the PI3K/Akt pathway (Junhui et al., 2009). Interestingly, cotinine and 

nicotine have beneficial effects in neurons (Barreto et al., 2014) and astrocytes (Liu et al., 

2015b). These metabolites activate α7 nicotinic acetylcholine receptors, thus inducing 

several effects in cells. For example, a study has shown that nicotine increases BDNF 

expression (Andresen et al., 2009), and in turn BDNF affects expression of TERT (Niu and 
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Yip, 2011). Therefore, the stimulation of estrogen, androgen and α7 nicotinic acetylcholine 

receptors could be beneficial for cell survival (Figure 1).  It is important to highlight that 

molecules such as estradiol, estrogenic compounds and metabolites of nicotine have 

pleiotropic effects; therefore the increase of telomerase activation/expression is probably 

only one of their mechanisms of action (Arevalo et al., 2011; Barreto et al., 2014). 

 

Table 3. Studies that have evaluated neuroprotective effect of TERT through molecular 

therapeutic strategies in cells from brain (animal models and human cells). 

 

Reference Model  Molecule Effects in cellular model 
Effects in animal 

model 

Du et al, 2004 
PC12 neuronal 

cell line (rat) 

Raloxifene and 

Estradiol 

Both molecules protected cells 

of β -amyloid-induced 

neurotoxicity and they increased 

telomerase activity (by 

activation of Akt) but not TERT 

expression. TERT was also 

associated with NF-kB 

NR 

Eitan et al, 

2012 

Motor neuron-

like cell line 

(mouse)  and 

mice 

AGS-499 

AGS-499 protected cells from 

oxidative stress by increasing 

TERT expression and 

telomerase activity 

AGS-499 protected 

mice from NMDA-

induced 

excitotoxicity 

Ip et al, 2014 

PC12  and 

primary 

cortical and 

hippocampal 

neurons 

(mouse) 

Cycloastragen

ol (CAG) 

CAG increased mRNA 

expression of TERT and 

telomerase activity. Activity was 

induced via CREB activation 

NR 

Xiao et al, 

2014 

SK-N-SH cell 

line (Human ) 

Curcumin and 

Cur1 

Both molecules protected cells 

from β -amyloid-induced 

neurotoxicity and up-regulated 

the expression of hTERT 

NR 

Liu et al, 2015 Rats  Montelukast  NR 

Montelukast 

protected cerebral 

tissue after hypoxic-

ischemic damage, 

increasing TERT and 

Bcl2 expression 

Abbreviations: TERT: Telomerase; NF-kB: nuclear factor kappa-light-chain-enhancer of 

activated B cells; CREB: cAMP response element-binding. NR: Not reported. 
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Figure 1. Overview of possible neuroprotective mechanisms of TERT in cells from the 

CNS and possible strategies to increase TERT expression and telomerase activity.  

 

TERT: Telomerase Reverse Transcriptase; BDNF: Brain-derived neurotrophic factor; ER: 

Estrogen Receptor; α7: α7 nicotinic acetylcholine receptor; AR: Androgen Receptor; MAPK: 

Mitogen-activated protein kinase; Bcl2: B-cell CLL/lymphoma 2; Bax: BCL2-associated X 

protein; p53: tumor protein p53; β-gal: β-galactosidase; PI3K: Phosphatidylinositol 3-kinase; 

Akt: Protein kinase B; ROS: Reactive oxygen species; mtDNA: DNA mitochondrial; PP1: 

Src kinase family inhibitor PP1; TERC: RNA subunit of telomerase; TRF1; telomeric repeat 

binding factors 1; TRF2: telomeric repeat binding factors 2.  

 

1.5 Conclusions and future directions  

In recent years, a large amount of studies has shown that telomerase has protective effects 

against different injuries in several cell types and although its dysregulation is associated 

with most cancers, it seems that this ribonucleoprotein could be also key for aging and 

senescence. In general, TERT expression is increased after injury and improves 

mitochondrial functions in brain, but little is known about TERT in human CNS and it is 

possible that this enzyme is involved in the pathogenesis of several neurodegenerative 

diseases. Significantly, almost all studies have used cells from animal models to evidence the 

role of TERT in the brain. In this regard, future studies using cellular models from human 

brain are necessary to provide a better understanding of the role of TERT in different cells 
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from the human brain. Likewise, the identification of the interactions of TERT with other 

proteins may contribute to a deeper knowledge of its neuroprotective mechanisms. Finally, 

the identifications of new of compounds able to increase telomerase activity and TERT 

expression, specifically in brain tissue, might provide new tools for the treatment of acute 

and chronic neurodegenerative events.  
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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 survival, 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 astrocytic cells by preserving both mitochondrial 

functionality and morphological complexity. 

 

Keywords: Astrocytes; Palmitic acid; Tibolone; mitochondria; morphology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

45



 

2.1 Introduction  

Astrocytes play an important role in the brain. They control the extracellular levels of 

potassium, water and neurotransmitters (glutamate, GABA and glycine) (Zeng et al., 2007), 

regulate blood flow, transport glucose from the vasculature (Maragakis and Rothstein, 2006), 

release molecules involved in the control of brain homeostasis, such as brain-derived 

neurotrophic factor (BDNF), energy substrates and neurosteroids (Sofroniew and Vinters, 

2010) and they participate in information processing, forming neuro-glia networks (Perea et 

al., 2014). In addition, these cells are key regulators of inflammatory processes in the brain, 

although their role on neuroinflammation is somehow controversial. For example, the anti-

inflammatory actions of astrocytes are triggered upon activation of transcription factors, 

proteins and receptors, such as Signal transducer and activator of transcription 3 (STAT3), 

BDNF, estrogen receptor α (ERα) and transforming growth factor β receptor (TGFβR), which 

are involved in protective pathways associated to anti-inflammatory cytokine release, 

reduced astrogliosis and increased neuronal survival. Conversely, NFkB transcription factor, 

sphingosine 1-phospahte (S1P), vascular endothelial growth factor (VEGF) and interleukin 

17 receptor (IL7R) activation are involved with detrimental pathways, which are related with 

enhanced astrogliosis, cytokine release, neuronal death and oxidative stress (Colombo and 

Farina, 2016). Pathological activation of astrocytes signaling pathways is involved in 

neurodegenerative conditions such as Alzheimer’s disease (AD) and Parkinson’s disease 

(PD), stroke (Amor et al., 2010), and neuropsychiatric diseases such as schizophrenia (Saetre 

et al., 2007) and major depression disorder (Miller et al., 2009).  

 

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 

astrocytes, and have been shown to expresses GFAP (glial fibrillary acidic protein), nestin, 

and vimentin (Belot et al., 2001). Therefore, this cell line is considered as a biological model 

to evaluate new therapeutic strategies and their molecular mechanisms affecting astrocyte 

function (Baez-Jurado et al., 2017; Gasque et al., 1996; Landolfi et al., 1998; Mao et al., 

2006).  
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Estradiol is a neuroprotective hormone that reduces neuroinflammation and regulates the 

activation of astrocytes (Acaz-Fonseca et al., 2016; Arevalo et al., 2015). However, the use 

of estradiol as a neuroprotectant is limited by its peripheral hormonal actions. Tibolone is a 

steroid with estrogenic, progestogenic and androgenic activities, which are mediated by its 

three metabolites, 3α-, 3β-OH-tibolone and Δ4-isomer (Kloosterboer, 2001). It has been 

described that tibolone has beneficial effects on bone, vagina and brain and it is used as 

treatment for climacteric symptoms and osteoporosis prevention (Kloosterboer, 2004). 

Tibolone is classified as a selective tissue estrogenic activity regulators (STEARs) by its 

different actions on enzyme regulation, receptor activation and metabolism. 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 (de Gooyer et al., 2001). Furthermore, it has 

observed that tibolone and its 3-hydroxy metabolites have agonist actions on estrogen 

receptor in astrocytes (Guzman et al., 2007). The use of STEARs such as tibolone might 

provide an alternative therapeutic approach to the use of estradiol to regulate reactive 

astrogliosis (Acaz-Fonseca et al., 2014; Avila-Rodriguez et al., 2016). A growing number of 

studies have analyzed the effects of tibolone on brain, neurons and astrocytes (Table 1). 

Previously, Avila et al. (2016) found that tibolone protects astrocytes from damage induced 

by glucose deprivation, and the authors demonstrated that neuroglobin is involved in its 

protective effects (Avila-Rodriguez et al., 2016). 

 

Obesity has been related with inflammation-induced cognitive impairment (Miller et al., 

2009) and with an increased risk for neurodegenerative diseases (Martin-Jimenez et al., 2016; 

Nguyen et al., 2014). High-fat diet in animals alters blood glucose, insulin sensitivity and 

cytokine expression (Jayaraman et al., 2014). Besides, it has been found that the peripheral 

immune cells from mice with high-fat diet induced obesity can enter to the central nervous 

system (CNS) and induce neuroinflammation (Buckman et al., 2014). 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 (Jayaraman et al., 2014). 

Fatty acids, which are elevated in obese people (Boden, 2008), can cross the blood brain 

barrier and contribute to modify the function of glial cells, increasing neuroinflammation 
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(Karmi et al., 2010; Miller and Spencer, 2014). In the present 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 (Gonzalez-Barroso and Rial, 2009). This fatty acid induces the expression of 

cytokines and reduces cellular viability in astrocytes and neurons (Gupta et al., 2012; Kwon 

et al., 2014), activating inflammatory signals (Liu and Chan, 2014) and inducing cytotoxicity 

(Wong et al., 2014). Additionally, palmitic acid can induce apoptosis in astrocytes by 

upregulating serine palmitoyltransferase subunits (Geekiyanage and Chan, 2011). 

Furthermore, the levels of this fatty acid are increased in the parietal neocortex from patients 

with Alzheimer’s disease (Fraser et al., 2010), suggesting that 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 (Lutz and Woods, 2012). The aim of this study was 

to determine the possible effects of tibolone on astrocytic alterations induced by palmitic 

acid.  

 

2.2 Materials and Methods  

2.2.1 Cell culture  

T98G human astrocytoma cell line was purchased from 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 characteristics and functions (Avila-

Rodriguez et al., 2016; Avila Rodriguez et al., 2014; Baez-Jurado et al., 2017; Cabezas et al., 

2015; Gasque et al., 1996; Landolfi et al., 1998; Mao et al., 2006; Toro-Urrego et al., 2016; 

Yue et al., 2008). Cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) 

high glucose (Lonza, Walkersville, USA) supplemented with 10% Fetal Bovine Serum (FBS) 

(Eurobio, France) and 10 U penicillin/10 mg streptomycin/25 ng amphotericin (Lonza, 

Walkersville, USA). Cell cultures were incubated at 37 °C under a 5% CO2 atmosphere.    

 

2.2.2 Tibolone pretreatment  

T98G cells were seeded in multi-plates using DMEM supplemented with FBS, and cell 

growth was allowed for 24 hours. Before tibolone treatment, serum starvation was performed 

for 24 hours using DMEM without L-glutamine, serum and phenol red (Lonza, Walkersville, 
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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 

concentrations of tibolone to determine the optimal dose conditions for 24 hours 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 1mM 

palmitic acid or control (2.5% BSA and 2mM carnitine) for 24 hours.  

 

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 cortex from Ovariectomized Cynomologous 

monkeys. 

Gibbs, 2006 

Arcuate neurons from 

female guinea pigs 

Tibolone and 3β-OH attenuate GABAB response by means 

of a membrane ER different from ERα and ERβ. 
Qiu, 2008 

Female Wistar rats Tibolone reduced lipid peroxidation in the brain cortex and 

hippocampus of ovariectomized female. 
de Aguiar, 2008 

Neurons from 

neonatal rats (10–day 

old) and male rats of 

Wister line 

Tibolone prevented cell death, increasing of GSH and a 

decreasing of GSSG, reduced protein oxidative damage 

produced by Buthionine sulfoximine. Tibolone also 

increased HSP70 expression.  

Belenichev, 

2012 

CA3 pyramidal 

neuron from male 

Wistar rats 

Tibolone partially reduced loss of the CA3 pyramidal 

neuron induced by chronic O3 exposure. It reduced 

peroxidation and protein oxidation and prevented cognitive 

deficits in rats. 

Pinto-Almazán, 

2014 

Male Wistar rats  Tibolone increased SOD2 expression in rats with and 

without ozone exposure. It increased choline 

acetyltransferase and reduce damage induced on memory. 

Farfán-García, 

2014 

Astrocytes (T98G) Tibolone decreased calcium levels in glucose deprived cells 

and preserved mitochondrial membrane potential.  
Ávila-

Rodriguez, 2014 

CA1 pyramidal 

neurons from Sprague 

Dawley rats 

Tibolone reverses the spine pruning in CA1 pyramidal 

neurons caused by ovariectomy but it did not reduce lipid 

peroxidation. 

Beltrán-Campos, 

2015 

Astrocytes (T98G) 

and primary mouse 

astrocytes 

Tibolone protects astrocytes from damage by glucose 

deprivation through estrogen receptor beta and an 

increasing neuroglobin expression.  

Ávila-

Rodriguez, 2016 

Abbreviations: 5-HT: 5-hydroxytryptamine; 3β-OH: 3b-hydroxytibolone; ERα: estrogen receptor α; 

ERβ: estrogen receptor β; GABAB: gamma-aminobutyric acid B; GSH: reduced glutathione; GSSG: 

oxidized glutathione; HSP70: 70 kilodalton heat shock protein; SOD2: Superoxide dismutase 2.  
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2.2.3 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 (Kong and Rabkin, 2002). We tested the following 

concentrations of palmitic acid: 100 µM, 200 µM, 500 µM, 750 µM and 1 mM for 24 hours. 

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 serum and 

phenol red-free DMEM.  

 

2.2.4 Cell viability analysis  

For the viability analysis, we used MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) and propidium iodide test. MTT assay was performed 

according previous protocol (Avila-Rodriguez et al., 2016; Cabezas et al., 2015). When the 

treatment time was completed, MTT reagent at final concentration 0.5 mg/ml was added to 

the cells for 3 hours in the dark in a 37˚C, 5% CO2 humidified incubator. Finally, formazan 

crystals were dissolved 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 iodide (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 µg/ml propidium iodide for 15 min (Avila-Rodriguez 

et al., 2016). Analysis of propidium iodide uptake was done by means of flow cytometry 

using the Guava EasyCyte cytometer (Millipore, Massachusetts, USA). Data was expressed 

in terms of percentage of uptake.  
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2.2.5  Mitochondrial functionality analysis  

We employed flow cytometry to evaluate mitochondrial membrane potential by means of 

tetramethylrhodamine methyl (TMRM) dye (Perry et al., 2011) and mitochondrial mass 

using Nonyl Acridine Orange (NAO) dye (Cottet-Rousselle et al., 2011). Firstly, cells were 

stained with 500nM 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% CO2 humidified incubator. Later, cells were 

detached and resuspended in PBS 1x. Analysis of fluorescence was performed in the Guava 

EasyCyte cytometer (Millipore, Massachusetts, USA) using yellow (TMRM) and green 

(NAO) channel (Avila-Rodriguez et al., 2016; Baez-Jurado et al., 2017). Data was expressed 

as mean fluorescence. 

 

2.2.6  Reactive oxygen species (ROS) production  

We assessed the effect of tibolone and palmitic acid on ROS production by means of 

dihydroethidium (DHE), which evaluates superoxide ion and 20,70-dichlorofluorescein 

diacetate (DFCDA), which evaluates oxygen peroxide (H2O2), as previously described (Avila 

Rodriguez et al., 2014; Baez-Jurado et al., 2017; Cabezas et al., 2015). When the paradigm 

of pretreatment and insult culminated, the cells were stained with 10 µM DHE (Sigma, St 

Louis, MO, USA) or 10 µM DFCDA (Sigma, St Louis, MO, USA) for 25 min in the dark in 

a 37˚C, 5% CO2 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, Massachusetts, USA) using green channel for DFCDA. Data was expressed as 

mean fluorescence.  

 

2.2.7  Morphological analysis 

First, bright-field images for each treatment were acquired randomly using a 40x objective 

in a Zeiss Inverted microscope (Carl Zeiss Microscopy, LLC, USA). Images were processed 

with the ImageJ software (Wayne Rasband, National Institutes of Health, Bethesda). RGB 

images were converted to grayscale (8-bit image) and then transformed to binary outline 

using threshold and dilation method (Barreto et al., 2012; Pirici et al., 2009). We carried out 

a fractal dimension analysis, which was realized using Fractal Box counting method in 
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ImageJ 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) (Fernandez and Jelinek, 2001; 

Karperien and Jelinek, 2015). 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. 

 

2.2.8  Statistical analysis  

In the present study the GraphPad Prism version 6.0 for Windows (GraphPad Software, La 

Jolla California 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 test. A p value <0.005 was considered significant.  

 

2.3 Results  

2.3.1  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% (Figure 1A). We observed 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 for control was 8.1 %, while for 250 µM palmitic acid was 9.6% and 

for 1 mM palmitic acid was 30% (Figure 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 hours, according to our previous studies (Avila-Rodriguez 

et al., 2016; Avila Rodriguez et al., 2014). Our findings indicated that 70 and 50 µM tibolone 

induced an increase of 16% (p=0.0229) and 18% (p=0.0055) on cell viability, respectively 

(Figure 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 (Figure 2A). Moreover, PI uptake was 

reduced by 44.4 % (p=0.0003) and 26.2 % (p=0.0042) when cells are treated with 70 µM and 
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20 µM tibolone, respectively, in comparison to 1mM palmitic acid alone (Figure 2B). Since 

we observed significant differences in cell viability when palmitic acid-treated cells were 

exposed to tibolone at 70 µM, 50µM and 20µM, we used these parameters in next 

experiments.   

 

Figure 1. Effects of palmitic acid on astrocytic cell viability. (A) MTT test was performed 

to evaluate several concentrations of palmitic acid for 24 hours. 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 cells treated with 1 

mM palmitic acid presented increased PI uptake (p <0.0001) in comparison with control and 

250 µM palmitic acid. Data show the mean ± SEM of at least three independent experiments. 

Control, 2.5% BSA and 2 mM carnitine.  

 

2.3.2  Effects of tibolone and palmitic acid on mitochondrial parameters  

Next, we assessed the actions of tibolone and palmitic acid on mitochondrial membrane 

potential (Δψm), ROS production and mitochondrial volume/mass. We observed that 

palmitic acid reduced by 56.1% (p=0.0013) the mitochondrial membrane potential (Figure 

3A), and that tibolone at 70 µM (p=0.002), 50 µM (p=0.0003) or 20 µM (p=0.0138) 

attenuated the loss of Δψm in palmitic acid treated astrocytic cells. Similar results were 

observed when we evaluated mitochondrial mass using NAO, a dye that represents a 

measurement of mitochondrial functionality, since it binds cardiolipin only when the inner 

mitochondrial membrane is not altered (Paradies et al., 2014). Our results indicated that 1mM 

palmitic acid reduced mitochondrial mass in a proportion of 50% (p=0.0029) and tibolone at 
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all concentrations (p<0.0001) preserved NAO fluorescence in the presence of palmitic acid 

(Figure 3B).  

 

Figure 2. Effects of pretreatment with tibolone on the viability of astrocytic cells treated 

with palmitic acid. (A) Cells were pretreated for 24 hours 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 µM. (B) 

Propidium iodide uptake assay confirmed that pretreatment with 70 µM 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. 

 

Since palmitic acid might induce ROS production in astrocytes (Wong et al., 2014), as well 

as in other cell types (Schonfeld and Wojtczak, 2008), we next measured its effects on 

hydrogen peroxide and superoxide in the presence or absence of tibolone.  No significant 

alterations on hydrogen peroxide (Figure 4A) or superoxide levels (Figure 4B) were 

observed when cells are treated with different doses of tibolone in the presence of 1mM 

palmitic acid. 
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Figure 3. Analysis of mitochondrial parameters in astrocytic cells pretreated with 

tibolone for 24 hours and treated with 1mM palmitic acid for 24 hours. (A) 

Mitochondrial membrane potential (Δψm) was evaluated using TMRM dye by means of flow 

cytometry. It was observed that tibolone at all concentrations prevented the Δψm collapse 

induced by 1 mM palmitic acid. (B) Similar results were observed when analyzing 

mitochondria mass using NAO. Although 1mM palmitic acid dampened NAO fluorescence, 

tibolone at 70 µM, 50 µM and 20 µM 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.  

 

Figure 4. Analysis of reactive oxygen species (ROS) production in astrocytic cells 

pretreated with tibolone and treated with palmitic acid. No significant differences were 

observed in hydrogen peroxide (A) and superoxide levels in cells treated with palmitic acid 
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alone or in the presence of tibolone (B). Data show the mean ± SEM of at least three 

independent experiments. Control, 2.5% BSA and 2 mM carnitine. 

 

2.3.3  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 (Pirici et al., 2009). Here, to quantitatively assess astrocytic cell morphology 

under different experimental paradigms, we performed fractal analysis of randomly selected 

individual cells, and assessed fractal dimension, circularity, convex hull (arbor area), cell 

area, and perimeter. As shown in Figure 5A, control cells showed a short and thin form, a 

similar feature to cells that were exposed to both 70 µM 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 (Figure 5B, p=0.0077) and smaller circularity (Figure 5C, p<0.0001). Moreover, 

tibolone induced a non-significant 23.58 % increase in convex hull (Figure 5D) and 24.2 % 

increase in cell area (Figure 5E) in comparison to cells treated with palmitic acid alone.  

However, perimeter area increased by 21.31% (Figure 5F, p=0.0005) in astrocytic cells 

under tibolone+palmitic acid treatment when compared to palmitic acid alone.  

 

2.4 Discussion 

Astrocytes are important for CNS homeostasis (Hamby and Sofroniew, 2010), since these 

cells are involved in pro and anti-inflammatory mechanisms during a pathological event 

(Colombo and Farina, 2016). For example, it has been found that genes related with 

inflammation and mitochondria are differentially expressed in astrocytes from postmortem 

tissue of patients with Alzheimer´s disease (Sekar et al., 2015), as well as for other diseases 

such as schizophrenia (Catts et al., 2014), Parkinson’s disease and depression (Santiago et 

al., 2016). For this reason, studies focused on the evaluation of potential therapeutic 

approaches aimed at attenuating damage in astrocytes have taken great importance. In the 

present study, we assessed tibolone´s protective actions in palmitic acid-treated astrocytes.  

 

 

56



 

 

Figure 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. (C) Circularity 

analysis demonstrated that astrocytes treated with palmitic acid were more round in 

comparison to tibolone + palmitic acid and control cells. (D) Palmitic acid induced a 

reduction in convex hull (D), cell area (E), and 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. 
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Although the protective effects of tibolone in the CNS are well documented (Table 1) (Avila-

Rodriguez et al., 2016; Avila Rodriguez et al., 2014; Belenichev et al., 2012; Beltran-Campos 

et al., 2015; de Aguiar et al., 2008; Farfan-Garcia et al., 2014; Gibbs et al., 2006; Pinto-

Almazan et al., 2014; Qiu et al., 2008), its role on astrocytic cells stressed with palmitic acid 

in vitro, a model assembling obesity and neuroinflammation, is not known. In this regard, 

first, we carried out a pretreatment with different concentrations of tibolone and our findings 

indicated that this neuroactive steroid attenuated palmitic acid-induced cell death and 

preserved Δψm and cardiolipin levels altered by the fatty acid. On the other hand,  tibolone 

has shown to exert anti-inflammatory actions (de Medeiros et al., 2012) and as palmitic acid 

may induce activation of immune signals in astrocytes (Gupta et al., 2012), with the 

increasing expression of cytokines such as TNF, IL-1B and IL-6 (Gupta et al., 2012; Liu and 

Chan, 2014; Wang et al., 2012), we suggest that the regulation of cytokines could be involved 

in the protective actions of the 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 (Gupta et al., 2012; Patil et al., 2007; Wong et al., 2014). 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 permeabilization of inner mitochondrial membrane (IMM). Likewise, increased 

ROS production by β-oxidation process can induce PTP opening (Gonzalez-Barroso and 

Rial, 2009). This is noteworthy since we observed that palmitic acid reduced Δψm at 24 

hours, as shown in several cellular models using palmitic acid (Fauconnier et al., 2007; 

Joseph et al., 2004), including in astrocytes (Wong et al., 2014), but this was not correlated 

to augmented ROS production. In fact, in our study, palmitic acid did not provoke the 

production of superoxide and hydrogen peroxide levels, suggesting that it may induce cell 

death independently of free radical generation (Hickson-Bick et al., 2002). In absence of 

ROS production, it is possible that palmitic acid does not enter mitochondria and undergo β-

oxidation process; rather, it could increase de novo synthesis of ceramide (Blazquez et al., 

2001; Patil et al., 2007). It has demonstrated that prolonged exposition to palmitic acid 
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inhibits AMPK (AMP-activated protein kinase) in several cellular models (Lee et al., 2014; 

Sun et al., 2008). This inhibition leads to augmented malonyl-CoA levels, which reduce β-

oxidation and enhance fatty acid synthesis (Foster, 2012). This hypothesis is consistent with 

previous findings, where the increasing phosphorylation of AMPK can reduce de novo 

synthesis of ceramides and apoptosis triggered by palmitic acid in astrocytes (Blazquez et 

al., 2001). Ceramides are associated with apoptosis in astrocytes treated with palmitic acid 

(Blazquez et al., 2001; Patil et al., 2007); via release of cytochrome c from mitochondria 

(Ghafourifar et al., 1999). 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 

(Paradies et al., 2014).  For example, it has been demonstrated that cardiolipin interacts with 

cytochrome c, and that when cardiolipin levels are decreased, cytochrome c is released, thus 

leading to apoptosis (Choi et al., 2007). We observed that tibolone prevents 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 

(Arevalo et al., 2015), since previously, we have demonstrated that the inhibition of ERβ 

prevented the protective effects of tibolone in  astrocytes T98G (Avila-Rodriguez et al., 

2016).  

 

Cell death involves several morphological alterations, including cell shrinkage, and reduction 

of cell and arbor areas (Elmore, 2007). Astrocytic cells have a great morphological diversity, 

and rapidly respond to injury by altering morphology (Sun and Jakobs, 2012). 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 (Fernandez and Jelinek, 2001). Our results indicated that 70 µM 

tibolone preserved astrocytic cells 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 Figure 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 
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rounder. Reduction of cellular complexity (rounded cells and less cell processes) can alter 

gap junctions between astrocytes, and it can reduce interaction with neurons and blood 

vessels, leading to impairs on cerebral functionality (Lee et al., 2016). We assessed several 

other parameters derived 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 (Barreto et al., 2012; Kongsui et al., 2014). Area of convex hull was reduced 

when cells were exposed to palmitic acid and tibolone was able to improve arbor area in the 

presence of palmitic acid, suggesting that tibolone preserves astrocytic cell size. 

Additionally, another morphological parameter analyzed was circularity, which determines 

how round is a cell (values close to 1) or how increasingly elongated 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 Figure5A, 

astrocytic cells treated with palmitic acid are rounder, which is reminiscent of apoptotic-like 

aspect (Elmore, 2007). The actions of tibolone on astrocytic morphology is similar to that 

shown in a previous study, in which this steroid preserved astrocytic cell area under glucose 

withdrawal (Avila Rodriguez et al., 2014). 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 (Sofroniew and Vinters, 2010).  

 

In conclusion, here we have shown that tibolone is protective against cell damage induced 

by palmitic acid (Figure 6). 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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Figure 6. Effects of palmitic acid and tibolone in an astrocytic cell model. Tibolone preserves 

mitochondrial integrity and reduces cell death induced by palmitic acid.  
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Abstract  

Palmitic acid (PA) induces several metabolic and molecular changes in astrocytes, and, it is 

involved in pathological conditions related to neurodegenerative diseases. Previously, we 

demonstrated that tibolone, a synthetic steroid with estrogenic, progestogenic and androgenic 

actions, protects cells from mitochondrial damage and morphological changes induced by 

PA. Here, we have evaluated which estrogen receptor is involved in protective actions of 

tibolone and analyzed whether tibolone reverses gene expression changes induced by PA. 

Tibolone actions on astrocytic cells were mimicked by agonists of estrogen receptor α (ERα) 

and β (ERβ), but the blockade of both ERs suggested a predominance of ERβ on 

mitochondria membrane potential. Expression analysis showed a significant effect of 

tibolone on genes associated with inflammation such as IL6, IL1B and miR155-3p. It is 

noteworthy that tibolone attenuated the increased expression of TERT, TERC and DNMT3B 

genes induced by palmitic acid. Our results suggest that tibolone has anti-inflammatory 

effects and can modulate pathways associated with DNA methylation and telomeric complex. 

However, future studies are needed to elucidate the role of epigenetic mechanisms and 

telomere-associated proteins on tibolone actions.  

 

Keywords: Tibolone; astrocytes; palmitic acid; gene expression; estrogen receptors. 
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3.1 Introduction  

Estrogens play an important role in the brain  (Arevalo et al., 2015). During several decades, 

estrogen withdrawal in women has been associated with cognitive impairment, increased 

Alzheimer´s disease (AD) risk (Pike, 2017) and with psychiatric disorders such as 

schizophrenia (Kulkarni et al., 2015), depression (Schmidt et al., 2015) and anorexia nervosa 

(Ramoz et al., 2013). Interestingly, hormone therapy (HT) has demonstrated beneficial 

effects on cognition and mood (Luine, 2014), and the use of estradiol as an adjuvant in 

antipsychotic therapy improves symptoms of schizophrenia in women of child-bearing age 

(Kulkarni et al., 2015). However, HT has some potential side effects in women, including 

increased risk for heart disease, breast cancer and stroke (Gurney et al., 2014). In this regard, 

this caveat led to the development and implementation of more specific molecules, such as 

Selective Estrogen Receptor Modulators (SERMs) and selective Tissue Estrogenic Activity 

Regulators (STEARs) (Arevalo et al., 2011; Reed and Kloosterboer, 2004).  

 

Tibolone is a synthetic steroid, classified as STEAR, which means that its activation of 

estrogen receptors in human tissues is dependent on the availability of enzymes in each tissue 

(Kloosterboer, 2011). Moreover, whereas tibolone actions are mediated by estrogen receptors 

(ERs) in bone and vagina, it also activates progesterone receptors in endometrial cells 

(Kloosterboer, 2001). In clinical and preclinical studies, tibolone has shown beneficial effects 

in the central nervous system (CNS) (Pinto-Almazan et al., 2017). For example, tibolone 

showed antidepressant effects in women suffering from depressive symptoms during 

menopause or post menopause (Kulkarni et al., 2018). However, its effect on cognitive 

abilities is controversial as while it improved the performance in a test of semantic memory 

it decreased performance in an executive function task (Fluck et al., 2002). Additionally, in 

in vitro studies of neuronal or glial cells, as well as in vivo studies using animal models, 

tibolone has shown to preserve mitochondrial functions, thus attenuating cell death and 

oxidative damage (Gonzalez-Giraldo et al., 2017). These findings suggest that tibolone might 

be a promising neuroactive steroid with therapeutic actions for several conditions affecting 

the CNS.  
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Postmenopausal women have increased susceptibility for developing obesity and chronic 

inflammation. One hypothesis is that in women, the hormonal withdrawal during this critical 

period might account for augmented incidence of inflammatory conditions that may increase 

the risk of developing CNS pathologies. In this regard, these risk factors could contribute to 

AD onset in women (Christensen and Pike, 2015). Previous studies have shown increased 

levels of free fatty acids in the brain of AD patients, suggesting a possible implication of 

these molecules in the pathogenesis of the disease (Fraser et al., 2010). Indeed, obesity has 

negative effects on memory and cognition (Smith et al., 2011). Using animal models it has 

been shown that high levels of free fatty acids induce the expression of peripheral pro-

inflammatory cytokines, which can cross the blood-brain barrier and induce metabolic and 

energy deficits in neurons, astrocytes, and other brain cells (Miller and Spencer, 2014). A 

growing number of studies have used palmitic acid (PA) in vitro using cells and in vivo in 

mouse to model the consequences of obesity (Alsabeeh et al., 2018; Martin-Jimenez et al., 

2016). PA is a saturated fatty acid that, in addition to its presence in food, is also present in 

the cell membranes, where it can be generated by a de novo synthesis mechanism (Carta et 

al., 2017). Changes in cognition induced by PA have been evidenced in animal models 

(Contreras et al., 2017). In humans, a high diet in PA induced the activation of the basal 

ganglia regions including the striatum (Dumas et al., 2016). Although in normal conditions 

PA plays important physiological roles in cells, it is possible that an imbalance in its 

concentration can be deleterious for brain functions, thus leading to brain dysfunction 

(Hussain et al., 2013). 

 

Astrocytes play a key role in the brain, as these cells are involved in fluid, ion, pH, and 

neurotransmitter homeostasis, synapse function, energy and metabolism and blood-brain 

barrier (BBB) maintenance (Sofroniew and Vinters, 2010). PA is able to activate different 

damaging responses in astrocytes, such as inflammation  (Gupta et al., 2012), de novo 

ceramide synthesis (Patil et al., 2007) and endoplasmic reticulum stress (Ortiz-Rodriguez et 

al., 2018). Moreover, PA has a significant effect on mitochondrial functionality since this 

saturated fatty acid is able to dampen mitochondrial membrane potential (Gonzalez-Giraldo 

et al., 2017; Wong et al., 2014). Additionally, there is evidence that PA actions on astrocytes 
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can involve epigenetic mechanisms, such as DNA methylation (Su et al., 2015) and 

microRNAs (Geekiyanage and Chan, 2011).  

 

Previous studies from our group showed that tibolone has protective effects against cell 

damage induced by PA on an astrocytic cell model (Gonzalez-Giraldo et al., 2017). In order 

to explore the possible mechanisms of actions of tibolone on astrocytic cells, in the present 

study, we aimed to determine which ERs are involved in the protective effects of this 

compound and how tibolone can modulate gene expression in cells treated with PA.  

 

3.2 Materials and methods  

3.2.1 Cell culture and Drug Treatments   

In this study, the T98G cell line (ATCC® CRL-1690™) (Manassas, VA, USA), which 

expresses genes encoding astrocyte marker proteins  (Litovchick et al., 2007), was used as 

an astrocytic cell model. Cells were cultured with Dulbecco’s Modified Eagle Medium 

(DMEM)-high glucose (Lonza, Walkersville, USA), supplemented with 10% fetal bovine 

serum (FBS) (Eurobio, Les Ulis, France) and 10 U penicillin/10 mg streptomycin/25 ng 

amphotericin (Lonza, Walkersville, USA), under 37 °C and 5% CO2. Prior to experimental 

treatments, cells were serum deprived for 24 hours. Then, cells were treated with 70 µM 

tibolone (Sigma, St Louis, MO, USA) for 24 hours followed by 1 mM PA (Sigma, St Louis, 

MO, USA) for other 24 hours, as previously described (Gonzalez-Giraldo et al., 2017). 

Control vehicle for PA was 2.5 % Bovine Serum Albumin (BSA) and 2 mM Carnitine, and 

tibolone was dissolved in DMSO at a final concentration of 0.2%, as previously described 

(Gonzalez-Giraldo et al., 2017).  

 

3.2.2 Treatment with ER Agonists and Antagonists  

To assess whether tibolone’s actions in PA-treated astrocytic cells involve the activation of 

a specific ER, we treated cells with either the ERβ agonist DPN (2,3-bis(4-Hydroxyphenyl)-

propionitrile, Sigma, St Louis, MO, USA) or the ERα agonist PPT (4,4',4''-(4-Propyl-[1H]-

pyrazole-1,3,5-triyl) trisphenol, Sigma, St Louis, MO, USA). Treatments with ER agonists 

were performed at concentrations of 70 µM, 20 µM and 100 nM for 24 hours before palmitic 

acid treatment (Avila-Rodriguez et al., 2016). As a positive control, we used estradiol 
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(Sigma, St Louis, MO, USA) at concentrations of 70 µM, 50 µM, 20 µM and 100 nM, being 

similar doses to those used for tibolone and ER agonists. To further evaluate which ER is 

involved in tibolone protective effects, cells were incubated with either the ERβ antagonist 

PHTTP (4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a] pyrimidin-3-yl] phenol, 

Sigma, St Louis, MO, USA), or the ERα antagonist MPP (1,3-Bis (4-hydroxyphenyl)-4-

methyl-5-[4-(2-piperidinylethoxy) phenol]-1H-pyrazole dihydrochloride, Sigma, St Louis, 

MO, USA) at 10 µM, 1 µM and 100 nM, added for 4 hours prior to tibolone treatment (Avila-

Rodriguez et al., 2016). Agonists and antagonists were dissolved in DMSO. Final 

concentrations of DMSO in the treatments for agonists were 0.3%, 0.2%, and < 0.05%; as 

for antagonists, the final concentrations were 0.15% and < 0.01%. These concentrations did 

not have any negative impact on cell integrity (Figure S1).  

 

3.2.3 Mitochondrial membrane potential and cell death analysis 

To evaluate cell death, we used the Propidium Iodide (PI) uptake assay (Crowley et al., 2016). 

PI (Sigma, St Louis, MO, USA) was used at concentration of 10 µg/ml. Cells were stained 

for 15 minutes and fluorescence was detected in a FLUOstar Omega microplate reader 

(excitation 530 nm/ emission 590 nm) (BMG LABTECH, Ortenberg, Germany). We 

analyzed mitochondrial membrane potential by means of a Guava EasyCyte cytometer 

(Millipore, MA, USA) using tetramethyl rhodamine methyl (TMRM) dye at 500 nM. Both 

experiments were performed according to our previous study (Gonzalez-Giraldo et al., 2017). 

For all experiments, the mean fluorescence is presented in arbitrary units (a.u.).  

 

3.2.4 Gene expression analysis  

Total RNA isolation was carried out using Trizol reagent (Invitrogen, Carlsbad, CA, USA) 

and it was quantified by means of NanoDrop (Thermo Fisher Scientific, Waltham, Ma, USA). 

Before cDNA synthesis, RNA was treated with DNase I to eliminate possible DNA 

contamination, following manufacturer instructions (New England Biolabs, Ipswich, MA, 

USA). cDNA was generated with 400 ng of RNA using oligo (dt)18 (Bioline, London, United 

Kingdom) and the M-MLV Reverse Transcriptase kit, following manufacturer instructions 

(Invitrogen, Carlsbad, Ca, USA). Quantitative PCR for gene expression analysis was 

performed using 1X SensiFAST™ SYBR® No-ROX Master mix (Bioline, London, United 
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Kingdom), 400 nM of each primer (Forward and Reverse), 1 µl of cDNA containing 10 ng 

of RNA and water, in a total volume of 10 µl on a CFX96 Touch Real-Time System (BioRad, 

Hercules, CA). PCR Program consisted in: a cycle of 95 °C for 2 min, 40 cycles of 95°C for 

10 sec, 60°C for 10 sec and 72°C for 15 sec Melting analysis was carried out to verify the 

amplification specificity (Nolan et al., 2006). PCR efficiency was determined using 

LinRegPCR program (Ruijter et al., 2009). RPL27 and GADPH genes were used as 

endogenous controls for normalization, according to previous recommendations (de Jonge et 

al., 2007). GAPDH was used to normalize the IL6 and TERT expression under agonist (DPN 

and PPT) treatments. Ct values are shown in supplementary material (Figure S2a, S2b). 

Primers used to analyze gene expression are shown in Table S1. Each sample, obtained from 

biological and technical replicates of cells subjected to tibolone and PA treatments, was run 

in triplicate for qPCR analysis. Data analysis was performed using the comparative CT 

method (2-ΔΔCT) (Schmittgen and Livak, 2008).  

 

3.2.5 MicroRNA quantification  

First, we used miRTarBase (Chou et al., 2018) and DIANA-TarBase v8 tools (Karagkouni 

et al., 2018) to find experimentally validated microRNAs targeting candidate genes. cDNA 

was generated using Verso cDNA kit (Thermo Fisher Scientific, Waltham, Ma, USA), 

according to manufacturer recommendations. We used small RNA-specific RT primers from 

TaqMan® MicroRNA Assays (Thermo Fisher Scientific, Waltham, Ma, USA) to quantify 

the following microRNAs: MIR181a-5p (Assay ID: 000480), MIR124-1-3p (Assay ID: 

001182), MIR125a-3p (Assay ID 002199) and MIR155-5p (Assay ID 002623). To normalize 

the microRNA expression, the MIR191-5p (Assay ID: 002299) was selected due to its stable 

expression in several tissues and sample types (Peltier and Latham, 2008). Ct values are 

shown in supplementary material (Figure S2c).  qPCR was performed in a CFX96 Touch 

Real-Time System (BioRad, Hercules, CA), using: 1x mix (Small RNA-specific forward 

PCR primer, Specific reverse PCR primer and Small RNA-specific TaqMan® MGB probe), 

0,66 µl product from RT reaction, 5 µl TaqMan® Universal PCR Master Mix (2✕) and 3,83 

µl of water, in a total volume of 10 µl. Data analysis was performed using the comparative 

CT method (2-ΔΔCT) (Schmittgen and Livak, 2008).  
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3.2.6 Bioinformatics analysis  

To investigate the transcription factors stimulating the expression of genes co-regulated in 

our model, we used the GATHER program (Gene Annotation Tool to Help Explain 

Relationships) (Chang and Nevins, 2006). The analysis of data was performed through 

TRANSFAC matrices and the transcription factors were selected considering the Bayes 

factor and p value.  

 

3.2.7 Statistical analysis  

All samples were analyzed in triplicate, with a minimum of three independent experiments. 

A one-way ANOVA test was carried out on the GraphPad Prism version 6.0 for Windows 

(GraphPad Software, La Jolla, CA, USA) and Post hoc analysis were performed using the 

Tukey’s multiple comparisons test. To analyze Pearson correlation data, a correlation matrix 

analysis was performed.  A p value < 0.05 was considered significant. In the graphics, all 

data are presented as the mean ± SEM.  

 

3.3 Results  

3.3.1 ER agonists and estradiol imitate the protective effect of tibolone on T98G cells 

exposed to palmitic acid  

Previously, we observed that 70 µM tibolone, when administered before PA, protected 

astrocytic cells from death, possibly, in part due  to the preservation of both mitochondrial 

membrane potential and mitochondrial integrity (Gonzalez-Giraldo et al., 2017). In order to 

elucidate the mechanisms involved in the effects of tibolone, we aimed to determine whether 

its protective actions on T98G cells exposed to PA are also elicited by estradiol and by 

agonists for ERα and ERβ (Figure 1A). We found that the ERα agonist PPT reduced cell 

death at a concentration of 5 µM (P < 0.0001), but not at 100 nM, 20 µM or 70 µM (Figure 

1B). ERβ agonist DPN at 70 µM induced a greater reduction of cell death in comparison with 

20 µM and 100 nM. Cell death was reduced by 40% (P < 0.0001), an effect similar to that of 

70 µM tibolone, which was able to reduce cell death by 38% (P < 0.0001) (Figure 1C). 

Pretreatment with estradiol at 70 µM, 50 µM and 20 µM protected the T98G cells from death, 

thus reducing the damage induced by PA by 44%, 44% and 33%, respectively (P < 0.0001) 
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(Figure 1D). Physiological concentrations of estradiol did not have protective effects against 

damage induced by palmitic acid on mitochondrial membrane potential  

(Figure 2B).  

 

Figure 1. Pretreatment with estrogen receptor agonists and estradiol protects T98G 

cells against death induced by palmitic acid (PA), similarly to tibolone. (A) Overview of 

experimental design: T98G cells were pretreated with estrogenic compounds for 24 hours 

followed by 24 hours of 1 mM palmitic acid stimulation, and, then, propidium iodide (PI) 

uptake and mitochondrial membrane potential analysis were performed. Mean fluorescence 

(a.u.) of PI uptake test for: (B) Control (0.5 ± 0.01), 1 mM PA (0.99 ± 0.03), 70 μM tibolone 

plus 1 mM PA (0.70 ± 0.01); ERα agonist (PPT) at 70 μM (1.1 ± 0.06), 20 μM (0.79 ± 0.05), 

5 μM (0.56 ± 0.04), 100 nM (0.93 ± 0.04) plus 1 mM PA. (C) ERβ agonist (DPN) at 70 μM 

(0.57 ± 0.02), 20 μM (0.65 ±0.01), 100 nM (0.88 ± 0.05) and 70 μM tibolone (0.59 ± 0.02) 

plus 1 mM PA. (D) Estradiol at 70 μM (0.59 ± 0.03), 50 μM (0.058 ± 0.04) and 20 μM (0.69 

± 0.04) and 70 μM tibolone (0.6 ± 0.03) plus 1 mM PA. For all experiments, control sample 

consisted in 2.5 % BSA and 2mM carnitine. Bar graph represents Mean ± SEM of at least 
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three independent experiments. A one-way ANOVA followed by Tukey's multiple 

comparisons test was used for statistical analysis. 

 

Since mitochondria play an important role in neuroprotection by estradiol (Simpkins et al., 

2005) and are main targets of hormonal compounds (Baez et al., 2017; Giatti et al., 2018; 

Martin-Jimenez et al., 2018; Martin-Jimenez et al., 2016; Martin-Jimenez et al., 2017), the 

mitochondrial membrane potential was assessed by quantification of TMRM dye in cells 

incubated with the concentrations of DPN, PPT and estradiol that significantly reduced cell 

death induced by PA (Figure 2A). The results show that, similarly to tibolone, both ER 

agonists and estradiol attenuate the loss of mitochondrial membrane potential induced by PA 

(Figure 2B and 2C). Mitochondrial membrane potential was preserved by 33% when cells 

were treated with tibolone (P= 0.0001), 44% with DPN (P = 0.0001), 53% with PPT (P < 

0.0001) and 43% with estradiol (P = 0.0002).  

 

3.3.2 Protective effects of tibolone on cell death and mitochondrial membrane 

potential are in part mediated by ERβ  

As protective effects of tibolone were mimicked by agonists of ERα and ERβ, we assessed 

whether antagonists of these receptors blocked the action of tibolone. Different 

concentrations of ER antagonists were added 4 hours before 70 µM tibolone pretreatment 

(Figure 3A). We observed that the ERα antagonist MPP at concentrations of 20 µM, 10 µM, 

1 µM or 100 nM did not significantly affect the protective action of tibolone on cell survival 

against PA (Figure 3B). When cells were pretreated with 10 µM PHTPP (an ERβ antagonist), 

the protective effect of tibolone on PA cells was abolished; however, significant differences 

were not observed between PHTPP+TIB+PA and TIB+PA groups, suggesting a partial 

interference by the blockade of ERβ (Figure 3C). It is noteworthy that we did not observe 

any effect of DMSO (vehicle used for antagonists) at 0.15% or 0.01 % in cells treated with 

PA and TIB+PA (Figure 3D). In contrast to the PI uptake test, as for the mitochondrial 

membrane potential (Figure 4A), we observed significant differences between TIB+PA and 

PHTPP+TIB+PA (P = 0.0011). The action of tibolone on mitochondrial membrane potential 

was reduced by ERβ antagonist (PHTPP) treatment (Figure 4B).  
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Figure 2. Mitochondrial membrane potential is preserved by pretreatment with 

estradiol PPT and DPN. Once finished the treatments, TMRM staining was performed to 

quantify the Mitochondrial membrane potential (MMP). (A) Representative plots for 

different treatments analyzed by flow cytometry: Control (2.5 % BSA and 2mM carnitine), 

1 mM PA, 70 μM tibolone + 1mM PA, 70 μM DPN + 1mM PA, 5 μM PPT + 1mM PA and 

70 μM Estradiol + 1mM PA. (B) MMP for cells treated with Control (100 ± 1.9), 1 mM PA 

(60 ± 5) and estradiol at 70 μM (107 ± 6.9), 20 μM (90 ± 7.8), 1 μM (69 ± 5.4) and 10 nM 

(60 ±5.4) before 1 mM PA stimuli. (C) Mitochondrial membrane potential analysis for cells 

stimulated with ERα agonist (PPT) at 5 μM (118 ± 12.9), ERβ agonist (DPN) at 70 μM (109 

±7.4) and tibolone at 70 μM (97 ± 5.6) plus 1 mM PA. For all experiments, control sample 

consisted in 2.5 % BSA and 2mM carnitine. Bar graph represents Mean ± SEM of at least 

three independent experiments. A one-way ANOVA followed by Tukey's multiple 

comparisons test was used for statistical analysis.  
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Figure 3. Effects of ERα and ERβ antagonists on tibolone actions in T98G cells.  (A) 

Overview of experimental design: T98G cells were treated with ER antagonists for 4 hours 

prior to 70 μM tibolone and 1 mM palmitic acid treatments. Once the PA treatment was 

finished, analysis of propidium iodide uptake test and mitochondrial membrane potential 

were performed. (B) Analysis of PI uptake test for Control (0.5 ± 0.01), 1 mM PA (0.9 ± 

0.04), 70 μM Tibolone (0.66 ± 0.04) plus 1 mM PA and ERα antagonist (MPP) treatment for 

4-hour prior to 70 μM tibolone treatment at 20 μM (0.5 ± 0.04), 10 μM (0.6 ± 0.06), 1 μM 

(0.63 ± 0.06) and 100 nM (0.62 ± 0.07) plus 1 mM PA. (C) Mean fluorescence (a.u.) of PI 

uptake test for blockade of ERβ by PHTTP at 20 μM (0.69 ± 0.04), 10 μM (0.80 ± 0.06), 1 

μM (0.66 ± 0.07) and 100 nM (0.63 ± 0.05). (D) 0.15% and 0.01% DMSO were added before 

PA and TIB+PA treatments in order to evaluate possible effects in cells by DMSO. Bar graph 

represents Mean ± SEM of at least three independent experiments. A one-way ANOVA 

followed by Tukey's multiple comparisons test was used for statistical analysis. In this graph, 

#### represents <0.0001 and # <0.05 respect to control; **** <0.0001, ** <0.001 and * 

<0.05 respect to palmitic acid. 
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Figure 4. Protective effects of tibolone are partially mediated by estrogen receptor beta.  

 (A) Representative plots for quantification of TMRM fluorescence for mitochondrial 

membrane analysis in T98G cells by flow cytometry. Control, 1 mM PA, 10 μM MPP + 70 
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μM tibolone + 1 mM PA and 10 μM PHTPP + 70 μM tibolone + 1 mM PA. (B) TMRM 

Mean fluorescence for cells treated with Control (100 ± 3.2), 1 mM PA (56 ± 6.12), 10 μM 

MPP (118 ± 4.7) and 10 μM PHTPP (44 ± 9.1) before tibolone treatment (90 ± 11.3) and 1 

mM PA. For all experiments, control sample consisted in 2.5 % BSA and 2mM carnitine. 

Bar graph represents Mean ± SEM of at least three independent experiments. A one-way 

ANOVA followed by Tukey's multiple comparisons test was used for statistical analysis. In 

this graph, #### represents <0.0001 and # <0.05 respect to control; **** <0.0001, ** <0.001 

and * <0.05 respect to palmitic acid. 

 

3.3.3 Tibolone reduced inflammatory gene expression and affected epigenetic and 

telomere pathways, but did not ameliorate the negative effect of PA on astrocytic 

genes 

ER activation results in transcriptional changes in cells through direct (dimerization and 

binding of ERs to target DNA) or indirect (interaction with other transcription factors 

activated by kinases) mechanisms (Arevalo et al., 2015). From our above results, suggesting 

that tibolone has estrogenic activity in our model, we hypothesized that tibolone could 

modulate the expression of genes that contain estrogen response elements (ERE) or that are 

regulated by indirect mechanisms through interaction of ERs with other transcription factors. 

Therefore, we performed an analysis of expression for 24 genes considering: 1) protein 

function; 2) previous evidence in astrocytes cells; and 3) presence of estrogen response 

elements (Table 1). The analysis was carried out to evaluate whether tibolone could prevent 

the effects of PA in our astrocyte cell model and to determine whether tibolone’s protective 

actions involve epigenetic mechanisms.  

 

Table 1. Protein functions for analyzed genes and their relationship with astrocytes. 

Gene 

symbol 
Gene Name  ERE Protein function * 

Evidence related with 

Astrocytes  
Reference 

APOE Apolipoprotein E x  Lipid transport 

It regulates astrocyte 

activation after exposition 

to Aβ peptide and it 

participates in clearance of  

Aβ plaques 

(Forero et 

al., 2018) 

BDNF 

Brain derived 

neurotrophic 

factor 

 

Survival and 

differentiation of 

neurons and axonal 

growth 

TNF-α treatment induced 

BDNF expression by means 

of NF-kB activation  

(Saha et 

al., 2006) 
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CREB1 

cAMP responsive 

element binding 

protein 1 

 

Transcription factor 

that is a member of the 

leucine zipper family 

of DNA binding 

proteins 

PA increased CREB 

phosphorylation to regulate 

IPAF and IL1B expression  

(Liu and 

Chan, 

2014) 

ALDH1L1 

Aldehyde 

dehydrogenase 1 

family member 

L1 

 

Catalyzes the 

conversion of 10-

formyltetrahydrofolate, 

nicotinamide adenine 

dinucleotide phosphate 

(NADP+), and water 

to tetrahydrofolate, 

NADPH, and carbon 

dioxide 

Astrocyte marker 

downregulated in samples 

of depressive subjects 

(Nagy et 

al., 2015) 

GLUL 
Glutamate-

ammonia ligase 
x 

It catalyzes the 

synthesis of glutamine 

from glutamate and 

ammonia in an ATP-

dependent reaction 

Downregulated in samples 

of depressive subjects; It is 

increased in temporal 

cortex of AD patients 

(Fluteau et 

al., 2015; 

Nagy et 

al., 2015) 

SLC1A2 

Solute carrier 

family 1 member 

2 (glutamate 

receptor) 

x 

Transporter that clears 

the excitatory 

neurotransmitter 

glutamate 

PA increased mRNA 

levels, it did not affect 

protein expression, but 

reduced Glutamate receptor 

puncta on the cell processes  

(Huang et 

al., 2017) 

AR 
Androgen 

receptor 
 

Steroid-hormone 

activated transcription 

factor 

It is expressed in astrocytes 

and neurons  

(Acaz-

Fonseca et 

al., 2016) 

ESR1 
Estrogen receptor 

1 
 

Steroid-hormone 

activated transcription 

factor 

PA reduces expression;  

ERα is increased in AD 

patient samples 

(Lu et al., 

2003; 

Morselli et 

al., 2014) 

ESR2 
Estrogen receptor 

2 
x 

Steroid-hormone 

activated transcription 

factor 

Involved in tibolone actions 

in a model of glucose 

deprivation  

(Avila-

Rodriguez 

et al., 

2016) 

PGR 
Progesterone 

receptor 
 

Steroid-hormone 

activated transcription 

factor 

Activation of PGR induces 

reduction of TNFα in cells 

treated with LPS 

(Kipp et 

al., 2007) 

IL1B Interleukin 1 beta  

Important mediator of 

the inflammatory 

response, and is 

involved in a variety of 

cellular activities, 

including cell 

proliferation, 

differentiation, and 

apoptosis. 

PA increased its expression 

(Liu and 

Chan, 

2014) 

IL6 Interleukin 6 x 

It has pro- and anti-

inflammatory 

properties, and is 

involved in survival 

and proliferation, 

among other functions  

PA increased its expression 
(Gupta et 

al., 2012) 

TLR4 
Toll like receptor 

4 
 

Acts via MYD88, 

TIRAP and TRAF6, 

leading to NF-kappa-B 

It is involved in actions of 

PA, mainly regulating TNF 

and IL6 expression 

(Gupta et 

al., 2012) 
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activation, cytokine 

secretion and the 

inflammatory response 

TNF 
Tumor necrosis 

factor 
 

Pro-inflammatory 

cytokine, involved in 

cell proliferation, 

differentiation, 

apoptosis, lipid 

metabolism, among 

other 

PA increased its expression 
(Gupta et 

al., 2012) 

BAX 

BCL2 associated 

X, apoptosis 

regulator 

 Apoptotic activator 
PA increased Bax/Bcl-2 

ratio 

(Wang et 

al., 2012b) 

BCL2 
BCL2, apoptosis 

regulator 
x 

Integral outer 

mitochondrial 

membrane protein that 

blocks the apoptotic 

death 

PA increased Bax/Bcl-2 

ratio 

(Wang et 

al., 2012b) 

TERC 
Telomerase RNA 

component 
 

Serves as a template 

for the telomere repeat 
NA  NA 

TERF1 
 Telomeric repeat 

binding factor 1 
 Inhibitor of telomerase NA  NA 

TERF2 
Telomeric repeat 

binding factor 2 
 

Negative regulator of 

telomere length and 

plays a key role in the 

protective activity of 

telomeres 

NA  NA 

TERT 

Telomerase 

reverse 

transcriptase 

x 

Involved in telomere 

maintenance, aging, 

anti-apoptotic and 

reduces ROS  

It is increased in a Spinal 

Cord Injury Model and 

correlated with GFAP 

expression  

(Tao et al., 

2013) 

TINF2 

TERF1 

interacting 

nuclear factor 2 

x 

Is involved in the 

regulation of telomere 

length and protection 

NA  NA 

DNMT1 

DNA 

methyltransferase 

1 

x 

Transfers methyl 

groups to cytosine 

nucleotides of genomic 

DNA and responsible 

for maintaining 

methylation patterns 

following DNA 

replication 

Protein expression is 

increased in a model of 

Ischemia-Hypoxia 

(Yang et 

al., 2016) 

DNMT3A 

DNA 

methyltransferase 

3 alpha 

x 

Required for genome-

wide de novo 

methylation and is 

essential for the 

establishment of DNA 

methylation patterns 

during development. 

Protein expression is 

increased in a model of 

Ischemia-Hypoxia 

(Yang et 

al., 2016) 

DNMT3B 

DNA 

methyltransferase 

3 beta 

x 

Required for genome-

wide de novo 

methylation and is 

essential for the 

establishment of DNA 

NA  NA 
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methylation patterns 

during development. 

MIR181a-

5p ** 

microRNA 181a-

1 
 

Negative regulation of 

gene expression:  

TERT, ESR1, PGR,  

BCL2 

IL1B Treatments reduced 

expression; LPS reduced 

expression 

(Hutchison 

et al., 

2013; 

Zumkehr 

et al., 

2018) 

 

MIR124-

3p** 
microRNA 124-1  

Negative regulation of 

gene expression:  

IL6, TERT, AR, 

TERF2, BDNF  

LPS increased expression  
(Omran et 

al., 2013) 

MIR125a-

3p** 
microRNA 125a  

Negative regulation of 

gene expression: 

GLUL, IL6,  

NA  NA 

MIR155-

5p** 
microRNA 155  

Negative regulation of 

gene expression:  

 IL1B, BCL2, TNF 

Positive regulation of 

IL6 

LPS increased expression 
(Mor et al., 

2011) 

* Information obtained from GeneCards base data (www.genecards.org); ** Non-coding RNA  

Abbreviations: ERE: (Estrogen response element); PA (Palmitic acid), Aβ (Amyloid β), DNA 

(deoxyribonucleic acid), IPAF (Ice Protease-Activating Factor), NADP (nicotinamide-adenine-dinucleotide 

phosphate), NADPH (nicotinamide adenine dinucleotide phosphate), ATP (adenosine triphosphate), AD 

(Alzheimer’s disease), ERα (Estrogen receptor alpha), LPS (lipopolysaccharide), ROS (reactive oxygen 

species), GFAP (glial fibrillary acidic protein), NF-kB (nuclear factor kappa-light-chain-enhancer of activated 

B cells), MYD88 (Myeloid differentiation primary response 88), TIRAP (TIR domain containing adaptor 

protein), TRAF6 (TNF Receptor Associated Factor 6). N/A: No Analyzed in astrocytes.  

 

We have analyzed genes belonging to astrocyte function (Figure S3), steroid receptors 

(Figure S4), inflammation and apoptosis (Figure S5), telomere complex and DNA 

methylation (Figure S6). Moreover, we analyzed the expression of four microRNAs 

regulating TERT and IL6 genes (Figure S7). We found that tibolone attenuated the 

expression of IL6, ESR1, TERT, TERC, DNMT3B and MIR155-5p genes, which all were 

found increased by PA (Figure 5, table 2). However, tibolone was unable to counteract the 

negative effect of PA on two astrocyte genes (ALDH1L1 and CREB1). Indeed, tibolone 

reduced the expression of GLUL in comparison to controls. On the other hand, tibolone 

reduced the expression level of IL1B and TLR4 compared to control cells treated with either 

PA (Figure 5 and table 2) or tibolone alone (Figure S8). Moreover, we performed a 

Pearson’s correlation for those genes that were expressed differentially. This analysis showed 

a positive correlation between TERC and IL6 (r: 0.999, P = 0.033), ESR1 and IL6 (r: 0.998, 

P = 0.037) and TERT and TERC (r: 0.998, P = 0.041) (Table 3).  
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Figure 5. Tibolone reduces inflammatory gene expression and affects epigenetic and 

telomere pathways, but does not ameliorate the negative effect of PA on astrocyte genes. 

Heat map of relative normalized expression for 28 genes in three conditions: Control, 1 mM 

PA and 70 μM TIB + 1 mM PA, DMSO and tibolone. Total RNA was isolated from T98G 

cells treated with 70 μM tibolone for 24 hours followed by 1 mM palmitic acid stimulation 

for 24 hours. Gene expression analysis was normalized using the constitutive gene RPL27 

for genes encoding proteins; for microRNAs, MIR191-5p was used to normalize the 

expression. Control sample consisted in 2.5 % BSA and 2mM carnitine for PA treatment and 

0.2% DMSO for Tibolone. A one-way ANOVA followed by Tukey's multiple comparisons 

test was used for statistical analysis. 
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Table 2. Mean ± SEM for gene expression data (Fold change). 

Gene Control PA TIB-PA DMSO TIB 

APOE 1.00 ± 0.05 1.65 ± 0.25* 0.89 ± 0.18 1.00 ± 0.51 0.95 ± 0.36 

BDNF 0.99 ± 0.05 0.97 ± 0.18 0.99 ± 0.34 1.00 ± 0.33 1.01 ± 0.25 

CREB1 1.00 ± 0.03 +0.81 ± 0.05 +++0.63 ± 0.08 1.00 ± 0.39 1.10 ± 0.35 

ALDH1L1 1.01 ± 0.14 ++++0.18 ± 0.04 +++0.33 ± 0.05 1.00 ± 0.43 1.08 ± 0.38 

GLUL 1.00 ± 0.17 0.68 ± 0.12 ++0.42 ± 0.08 1.00 ± 0.64 1.22 ± 0.68 

SLC1A2 1.01 ± 0.04 1.00 ± 0.23 0.58 ± 0.10 1.00 ± 0.67 0.72 ± 0.35 

AR 1.00 ± 0.03 ++++0.22 ± 0.02 ++++0.28 ± 0.06 1.00 ± 0.40 0.85 ± 0.26 

ESR1 1.01 ± 0.05 ++2.45 ± 0.12* 1.07 ± 0.24 1.00 ± 0.45 1.36 ± 0.47 

ESR2 1.01 ± 0.12 0.83 ± 0.48 0.80 ± 0.10 1.00 ± 0.53 1.64 ± 0.78 

PGR 0.97 ± 0.15 0.91 ± 0.21 1.32 ± 0.31 1.00 ± 0.28 0.98 ± 0.28 

IL1B 1.00 ± 0.04 ++0.64 ± 0.13** ++++0.23 ± 0.04 1.00 ± 0.42 0.32 ± 0.1## 

IL6 1.01 ± 0.10 +3.20 ± 0.75* 1.25 ± 0.42 1.00 ± 0.21 1.26 ± 0.23 

TLR4 1.00 ± 0.11 0.74 ± 0.21 +0.34 ± 0.08 1.00 ± 0.64 0.21 ± 0.10## 

TNF 1.01 ± 0.09 1.17 ± 0.15 +1.92 ± 0.39 1.00 ± 0.35 1.30 ± 0.34 

BAX 1.01 ± 0.09 1.31 ± 0.29 1.13 ± 0.35 1.00 ± 0.24 0.89 ± 0.17 

BCL2 1.01 ± 0.09 0.95 ± 0.21 0.98 ± 0.29 1.00 ± 0.49 1.12 ± 0.38 

TERC 1.01 ± 0.14 ++3.80 ± 0.87* 1.46 ± 0.53 1.00 ± 0.30 1.17 ± 0.30 

TERF1 1.01 ± 0.08 0.97 ± 0.15 0.84 ± 0.09 1.00 ± 0.21 0.85 ± 0.13 

TERF2 0.95 ± 0.12 1.26 ± 0.23 0.73 ± 0.10 1.00 ± 0.36 1.17 ± 0.31 

TERT 1.01 ± 0.09 ++++4.10 ± 0.5**** 1.72 ± 0.15 1.00 ± 0.14 1.42 ± 0.21# 

TINF2 1.00 ± 0.08 1.52 ± 0.30 1.11 ± 0.42 1.00 ± 0.58 1.38 ± 0.56 

DNMT1 1.01 ± 0.08 1.42 ± 0.24* 0.79 ± 0.12 1.00 ± 0.59 0.96 ± 0.40 

DNMT3A 1.00 ± 0.10 1.01 ± 0.21 0.56 ± 0.11 1.00 ± 0.76 0.65 ± 0.40 

DNMT3B 1.01 ± 0.22 +2.47 ± 0.64** 0.57 ± 0.17 1.00 ± 0.66 0.79 ± 0.38 

MIR181a 1.01 ± 0.09 1.19 ± 0.32 0.94 ± 0.36 1.00 ± 0.10 1.17 ± 0.12 

MIR124 1.01 ± 0.26 2.36 ± 0.67 2.87 ± 0.85 1.00 ± 0.14 1.36 ± 0.19# 

MIR125a 1.01 ± 0.09 +0.66 ± 0.05 0.81 ± 0.11 1.00 ± 0.12 1.079 ± 1.20 

MIR155 1.01 ± 0.11 +1.53 ± 0.13** 0.68 ± 0.18 1.00 ± 0.17 0.87 ± 0.17 
++++<0.0001; +++ <0.001; ++ <0.01 and + <0.05 versus control; ****<0.0001, ***<0.001; ** <0.01 and * <0.05 

versus TIB+PA. TIB vs DMSO: ####<0.0001; ### <0.001; ## <0.01 and # <0.05.  
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Table 3. Pearson´s correlation matrix of gene expression.  

 

* Indicates statistically significant correlation at P value <0.05. 

 

Since tibolone reduced the expression of some genes in PA cells, we performed a 

bioinformatics analysis to find possible transcription factors associated to gene regulation in 

our model. Genes were grouped into: (1) Those increased by palmitic acid and reduced by 

tibolone pretreatment (IL6, TERT, DNMT3B and ESR1), and (2) those downregulated by 

tibolone pretreatment (APOE, GLUL, IL1B, TLR4 and DNMT1). EBF (Early B Cell Factor), 

NF-kB (Nuclear Factor Kappa B) and ZID (zinc finger with interaction domain) were the 

transcription factors with the strongest association identified for group 1 (Table 4). As for 

group 2, IRF (interferon-regulatory factor), PBX1 (PBX homeobox 1) and TITF1 (thyroid 

transcription factor 1) were the transcription factors with a significant association (Table 5).  

 

 

 

 IL6 TERT ESR1 DNMT3B TERC IL1B GLUL TLR4 APOE DNMT1 MIR125a 

TERT 0,993           

ESR1 0,998* 0,985          

DNMT3B 0,949 0,905 0,966         

TERC 0,999* 0,998* 0,994 0,931        

IL1B -0,062 -0,178 -0,003 0,257 -0,114       

GLUL -0,156 -0,270 -0,097 0,164 -0,207 0,996      

TLR4 0,024 -0,093 0,082 0,338 -0,029 0,996 0,984     

APOE 0,974 0,941 0,986 0,996 0,961 0,166 0,072 0,250    

DNMT1 0,901 0,844 0,925 0,992 0,877 0,377 0,288 0,455 0,976   

MIR125a -0,886 -0,934 -0,858 -0,695 -0,909 0,517 0,595 0,442 -0,758 -0,598  

MIR155 0,884 0,823 0,910 0,986 0,858 0,413 0,325 0,489 0,967 0,999* -0,567 
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Table 4. Transcription factors identified by bioinformatics analysis of genes upregulated by 

palmitic acid in comparison to control and tibolone pretreatment. 

 

Table 5. Transcription factors identified by bioinformatics analysis of genes downregulated 

by tibolone pretreatment in comparison to control or palmitic acid.   

 

TRANSFAC matrix Transcription Factor Genes P Value  
Bayes 

Factor 

V$IRF_Q6_01 
IRF (interferon-

regulatory factor) 

APOE DNMT1 GLUL 

IL1B TLR4 
0,003 2 

V$PBX_Q3 PBX1 (PBX homeobox 1) DNMT1 GLUL IL1B 0,005 2 

V$TITF1_Q3: TTF-1, TITF1 

(thyroid transcription factor 1) 

TITF1 (thyroid transcription 

factor 1) 
APOE DNMT1 IL1B TLR4 0,005 2 

V$CAAT_01: cellular and viral 

CCAAT box 
Cellular and viral CCAAT box 

APOE DNMT1 GLUL 

IL1B TLR4 
0,008 1 

V$FOXJ2_02: fork head box J 2 FOXJ2 (fork head box J 2) APOE GLUL IL1B TLR4 0,01 1 

 

3.3.4 Effects of DPN and PPT on TERT and IL6 gene expression  

Genes can be differentially regulated by ERα and ERβ, where in some cases ERα can be a 

potent inductor of transcription, whereas ERβ might induce repressive effects on gene 

expression (Liu et al., 2002). In this regard, we assessed the effects of 70 µM DPN (ERβ 

agonist) and 5 µM PPT (ERα agonist) on expression of TERT and IL-6, as being the genes 

with the highest fold change expression observed in our study. 70 µM DPN and 5 µM PPT 

TRANSFAC matrix Transcription Factor Genes 
P 

Value  

Bayes 

Factor 

V$EBF_Q6 EBF (Early B Cell Factor) DNMT3B, ESR1, IL6, TERT 0.001 3 

V$NFKB_Q6: NF-kappaB NF-kB (Nuclear Factor Kappa B) DNMT3B, IL6, TERT 0.002 3 

V$ZID_01: zinc finger with 

interaction domain 

ZID (zinc finger with interaction 

domain) 
DNMT3B, IL6, TERT 0.002 3 

V$PAX6_Q2 PAX6 (Paired Box 6) DNMT3B, TERT 0.002 2 

V$PTF1BETA_Q6 
PTF1A (Pancreas Specific 

Transcription Factor, 1a)  
ESR1, IL6 0.006 1 

V$MYCMAX_B: c-Myc:Max 

binding sites 

MYC (MYC proto-oncogene, 

bHLH transcription factor) 
DNMT3B, ESR1, IL6, TERT 0.008 1 
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reduced TERT expression by 2.13 and 2.18-fold, respectively, in the PA-treated cells (P < 

0.0001) (Figure 6A). As for the IL-6 gene, PA upregulated its expression by 2.52-fold (P < 

0.0001) in comparison to control, while DPN and PPT downregulated IL-6 expression by 

2.14-fold (P = 0.0009) and 2.2-fold (P = 0.0021) in PA cells, respectively (Figure 6B). The 

data indicate that the actions of the ER agonists and tibolone are similar. 

 

Figure 6. Effects of DPN and PPT on TERT and IL6 gene expression. Total RNA was 

isolated and qPCR analysis was used to calculate the relative normalized expression for 

TERT and IL6 genes. GAPDH gene was used to normalize the data. (A) TERT expression 

was analyzed in cells pretreated with ERα agonist (PPT) at 5 μM (0.68 ± 0.13), ERβ agonist 

(DPN) at 70 μM (0.73 ± 0.13) and tibolone at 70 μM (1.6 ± 0.13) followed by 1 mM palmitic 

acid stimulation (2.9 ± 0.4). (B) Relative normalized expression for the IL6 gene in cells 

treated with ERα agonist (PPT) at 5 μM (0.80 ± 0.31), ERβ agonist (DPN) at 70 μM (0.86 ± 

0.18) and tibolone at 70 μM (1 ± 0.21) followed by 1 mM palmitic acid stimulation (3 ± 

0.45). Control sample consisted in 2.5 % BSA and 2mM carnitine. A one-way ANOVA 

followed by Tukey's multiple comparisons test was used for statistical analysis. 

 

3.4 Discussion  

In the present study, we have assessed which ER was involved in the protective effects of 

tibolone on astrocytic cells treated with PA. Then, we evaluated whether tibolone may 

modulate the expression of genes related to inflammation, astrocytic markers, apoptosis, 

steroid receptors, telomere complex and DNA methylation. Our findings indicate that 

although both agonists of either ERα or ERβ mimic the protective actions of tibolone against 

PA, only the ERβ antagonist was able to block the protective effect of tibolone, particularly, 

on the mitochondrial membrane potential analysis. It is noteworthy that tibolone reduces 
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inflammatory gene expression and affects epigenetic and telomere pathways, but does not 

ameliorate the negative effects of PA on astrocyte genes (Figure 7).  

 

High concentrations of PA induce several impairments in astrocytes; for example, PA 

reduces cell viability, increases inflammatory signals and affects glucose uptake and lactate 

release (Gupta et al., 2012; Patil et al., 2007). Interestingly, a previous study has 

demonstrated that astrocytes from different brain areas react differentially to PA stimulation 

(Oliveira et al., 2018). Moreover, PA upregulates BACE1 and amyloid beta (Aβ) protein 

production in neurons, with a direct involvement of astrocytes (Patil et al., 2007). Based on 

these previous findings, PA has been implicated in many pathological states such as 

neurodegenerative diseases (Hussain et al., 2013). Therapeutic strategies have been evaluated 

to reverse detrimental effects of PA in astrocyte cells, including the activation of estrogen 

receptors by estradiol (Frago et al., 2017; Morselli et al., 2014). Estradiol may reduce the 

expression of inflammatory markers and astrocyte activation via ERα (Morselli et al., 2014), 

but failed to prevent cellular apoptosis in hypothalamic astrocytes (Frago et al., 2017). In 

contrast, in the present study, we found that ERα agonist (PPT), ERβ agonist (DPN) and 

estradiol protected T98G cells from the deleterious effects induced by PA on cell viability, 

mitochondrial membrane potential and IL-6 cytokine expression (Figure 7). Overall, these 

results may suggest that therapeutic strategies targeting estrogen receptors can be useful for 

neurological diseases.  

 

Here, we found that ERβ is involved in the protective action of tibolone on T98G cells 

exposed to PA (Figure 4B). Although our results show that activation of the ERα leads to a 

more efficacious response than the activation of the ERβ, these differences did not reach 

significance (Figure 2C). These differences in response could be explained by alterations in 

the pharmacodynamics of each estrogenic compound, induced  by changes in both receptor 

density and/or affinity (Salahudeen and Nishtala, 2017). In addition, in contrast to other 

studies using animal models (Crespo-Castrillo et al., 2018) or cells exposed to other stress 

conditions (Avila-Rodriguez et al., 2016), in the current study, higher concentrations of 

tibolone, estradiol and estrogen receptor agonists were used. This is due to the fact that 

physiological concentrations of these compounds did not have any effect on cell viability or 
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mitochondrial membrane potential in our experiments (Gonzalez-Giraldo et al., 2017). 

Nevertheless, it is important to note that previous studies have also found that 

pharmacological concentrations (µM) of tibolone and estradiol have beneficial effects (Dodel 

et al., 1999; Maran et al., 2006). Indeed, effects on the regulation of gene expression by high 

concentrations of tibolone have been quite similar to those exerted by physiological 

concentrations of estradiol (Maran et al., 2006). Notably, the affinity of estrogenic 

compounds with estrogen receptors can be affected by sulfation mechanisms, which have 

been associated with the inactivation of estradiol (Falany and Falany, 1997) and tibolone 

(Falany et al., 2004). Therefore, high concentrations could be required to induce a response 

through ERs (Falany and Falany, 1997).  

 

Here, although tibolone reduced the expression of inflammatory genes such as IL6, IL1B, 

TLR4 and MIR155-3p, in the presence of PA stimulation, it increased the expression of TNF 

gene. It should be noted that TNF has pleiotropic effects in the CNS, therefore its increased 

expression does not always involve negative effects (Probert, 2015). Inflammation is a 

process associated with several diseases, such as depression (Wohleb et al., 2016), Alzheimer 

and Parkinson´s diseases, and stroke (Amor et al., 2014), whereby astrocytes play an 

important role on the induction of pro- and anti-inflammatory signals (Sofroniew, 2015). On 

the other hand, the Glutamate-ammonia ligase (GLUL) and APOE genes, that are involved 

in astrocyte functions, were affected by tibolone pretreatment. In  here, differing from other 

studies demonstrating that ERs activation induced the expression of GLUL and APOE 

(Blutstein et al., 2006; Stone et al., 1997), we observed a significant reduction in the 

expression of these genes. These differences can be explained by a tibolone’s inability to 

induce the transcriptional activity of ERs. Indeed, its effects can be explained by interaction 

with transcription factors that work as repressors or by the induction of kinase-activated 

transcription factors through activation of membrane receptors (ERα, ERβ and G protein-

coupled ER (GPER) (Arevalo et al., 2015). Nevertheless, it should be noted that activation 

of ERα and ERβ induces a different effect on APOE expression (Wang et al., 2006). 

 

Telomeres are repetitive sequences in the end of chromosomes and their main function is to 

preserve chromosome stability (Stewart et al., 2012). Telomere maintenance is performed by 
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telomerase and other proteins conforming a shelterin complex, such as TERF1, TERF2 and 

TIN2 (Martinez and Blasco, 2011). Telomerase is encoded by TERT and TERC genes 

(Rebhan et al., 1997). As for TERT, several non-canonical functions have been identified, 

including reduction of oxidative damage and apoptosis in neurons (Gonzalez-Giraldo et al., 

2016) and the regulation of  gene expression (Martinez and Blasco, 2011), such as IL6 and 

TNF (Ghosh et al., 2012). In the current study, it was observed an increase of TERT and 

TERC expression induced by palmitic acid, which was attenuated by tibolone pretreatment 

(Figure S5). The promoter region of TERT has binding sites for ERs, a mechanism by which 

ERα has been associated to increased expression of TERT (Cha et al., 2008). Against our 

initial hypothesis, we observed that stimulation of ERs with DPN, PPT and tibolone reduced 

TERT expression in cells treated with PA. This fact suggests that ER activation in our model 

might lead to induction of other signaling mechanisms in T98G cells, which do not involve 

a genomic action of ERs (Arevalo et al., 2015). It has been demonstrated that TERT is 

induced by inflammatory stimuli via activation of NF-kB (Gizard et al., 2011); therefore, 

NF-kB inactivation could lead to reduction of TERT expression (Zuo et al., 2011). 

Nonetheless, as this is the first study reporting a regulation of TERT by a fatty acid, further 

studies are necessary to address the role of telomerase under PA stimulation.  

 

We found that PA induced the overexpression of DNMT3B gene, which is responsible for 

the de novo methylation, and its expression was attenuated by treating cells with tibolone. 

Furthermore, we observed that tibolone reduced the expression of DNMT1 in comparison to 

PA only. DNA methylation is an important mechanism for the regulation of astrocytic 

functions and it has been associated with molecular mechanism in diseases. Increased DNA 

methylation of some genes is induced by stress and is reduced during astrocyte differentiation 

(Neal and Richardson, 2018). Changes in methylation status for genes related with glutamate 

ionotropic kainate receptors, actin-binding related proteins, adhesion molecules at junctions 

and signal transduction have been observed in astrocytic cells from patients with depression 

and suicide behavior (Nagy et al., 2015). Indeed, analysis of DNA methylation for pro-

inflammatory cytokines has been performed in AD patients, whereby methylation status was 

inversely correlated to gene expression for IL6 and IL1B (Nicolia et al., 2017). In addition, 

it has been shown that PA induces changes on gene expression through DNA-related 
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methylation mechanisms (Su et al., 2015), suggesting that DNA methylation may be involved 

in the detrimental effects of PA.  

 

Bioinformatics analysis for genes encoding proteins (ESR1, IL6, TERT, DNMT3B) showed 

that NF-kB is one of the transcription factors that might be regulating their expression, 

especially for IL6, TERT and DNMT3B genes. Previous studies have demonstrated that PA 

induces NF-kB activation, thus increasing cytokine expression (Wang et al., 2012a). For 

instance, NF-kB can be activated through several cellular receptors such as toll like receptors 

(TLRs) and CD36 (Rocha et al., 2016), which are involved in PA effects on astrocytes as 

well (Gupta et al., 2012). Conversely, NF-kB activation is attenuated by tibolone and 

estradiol under stress conditions (Hidalgo-Lanussa et al., 2018). NF-kB plays an important 

role on several mechanisms in  the brain, such as inflammation, neuroprotection, myelination 

and synaptic function (Kaltschmidt and Kaltschmidt, 2009). This transcription factor has 

been postulated as an important therapeutic target, since it has been involved in several 

neurological diseases (Camandola and Mattson, 2007; Koo et al., 2010).  

 

In summary, our results suggest that i) protection against PA in T98G cells by tibolone is in 

part mediated through the activation of ERβ and ii) tibolone has anti-inflammatory effects 

and can modulate pathways associated to DNA methylation and telomeric complex. 

However, future studies are necessary to elucidate the role of epigenetic mechanisms and 

telomere-associated proteins on tibolone actions. Altogether, it is hypothesized that, in T98G 

cells, estrogen receptor agonists and tibolone reduced cell death by preserving mitochondrial 

membrane potential in PA-treated cells. Moreover, these estrogenic compounds might 

reverse the augmented expression of TERT, IL6, DNMT3B and MIR155-5p upon PA by a 

possible inhibitory action on NF-kB signaling (Figure 7).  
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Figure 7. Proposed model for tibolone and palmitic acid effects on our astrocytic cell 

model. Estrogen receptor agonists and tibolone reduced cell death by preserving 

mitochondrial membrane potential in PA cells. Our hypothesis is that these estrogenic 

compounds may attenuate gene expression (TERT, IL6, DNMT3B and MIR155-5p) by 

possibly reducing NF-KB activation upon PA.  
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Abstract  

Although it has been shown that telomerase has neuroprotective effects, mainly due to its 

non-canonical functions in neuronal cells, its role on glial cells is still unknown. There is 

growing evidence showing that telomerase plays an important role on inflammation, 

especially on the regulation of pro-inflammatory cytokine gene expression. The aim of this 

study was to evaluate the role of telomerase in an astrocyte cell model treated with palmitic 

acid (PA) and tibolone. Cell death, reactive oxygen species production and IL6 expression 

were evaluated under telomerase inhibition with the BIBR1532 compound in T98G cells 

treated with tibolone and PA, using fluorometry, flow cytometry, ELISA and qPCR. Our 

results showed that telomerase protein was increased by PA after 48 hours, alone or in 

combination with tibolone and that its activity was affected by PA. Telomerase inhibition 

reduced IL6 expression and it interfered with the protective effects of tibolone on cell death. 

Moreover, tibolone increased 707-Tyr phosphorylation in PA-treated cells.  In this study, we 

provide novel findings about the regulation of telomerase by PA and tibolone. Telomerase 

was involved in inflammation by PA and in protective effects by tibolone. Therefore, we 

conclude that telomerase could play a dual role in these cells.  

 

Keywords: Astrocytes; palmitic acid; tibolone; telomerase activity; TERT; telomere length; 

interleukin 6.  
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4.1 Introduction  

Telomerase is a ribonucleoprotein involved in several cellular processes, with its main 

function being the maintenance of telomere length in dividing cells. However, non-canonical 

functions, such as reduction of reactive oxygen species (ROS) and cell death, mitochondrial 

DNA (mtDNA) protection and regulation of gene expression, have also been reported 

(Martinez and Blasco, 2011). Telomerase is composed of two subunits: the telomerase 

reverse transcriptase catalytic subunit (TERT) and a telomerase RNA component (TERC). 

Human TERT and TERC genes are located in 5p15.33 and 3q26.2, respectively (Rebhan et 

al., 1997). Telomerase expression is modulated by different molecules, such as hormones 

(Cha et al., 2008) and inflammatory stimuli (e.g lipopolysaccharide, LPS) (Gizard et al., 

2011) through activation of several transcription factors (Poole et al., 2001). TERT is 

required by the nuclear factor kappa B (NF-kB) factor to increase the expression of cytokines, 

including interleukin 6 (IL-6) (Ghosh et al., 2012), tumor necrosis factor (TNF) and 

interleukin 1 beta (IL-1B) (Wu et al., 2016). The telomerase protein is regulated by post-

translational modifications in order to be exported from the nucleus. For example, under 

conditions of oxidative stress, telomerase protein is translocated from the cell nucleus to the 

cytoplasm by means of a phosphorylation-dependent mechanism (Haendeler et al., 2003a), 

being found in mitochondria (Sharma et al., 2012) and possibly in the endoplasmic reticulum 

(Hosoi et al., 2016).  

 

Telomeres are repetitive sequences that cap the ends of the chromosome, in order to prevent 

genome instability and its associated consequences (senescence or apoptosis) (Chan and 

Blackburn, 2002). Reduction of telomere length is associated with Alzheimer’s disease (AD) 

(Forero et al., 2016) and other pathologies (Wolkowitz et al., 2011). Telomere shortening is 

triggered by the increase in oxidative stress (Kawanishi and Oikawa, 2004) and inflammation 

(Jurk et al., 2014). Moreover, several clinical factors such as obesity and overweight, as well 

as a decline in estrogens, have also been associated with telomere length reduction in women 

(Kim et al., 2009; Shin and Lee, 2016; Wojcicki et al., 2018). Interestingly, long-term 

hormone therapy (HT) is associated with a larger telomere length (Lee et al., 2005) and 

reduction of AD risk (Imtiaz et al., 2017). Therefore, all the above factors can interact to 

increase the risk of developing neurodegenerative diseases (such as AD).  
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Obese people have high concentrations of fatty acids in serum, with palmitic acid (PA) being 

of particular interest (Feng et al., 2017). This saturated fatty acid is able to induce 

inflammation (Gupta et al., 2012), oxidative stress and cell death (Wang et al., 2012) in in 

vitro models. However, the effect of saturated fatty acids on telomere length is unknown. We 

have previously observed that PA increases TERT and TERC gene expression and that this 

effect was reversed by tibolone pretreatment. Otherwise, tibolone alone induced a small 

increase in TERT expression (Gonzalez-Giraldo et al., 2019). Tibolone is a synthetic steroid 

used as hormone replacement therapy by women in several European and Latin American 

countries (Campisi and Marengo, 2007). This hormone has anti-inflammatory effects 

(Hidalgo-Lanussa et al., 2017) due to its ability to activate estrogen receptors (Guzman et al., 

2007).  

 

Telomerase protein, especially TERT subunit, is upregulated in different injuries to protect 

neurons against oxidative stress, excitotoxicity, among other injuries (Gonzalez-Giraldo et 

al., 2016). However, in astrocytes, the role of TERT is still unknown. Some studies have 

found that TERT is increased in models of ischemic brain (Baek et al., 2004) and spinal cord 

injuries (Tao et al., 2013). Tao and collaborators showed that TERT expression was 

correlated with an increase in glial fibrillary acidic protein (GFAP) expression, suggesting 

that TERT could be involved in glial scar formation and that it could contribute to astrocyte 

activation (Tao et al., 2013). Nevertheless, another study showed that TERT overexpression 

reduced astrocyte proliferation in a model of hypoxia and glucose deprivation (Qu et al., 

2011). Thus, TERT could be involved in both detrimental and protective mechanisms in 

astrocytes in the brain.  

 

Considering the canonical and non-canonical functions of telomerase, we have hypothesized 

that TERT is increased in cells treated with PA, in order to reduce its detrimental effects 

(such as cell death), or that it could be involved in the protective effects of tibolone. 

Therefore, we evaluated telomerase expression, protein activity and telomere length in cells 

exposed to PA and tibolone. Furthermore, we inhibited telomerase function using a chemical 

compound and we measured cell death, ROS production, and IL6 expression, in order to 
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understand the role of TERT in T98G cells under different stimuli.  T98G is a cell line derived 

from a human glioblastoma tumor, which has a normal stationary phase G1 arrest (Stein, 

1979). This cell line has been used as a glial cell model in vitro (Avila-Rodriguez et al., 2016; 

Baez-Jurado et al., 2017; Gasque et al., 1996), and expresses some astrocyte markers, such 

as GFAP (glial fibrillary acidic protein), nestin, and vimentin (Belot et al., 2001).  

 

4.2 Materials and methods  

4.2.1 Cell culture  

T98G cells (ATCC® CRL-1690™) (Manassas,VA, USA) were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) high glucose (Lonza, Walkersville, USA), supplemented 

with 10% fetal bovine serum (FBS) (Eurobio, France) and 10 U penicillin/10 mg 

streptomycin/25 ng amphotericin (Lonza, Walkersville, USA). Normal human astrocyte cells 

(NHA) (Lonza, Walkersville, USA) were grown in Astrocyte Basal Medium, supplemented 

with GA-1000, 1% recombinant human insulin, FBS, ascorbic acid solution, human 

epidermal growth factor (hEGF) and L-glutamine (Lonza, Walkersville, USA). Cells were 

kept in a humidified incubator at 37 °C and 5% CO2.  

 

4.2.2 Drug Treatments   

T98G and NHA cells were deprived from serum and other supplements for 24 hours using 

DMEM without phenol red and L-Glutamine (Lonza, Walkersville, USA). Then, tibolone 

treatment was performed for 24 hours before application of 1 mM PA. T98G cells were 

stimulated with 70 µM tibolone (Sigma, St Louis, MO, USA) and NHA cells with 20 µM 

and 10 nM tibolone. Next, 1 mM PA (Sigma, St Louis, MO, USA) was added to cells for 24 

hours. Tibolone was dissolved in dimethyl sulfoxide (DMSO), and PA was dissolved in 2.5% 

bovine serum albumin (BSA). Controls (DMSO and BSA) were added to cells at the final 

concentrations used in PA and tibolone treatments (Gonzalez-Giraldo et al., 2017). 

BIRB1532 (Santa Cruz Biotechnology, Santa Cruz, Ca, USA), an inhibitor of telomerase, 

was added at 100 µM before treatment with 1 mM PA or with tibolone and PA, as previously 

described (Deacon and Knox, 2018). This compound was also dissolved in DMSO. 

BIRB1532 induces an inhibition of telomerase activity by interaction with a motif involved 
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in DNA binding (Bryan et al., 2015). Moreover, it has been observed that this compound is 

able to reduce TERT gene and telomerase protein expression (Lavanya et al., 2018).  

 

4.2.3 Cell death and Reactive Oxygen Species production analysis  

Staining with propidium iodide (PI) (Santa Cruz Biotechnology, Santa Cruz, Ca, USA) was 

used at 10 µg/ml to evaluate cell death. Cells were stained for 15 minutes, as previously 

described (Gonzalez-Giraldo et al., 2017). Dihydroethidium (DHE) and 2′,7′-

Dichlorofluorescin diacetate (DCFDA) (Sigma, St Louis, MO, USA) were used to quantify 

superoxide and hydrogen peroxide levels, respectively. Both compounds were added to cells 

at a concentration of 10 µM for 25 minutes. Fluorescence was detected using a FLUOstar 

Omega microplate reader (BMG LABTECH, Ortenberg, Germany) using the following 

parameters: PI and DHE (excitation 530 nm/ emission 590 nm), DCFDA (excitation 485 nm/ 

emission 540 nm). Mean fluorescence is presented in arbitrary units (a.u.) for all experiments.  

 

4.2.4 Protein expression and phosphorylation analysis using flow cytometry 

Flow cytometry analysis was performed to quantify telomerase protein expression and 

phosphorylation status, due to the fact that it is a very efficient technique for analyzing 

protein expression that allows obtaining results that are similar to western blot (Krutzik and 

Nolan, 2003). Briefly, once the treatments were finished, cells were harvested, fixed and 

permeabilized using 75% ethanol for 30 minutes. After washing the cells with 2% BSA, an 

overnight incubation with the primary polyclonal antibody (Invitrogen, Carlsbad, Ca, USA) 

was carried out. Next, cells were washed again, and 30 minutes of blocking was performed 

before adding the secondary antibody (Invitrogen, Carlsbad, Ca, USA) for 1 hour. Finally, 

cells were washed again and resuspended in 2% BSA to quantify the fluorescence with a 

Guava EasyCyte cytometer (Millipore, MA, USA). Antibodies and dilutions used were the 

following: anti-TERT (Thermo Fisher Scientific, PA511446), 1:50; anti-Phospho-TERT 

(Tyr707) (Thermo Fisher Scientific, PA513048), 1:50; anti-Phospho-TERT (Ser227) 

(Thermo Fisher Scientific, PA538817), 1:100 and anti-rabbit IgG secondary antibody, 

Dylight 488 (Thermo Fisher Scientific, 35553), 1:400. Parameters for flow cytometry data 

acquisition were: forward and side scatter plots were used to identify intact cells from debris. 

Doublet discrimination was performed plotting the width against the area for forward scatter. 
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The negative control corresponded to the incubation with only the secondary antibody 

(without the primary antibody) and 5000 cells were acquired for each sample. Mean 

fluorescence is presented in arbitrary units (a.u.) for all experiments.  

 

4.2.5 Telomerase activity analysis  

We followed the instructions for the telomeric repeat amplification (TRAP) protocol 

published by Herbert et al (Herbert et al., 2006). Total protein was extracted using the RIPA 

buffer (Thermo Fisher Scientific, Waltham, Ma, USA), which contained 10 mM sodium 

fluoride, 2.5 mM sodium pyrophosphate, 1 mM sodium orthovanadate and Thermo Scientific 

halt protease inhibitor cocktail 1X (Thermo Fisher Scientific, Waltham, Ma, USA). Proteins 

were quantified by means of a BCA kit (Thermo Fisher Scientific, Waltham, Ma, USA) and 

normalized to 2 ng/µL for TRAP analysis. TRAP master mix consisted in 2X SensiFAST™ 

SYBR® No-ROX Master mix (Bioline, London, United Kingdom), 1 µM TS (AAT CCG 

TCG AGC AGA GTT) primer and 1 µM ACX (GCG CGG CTT ACC CTT ACC CTT ACC 

CTA ACC) primer, 2 ng of protein and water, for a total volume of 25 µL. An initial 

incubation was performed at 30°C for 30 min in the dark to allow the extension of the 

substrate by telomerase. Later, Real-Time PCR was realized on a CFX96 Touch Real-Time 

System (BioRad, Hercules, CA). The PCR program consisted of one cycle at 95°C for 2 min, 

40 cycles at 95°C for 15 sec and 60°C for 60 sec. Data analysis was performed based on the 

threshold cycle (Ct), as previous studies (Hou et al., 2001). All samples were run in duplicate 

and RIPA buffer was used as a negative control. Data are shown in percentage, where the 

value for the control sample was taken as 100% activity. 

 

4.2.6 Telomere length analysis  

Telomere length was analyzed following a previously used protocol (Jimenez and Forero, 

2018) based on the qPCR method created by Cawthon (Cawthon, 2009). Genomic DNA was 

extracted using the salting-out method (Lahiri and Nurnberger, 1991). DNA was quantified 

with a Qubit dsDNA BR Assay and measured in a Qubit fluorometer (Invitrogen, Carlsbad, 

Ca, USA) and normalized to 10 ng/µL. The primers used were: TELG: ACA CTA AGG TTT 

GGG TTT GGG TTT GGG TTT GGG TTA GTG T and TELC: TGT TAG GTA TCC CTA 

TCC CTA TCC CTA TCC CTA TCC CTA ACA. Albumin (single-copy gene) primers were: 
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ALBU: CGG CGG CGG GCG GCG CGG GCT GGG CGG AAA TGC TGC ACA GAA 

TCC TTG and ALBD: GCC CGG CCC GCC GCG CCC GTC CCG CCG GAA AAG CAT 

GGT CGC CTG TT (Cawthon, 2009). For PCR amplification, we used 7.5 µl of 2× SensiMix 

HRM (Bioline, London, UK), 20 ng of DNA, 0.8 µM of each primer and water, for a total 

volume of 15 µl. Real Time PCR was realized on a CFX96 Touch Real-Time System 

(BioRad, Hercules, CA) and Ct values were acquired and used for calculating the relative TL 

by means of the T/S ratio, according to Cawton, 2009. T corresponds to the Ct value for 

telomere signal at 74°C read and S corresponds to the Ct value for albumin signal at 88°C 

read (Speck-Hernandez et al., 2015). 

 

4.2.7 Gene expression analysis  

Total RNA isolation was performed with the Trizol reagent (Invitrogen, Carlsbad, CA, USA) 

and it was quantified by means of NanoDrop (Thermo Fisher Scientific, Waltham, MA, 

USA). M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, Ca, USA) and oligo (dt) 18 

(Bioline, London, United Kingdom) were used to generate cDNA from 400 ng of RNA. 

Quantitative PCR for gene expression analysis was performed using 2X SensiFAST™ 

SYBR® No-ROX Master mix (Bioline, London, United Kingdom), 400 nM of each primer 

(Forward and Reverse), 1 µl of cDNA and water, in a total volume of 10 µl, on a CFX96 

Touch Real-Time System (BioRad, Hercules, CA). PCR program consisted in: one cycle at 

95 °C for 2 min, 40 cycles at 95°C for 10 sec, 60°C for 10 sec and 72°C for 15 sec. Melting 

analysis was carried out to verify the primer specificity (Nolan et al., 2006) and PCR 

efficiency was determined using LinRegPCR program (Ruijter et al., 2009). RPL27 gene was 

used as normalization control, according to previous recommendations (de Jonge et al., 

2007). Primer sequences were the following: for RPL27 gene, forward primer (ATC GCC 

AAG AGA TCA AAG ATA A) and reverse primer (TCT GAA GAC ATC CTT ATT GAC 

G); IL6 gene, forward primer (CCA CAC AGA CAG CCA CTC AC) and reverse primer 

(CCA GAT TGG AAG CAT CCA TC). All samples were run in triplicate. Data analysis was 

performed using the comparative CT method (2-ΔΔCT) (Schmittgen and Livak, 2008). 
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4.2.8 IL6 secretion analysis  

To quantify interleukin 6, the IL-6 Human ELISA kit (Invitrogen, Carlsbad, Ca, USA) was 

used. Briefly, 50 µl of supernatant were obtained from a 24-well plate and then the assay was 

performed following the manufacturer´s instructions. Samples (which correspond to the 

triplicates from three independent experiments, n=9 for each treatment), and standards were 

measured in duplicate in the ELISA microplate, according to manufacturer´s instructions. 

Absorbance was measured in a FLUOstar Omega microplate reader (BMG LABTECH, 

Ortenberg, Germany) at 450 nm and a standard curve was used to calculate protein 

concentrations.  

 

4.2.9 Recombinant human IL6 protein treatment  

Once IL6 concentrations were determined, a treatment with a recombinant human IL6 protein 

(Thermo Fisher Scientific, Waltham, Ma, USA) was performed on T98G cells before 1 mM 

PA stimulation. Recombinant protein was reconstituted following manufacturer instructions 

at 100 µg/mL and different dilutions were done in DMEM medium.  

 

4.2.10 Statistical analysis  

All samples were analyzed in triplicate, for three independent experiments. Student's t Test, 

one-way ANOVA and two-way ANOVA tests were calculated using the GraphPad Prism 

version 6.0 for Windows (GraphPad Software, La Jolla, CA, USA). A post hoc analysis was 

performed using Tukey’s test. A P value < 0.05 was considered significant. In the figures, all 

data are presented as Mean ± SEM.  

 

4.3 Results 

4.3.1 Telomerase protein expression, telomerase activity and telomere length 

analysis in T98G cell line 

In this study, we wanted to evaluate the role of TERT in cells treated with tibolone and PA. 

First, we analyzed protein expression, using flow cytometry, in cells treated with PA, tibolone 

plus PA and tibolone alone (Figure 1A, B and C). TERT protein expression was evaluated 

in T98G cells stimulated with tibolone only versus its vehicle (DMSO) for 24 hours (Figure 

1D) and significant differences were not observed (t= 0.0118, df= 16, P= 0.91). Next, an 
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analysis of two-way ANOVA was performed to evaluate the effect of time and treatment on 

TERT protein expression.  

 

Figure 1. Analysis of TERT protein expression in T98G cells under PA and tibolone 

treatments. Cells were treated for 24 hours with 70 µM tibolone followed by 1 mM Palmitic 

acid treatment for 12, 24, 36 and 48 hours. Then, flow cytometry analysis was carried out to 

quantify TERT protein. Representative plot of flow cytometry for (A) TERT protein 
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expression in cells treated with DMSO and 70 µM tibolone, (B) TERT protein expression in 

cells treated for 24 hours with 70 µM tibolone followed by 1 mM PA treatment for 36 hours 

and, (C) TERT protein expression in cells treated for 24 hours with 70 µM tibolone followed 

by 1 mM PA treatment for 48 hours. (D) TERT protein expression in T98G cells treated for 

24 hours with DMSO and 70 µM tibolone. (E) Telomerase protein expression quantification 

at different time periods in T98G cells treated for 24 hours with 70 µM tibolone followed by 

a treatment with 1 mM Palmitic acid for 12, 24, 36 and 48 hours. For all experiments, control 

sample consisted in 2.5 % BSA and 2mM carnitine. Bar graph represents Mean ± SEM of at 

least three independent experiments. Two-way ANOVA followed by Tukey's multiple 

comparisons test was used for statistical analysis. In the graph *** represents:  <0.001, **: 

<0.01 and *: <0.05. TIB: tibolone, PA: Palmitic acid.  

 

Cells were treated for 24 hours with tibolone followed by 1 mM PA treatment for 12, 24, 36 

and 48 hours. We observed an interaction between time and treatment (F (6.137) = 2.716, P= 

0.02). The post hoc test indicated that there was an increase in protein expression at 36 hours 

in cells treated with PA, in comparison to 12 and 24 hours (P= 0.002, P= 0.012, respectively). 

In cells treated with Tibolone + PA, differences were observed between 12 and 36 hours (P= 

0.0002), 12 and 48 hours (P= 0.0008), 24 and 36 hours (P= 0.002), and 24 and 48 hours (P= 

0.009) (Figure 1E). At 36 hours, differences were found between control and PA (P= 0.004), 

and control versus Tibolone + PA (P= 0.003). However, at 48 hours, we only observed a 

significant difference between control and Tibolone + PA treatment (P= 0.007). A similar 

result was observed by an immunocytochemistry analysis (Figure S1).  

 

The canonical function of telomerase is to maintain telomere length. Therefore, telomerase 

activity and telomere length were analyzed in the current study. Cells were pretreated with 

tibolone following a 1 mM PA stimulus and then total protein was isolated and telomerase 

activity was assessed by a TRAP protocol. An ANOVA test (F (3.68) = 4.216, P= 0.008) 

followed by a Tukey's multiple comparisons test determined that PA reduced the activity of 

telomerase in comparison to tibolone alone (P= 0.04); a significant difference was also 

observed between Tibolone + PA and tibolone (P= 0.04) (Figure 2A), although the 
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telomerase activity was lower in PA treatment in comparison to control, it was not 

statistically different. Telomere length was not affected by any treatment (Figure 2B).  

 

 

Figure 2. Telomerase activity and telomere length in T98G cells. Cells were treated for 

24 hours with 70 µM tibolone followed by 24 hours of 1 mM Palmitic acid stimuli, then, 

protein and DNA isolation was performed, and next Telomerase activity and Telomere length 

were measured by qPCR. (A) Telomerase activity analysis. (B) Telomere length 

measurement. Bar graph represents Mean and ± SEM of at least three independent 

experiments. A one-way ANOVA followed by Tukey's multiple comparisons test were used 

for statistical analysis. TIB: tibolone, PA: Palmitic acid. 

 

4.3.2 Effects of TERT inhibition using compound BIBR1532 on cell death and 

reactive oxygen species production   

TERT has non-canonical functions, such as reduction of reactive oxygen species and cell 

death by its translocation to mitochondria (Haendeler et al., 2009). Our hypothesis was that 

TERT is associated with the reduction of the detrimental effect induced by PA or that it could 

be involved in the protective effects of tibolone. To investigate the role of TERT in the 

current model, BIBR1532, a specific inhibitor of telomerase protein (Bryan et al., 2015; 

Deacon and Knox, 2018), was used alone or in combination with tibolone and PA. PI uptake 

test showed that TERT inhibition interfered with the protective effect of tibolone against cell 

death induced by PA, but it did not have any effect on PA-treated cells (ANOVA test, F 

(6.98) = 36.02, P= <0.0001) (Figure 3A). Neither 70 µM tibolone or 100 µM BIBR1532, 

alone or in combination, induced a cytotoxic effect on T98G cells (Figure S2). Quantification 

of superoxide (Figure 3B) did not show any effect produced by TERT inhibition, (F (5.78) 
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= 1.927, P= 0.10). Although quantification of hydrogen peroxide showed an increase by 

BIBR alone, in comparison with all treatments, F (5.66) = 10.97, P <0.0001 (Figure 3C), the 

analysis of BIBR versus DMEM did not show an increase in hydrogen peroxide levels by the 

inhibitor (Figure S3). These results suggest that BIRB does not induce ROS.  

 

Figure 3. Effects of TERT inhibition on cell death and reactive oxygen species (ROS) 

production. T98G cells were treated with the BIBR1532 inhibitor for 24 hours alone or with 

tibolone before adding 1 mM PA. Mean fluorescence represented as arbitrary units (a.u.) for: 

(A) Iodide Propidium uptake test. (B) Superoxide ion production (DHE: Dihydroethidium). 

(C) Hydrogen peroxide production (DFCDA: 2′,7′-Dichlorofluorescin diacetate). For all 

experiments, control sample consisted in 2.5 % BSA and 2mM carnitine. Bar graph 

represents Mean and ± SEM of at least three independent experiments. A one-way ANOVA 

followed by Tukey's multiple comparisons test was used for statistical analysis. **** 

represents <0.0001, *** <0.001 and ** < 0.01. TIB: tibolone, PA: Palmitic acid. 
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4.3.3 Expression of IL6 gene and protein secretion under TERT inhibition and its 

effects on cells T98G under palmitic acid treatment  

As telomerase participates in the induction of cytokine expression, IL6 gene expression and 

protein secretion under telomerase inhibition were investigated. An ANOVA test showed 

that the TERT inhibition interferes with the IL6 gene expression (F (4.39) = 4.51, P= 0.004). 

A Tukey's multiple comparison test showed that a treatment with BIBR1532 prior to 

incubation with PA reduced IL6 gene expression, in comparison with cells treated with PA 

alone (P= 0.017) (Figure 4A). An ANOVA test for IL6 secretion also showed an effect of 

TERT inhibition (F (4.40) = 218.6, P < 0.0001). Protein secretion was reduced by BIBR1532 

(TERT inhibitor) in comparison to PA and control (P <0.0001) and improved the effect of 

tibolone on IL6 secretion (P= 0.0006) (Figure 4B). Differences were not observed between 

control and PA, however, the increase in IL6 by PA could arise with longer incubation times 

(such as 24 hours), similar to the observed with TERT protein expression. These data suggest 

that telomerase is involved in the induction of IL6 expression by PA in T98G.  

 

The next step was to determine whether this cytokine is beneficial or detrimental for T98G 

cells treated with PA. We incubated cells with a recombinant IL6 protein at 58, 298 and 457 

pg/mL; these concentrations were similar to those determined by ELISA in cells treated with 

tibolone, PA and TERT inhibitor (BIBR1532). In addition, we tested a higher IL6 

concentration than those determined by ELISA (1000 pg/mL). IL6 was incubated for 24 

hours before a stimulation with 1 mM PA (pre-treatment), in co-treatment with 1 mM PA, 

and after 1 mM PA treatment (post-treatment). We only observed an effect by IL6 

pretreatment (F (5.65) = 29.00, P <0.0001). Co-treatment and post-treatment did not affect 

T98G cells, in comparison with PA cells (data not shown). We found that high concentrations 

of IL6 did not increase cell death by PA, but IL6 pretreatment (at 58 pg/mL) protected cells 

against death induced by PA (P= 0.013) (Figure 4C). Moreover, we found that treatment 

with IL6 affected TERT expression (F = 4.459, P= 0.011. A post hoc analysis determined 

that a treatment with IL6 (at 58 pg/mL), in comparison with DMEM, resulted in an increase 

in TERT gene expression (P= 0.008) (Figure 4D). These data suggest that IL6 has a 

protective effect at low concentrations and, furthermore, it puts forward the possibility that a 

feedback between this cytokine and the telomerase could exist.  
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Figure 4. Telomerase inhibition leads to a reduction of IL6, and its lower levels are 

beneficial for T98G cells and in turn increase TERT gene expression. T98G cells were 

treated with the BIBR1532 inhibitor for 24 hours alone or with tibolone before adding 1 mM 

PA. (A) Effects of TERT inhibition on IL6 gene expression and (B) IL-6 protein secretion. 

In this graph **** represents a P value <0.0001 in comparison to palmitic acid treatment. 

#### represents a P value <0.0001 in comparison to control. (C) Effect of recombinant IL6 

on cell death assessed by PI uptake test. Cells were treated with several concentrations of IL6 

for 24 hours followed by 1 mM PA.  (D) TERT gene expression was evaluated in cells treated 

for 24 hours with recombinant IL6. For all experiments, control sample consisted in 2.5 % 

BSA and 2mM carnitine. Bar graph represents Mean and ± SEM of at least three independent 

experiments. A one-way ANOVA followed by Tukey's multiple comparisons test was used 

for statistical analysis. TIB: tibolone, PA: Palmitic acid. 
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Figure 5. Effects of palmitic acid and tibolone on TERT phosphorylation in Tyr-707 

residue in T98G cells. Cells were treated for 24 hours with 70 µM tibolone followed by 24 

hours of 1 mM Palmitic acid stimuli, then cells were fixed and incubated with antibodies for 

flow cytometry analysis. (A) Tyr-707 phosphorylation analysis in cells treated with tibolone 

and PA, and its (B) representative plot of flow cytometry data. (C) Phosphorylation status 

analysis for Tyr-707 in cells treated with DMSO and tibolone, and its (D) representative plots 

of flow cytometry data. For all experiments, control sample consisted in 2.5 % BSA and 

2mM carnitine. Bar graph represents Mean and ± SEM of at least three independent 

experiments. A one-way ANOVA followed by Tukey's multiple comparisons test was used 

for statistical analysis. TIB: tibolone, PA: Palmitic acid. 
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4.3.4 Telomerase phosphorylation analysis  

Telomerase protein has several phosphorylation sites responsible for the modulation of its 

protein activity and its location in cytoplasm or nucleus. In the current study, we assessed the 

phosphorylation status of the following sites: tyrosine 707 (a signal required to translocate it 

from the nucleus to cytoplasm) and serine 227 (a signal required to locate it in the nucleus) 

(Chung et al., 2012; Haendeler et al., 2003a). This analysis was carried out using flow 

cytometry. An ANOVA test showed an effect of treatments on Tyr-707 phosphorylation (F 

(2.24) = 25.51, P <0.0001). It was observed that PA increased (by a 50%) the phosphorylation 

levels of the Tyr-707 site, in comparison with control (P= 0.001). This effect was improved 

by 90% upon tibolone pretreatment when compared to control values (90 %, P <0.0001) and 

by 40% in comparison with PA (P= 0.013) (Figure 5A, B). The phosphorylation levels of 

the Ser-227 site were not affected by any treatment (F (2.30) = 0.085, P = 0.92) (Figure 6 A, 

B). Tibolone was able to induce phosphorylation in Tyr-707, in comparison with DMSO 

(t=3.913, df=16, P= 0.001) (Figure 5C, D). Tibolone alone did not induce phosphorylation 

of Ser-227 (t=0.1427, df=16, P= 0.89) (Figure 6 C, D). These data suggest that the 

phosphorylation of telomerase protein, which regulates its translocation to the cytoplasm, is 

modified by tibolone, a mechanism that could be involved in the protective effects of this 

compound in T98G cells.  

 

4.3.5 Telomerase expression and Tyr-707 phosphorylation status analysis in normal 

human astrocytes  

In order to compare the effect of PA and tibolone on T98G cells and normal human astrocytes 

(NHA), we focused on assessing expression and phosphorylation levels (Tyr-707 site) of the 

telomerase protein in NHA cells. Treatment with PA for 48 hours did not induce any change 

in telomerase protein expression in comparison with control or tibolone + PA (F (3.49) = 

1.205, P= 0.32) (Figure 7A and B). Significant differences were not observed between 

tibolone versus DMSO (F (2.14) = 0.1391, P = 0.82) (Figure 7C and D). Tyr-707 

phosphorylation was affected in NHA cells (F (3.14) = 16.97, P < 0.0001). However, contrary 

to T98G cells, Tyr-707 phosphorylation was reduced by 22% upon PA, compared with 

control (P= 0.001). Tibolone pretreatment did not reverse this effect (Figure 8A and B), 
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although it induced an increase of 27% in phosphorylation, in comparison with DMSO (F 

(2.15) = 11.46, P= 0.001), at a concentration of 10 nM (P= 0.001) (Figure 8C and D).  

 

 

Figure 6. Effects of palmitic acid and tibolone on TERT phosphorylation in Ser-227 

residue in T98G cells. Cells were treated for 24 hours with 70 µM tibolone followed by 24 

hours of 1 mM Palmitic acid stimuli, then cells were fixed and incubated with antibodies for 

flow cytometry analysis. (A) Ser-227 phosphorylation analysis in cells treated with tibolone 

and PA, and its (B) representative plot of flow cytometry data. (C) Phosphorylation status 

analysis for Ser-227 in cells treated with DMSO and tibolone, and its (D) representative plots 

of flow cytometry data. For all experiments, control sample consisted in 2.5 % BSA and 

2mM carnitine. Bar graph represents Mean and ± SEM of at least three independent 

experiments. A one-way ANOVA followed by Tukey's multiple comparisons test was used 

for statistical analysis. TIB: tibolone, PA: Palmitic acid. 
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Figure 7. Telomerase protein expression in normal human astrocytes exposed to 

palmitic acid and tibolone. Cells were treated with 20 µM and 10 nM Tibolone for 24 hours 

followed by 1 mM PA for 48 hours. Next, cells were fixed and incubated with the antibodies 

for flow cytometry analysis. (A) TERT protein expression in cells treated with tibolone (24 

hours) and palmitic acid (48 hours). (B) Representative plot of flow cytometry data for 

tibolone and PA. (C) TERT protein expression in cells treated with DMSO and tibolone, and 

its (D) representative plot of flow cytometry data. For all experiments, control sample 

consisted in 2.5 % BSA and 2mM carnitine. Bar graph represents Mean and ± SEM of at 

least three independent experiments. A one-way ANOVA followed by Tukey's multiple 

comparisons test was used for statistical analysis. TIB: tibolone, PA: Palmitic acid. 

 

 

 

118



 

 

 

Figure 8. Telomerase Tyr-707 phosphorylation status in normal human astrocytes 

exposed to palmitic acid and tibolone. Cells were treated with 20 µM and 10 nM Tibolone 

for 24 hours followed by 1 mM PA for 24 hours. Next, cells were fixed and incubated with 

the antibodies for flow cytometry analysis. (A) Tyr-707 phosphorylation analysis for tibolone 

(24 hours) and palmitic acid (24 hours) treatments, and its (B) representative plot of flow 

cytometry data. (C) Tyr-707 phosphorylation analysis for tibolone vs DMSO, and its (D) 

representative plot for flow cytometry data. For all experiments, control sample consisted in 

2.5 % BSA and 2mM carnitine. Bar graph represents Mean and ± SEM of at least three 

independent experiments. A one-way ANOVA followed by Tukey's multiple comparisons 

test was used for statistical analysis. TIB: tibolone, PA: Palmitic acid. 
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4.4 Discussion  

Telomerase has several functions in different cell types, with its expression being higher in 

mitotic cells (e.g somatic cells) than in postmitotic cells (such as neurons). In this context, 

telomerase can protect cells from apoptosis by canonical and non-canonical functions 

(Martinez and Blasco, 2011). The telomerase activity (its canonical function) is regulated by 

several molecular mechanisms, for example, regulation of gene and protein expression, 

protein phosphorylation and interaction with other proteins (Nicholls et al., 2011).  

 

Here, we found that PA induced a reduction in telomerase activity, but this effect was not 

reversed by tibolone pretreatment, in spite that cells treated with tibolone had a higher 

activity. However, significant differences were not observed between control and PA. There 

are no reports showing a reduction in telomerase activity caused by a saturated fatty acid. In 

contrast, telomerase activity has been affected by cis-unsaturated fatty acids in previous 

reports (Oda et al., 2002). We observed that protein expression of TERT after 24 hours of 

PA treatment was not affected. Notably, telomerase activity can be modulated independently 

of its gene or protein expression levels (Cong et al., 2002). Nevertheless, at 24 hours after 

PA stimulation, TERT gene expression increased (Gonzalez-Giraldo et al., 2019) and the 

protein levels were found increased after 36 hours of PA treatment (Figure 1E). Such 

increase could arise as a compensatory mechanism due to the reduction in telomerase 

activity.  

 

As TERT protein has several non-canonical functions, its increase could attenuate the 

detrimental effects induced by PA on cell death or ROS production. Taking this into account, 

we aimed to evaluate the role of TERT in T98G cells using a chemical compound 

(BIBR1532), which is known to inhibit telomerase protein through reduction of gene and 

protein expression (Lavanya et al., 2018). Our results suggest that telomerase was involved 

in the protection by tibolone against cell death induced by PA. Previously, it has been 

demonstrated that telomerase has anti-apoptotic actions due to the regulation of several 

genes, such as BAX/BCL2 (Li et al., 2013) and Caspase-3 (Zhao et al., 2012), and 

additionally by its translocation to mitochondria (Ahmed et al., 2008). Therefore, we 

hypothesize that tibolone can induce telomerase translocation from nucleus to mitochondria, 
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reducing the cell death. This is supported in part by our analysis of phosphorylation. We 

found that tibolone alone or in combination with PA increased Tyr-707 phosphorylation in 

T98G cells. Phosphorylation of this residue in telomerase protein leads to its export from the 

nucleus to the cytoplasm (Haendeler et al., 2003a). Although PA also induced an increase in 

Tyr-707 phosphorylation, TERT inhibition did not increase cell death. These findings 

suggest that tibolone might induce activation of other pathways promoting interaction of 

TERT with other proteins, and therefore, reduce cell death. Previously, a study demonstrated 

that the anti-apoptotic function of TERT is regulated by its association with Akt and HSP90 

proteins (Haendeler et al., 2003b). Interestingly, another study demonstrated that activation 

of estrogen receptors was involved in the phosphorylation of TERT by estradiol and 

raloxifene, without an increase in protein or gene expression of TERT, a mechanism that 

could be associated with the protection by these compounds (Du et al., 2004). 

 

As the study of molecular mechanisms in cell lines might have some limitations and the 

results should be interpreted accordingly, we wanted to extend our analysis of TERT protein 

expression and Tyr-707 phosphorylation to normal human astrocyte (NHA) cells (derived 

from fetal brain). These cells were treated under similar conditions to those of the T98G cell 

line. We found that in contrast to T98G, PA reduced Tyr-707 phosphorylation in NHA cells, 

and although tibolone alone induced an increase in phosphorylation, the combination of PA 

with tibolone did not have any effect. These differences can be explained by the finding that 

PA did not trigger a strong effect on cell death, moreover, mitochondrial integrity was not 

affected. On the other hand, tibolone also did not have any effects on PA actions (Figure 

S4). It should be noted that palmitic acid oxidation in fetal astrocytes is higher than in adult 

astrocytes (Warshaw and Terry, 1976). In this context, the assimilation of palmitic acid might 

be different between NHA and T98G (cells derived from adult brain).  

 

We previously observed that TERT and IL6 genes were regulated by PA and tibolone in a 

similar manner (Gonzalez-Giraldo et al., 2019).  TERT is required for the induction of IL6 

(Ghosh et al., 2012), IL1β and TNF genes by the NF-kB factor (Wu et al., 2016). Thus, we 

have hypothesized that TERT could be regulating IL6 expression in our model. This 

hypothesis was corroborated with the results of the experiments of TERT inhibition in cells 
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exposed to PA and tibolone. Similar to other studies, we demonstrated that IL6 gene levels 

and protein secretion were decreased by TERT inhibition in cells under an inflammatory 

stimulus (Ghosh et al., 2012; Wu et al., 2016). Interestingly, we observed that TERT 

inhibition increased the reduction of IL6 secretion by tibolone. TERT regulates IL6 

expression by binding to a motif present in the IL6 gene DNA sequence (Ghosh et al., 2012). 

Our results support these findings, considering that BIBR1532 is an inhibitor that interacts 

with a motif located in the thumb domain, which regulates the binding of TERT to DNA or 

RNA by changes in its configuration (Bryan et al., 2015).  

 

IL6 is a cytokine with pleiotropic effects, which is involved in both pro- and anti-

inflammatory actions (Kishimoto, 2006). In astrocyte cells, IL6 is increased to carry out 

different actions, and depending of the inducing factor, this will be beneficial or detrimental 

for the brain cells. For example, in an acute insult of traumatic brain injury it was observed 

that IL6 is neuroprotective (Penkowa et al., 2003), as well as in cells exposed to LPS (an 

inductor of inflammation) (Sun et al., 2017). In the current cell model, we have observed that 

lower concentrations of IL6 are beneficial for T98G exposed to PA, although higher 

concentrations did not increase cell death, assessed by a propidium iodide uptake test at 24 

hours of treatment. These results suggest that cells under chronic exposition to PA might 

have a higher IL6 expression with possible detrimental effects, especially in other cell types 

like neurons (Wei et al., 2012). Nonetheless, detrimental effects of IL6 will depend on 

whether activation of trans-signaling pathways is induced (Rothaug et al., 2016). 

Additionally, we observed that IL6 induced an increase in TERT gene expression in T98G 

cells. TERT can regulate IL6 expression and, in turn, IL6 can modulate TERT function 

(activity and expression) through NF-kB/STAT3 activation (Chung et al., 2017). Therefore, 

this result suggests that a feedback loop between TERT and IL6 could exist. However, future 

studies are needed to elucidate this hypothesis.  

 

We have evidenced that TERT participates in distinct cellular processes involved in the 

response to an injury with PA and to the exposure to estrogenic compounds. These results 

highlight the potential of targeting astrocytes for drug development, in the context of the 

treatment of neurological diseases. Astrocytes play a crucial role in the brain because they 
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regulate several processes associated with distinct cell types such as neurons, microglia and 

oligodendrocytes (Kimelberg and Nedergaard, 2010). On the other hand, activation of 

astrocytes is a defensive response to ameliorate acute stress in the brain, but a chronic 

astrocytic response is associated with diseases (Pekny and Pekna, 2014). During astrocyte 

activation, cytokines as IL6 are increased. In this regard, the elucidation of the mechanisms 

of the activation of astrocytes might provide insights about possible therapeutic targets. 

 

 

Figure 9. Role of TERT in tibolone and palmitic acid actions in an astrocytic cell model. 

Tibolone induced an increase of TERT phosphorylation (Tyr-707 residue), which could lead 

to telomerase translocation from nucleus to the cytoplasm. In the cytoplasm, TERT can be 

located in mitochondria or endoplasmic reticulum. Where it could modulate apoptosis 

pathways. On the other hand, PA also induces phosphorylation of TERT (Tyr-707 residue). 

Moreover, it was observed that PA modulates the IL6 expression through TERT protein.  

123



 

In conclusion, we show for the first time how PA and tibolone modulate telomerase protein 

expression and activity in an astrocytic cell model. Moreover, our results demonstrate that 

telomerase participates in distinct cellular processes under beneficial and detrimental 

conditions. Future studies are needed to define the specific roles of IL6 and TERT on 

astrocyte cell functions and their possible feedback under inflammatory stimuli.  
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General Discussion 

 

Neurodegenerative diseases (ND), such as amyotrophic lateral sclerosis, Parkinson's disease, 

Alzheimer's disease, and Huntington's disease affect millions of people worldwide (Group, 2017). 

To date, available treatments reduce the clinical symptoms and there is the need for novel therapies 

to stop the progression of these debilitating diseases. Many studies have reported distinct 

molecular insights into the pathophysiology of ND, which include inflammation (Swardfager et 

al., 2010), mitochondrial impairments (Lin and Beal, 2006), neuronal dysfunction, astrocyte 

reactivity or atrophy (De Strooper and Karran, 2016), telomere shortening (Forero et al., 2016), 

changes in epigenetic marks (Su et al., 2015), among others. Indeed, lifestyles, hormonal changes, 

aging, exercise, alcohol consumption, and smoking can all influence the molecular mechanism 

underlying the ND (Alegria-Torres et al., 2011). Regarding lifestyles, in animal models, a high-fat 

diet induced cognitive impairments, neuroinflammation and astrocyte reactivity (Pistell et al., 

2010).  

 

The understanding of the molecular mechanisms involved in detrimental and protective effects of 

compounds of interest on astrocytic cells represents a key challenge for the development of 

effective treatments for ND. As these diseases have multiple risk factors and several possible 

therapeutic targets, in this thesis we have taken into account two fundamental aspects associated 

with neurodegeneration: i) the beneficial effect of hormone therapy, and ii) the detrimental effects 

induced by obesity. In this regard, tibolone, a synthetic steroid administrated as a hormone 

replacement therapy in postmenopausal women and classified as a selective tissue estrogenic 

activity regulator (STEARs) (Kloosterboer, 2001), was used to induce potential protective actions 

in astrocyte cells exposed to palmitic acid (PA), a lipotoxic and inflammatory stimulus. PA is a 

saturated fatty acid, which is found as increased in obese people and in patients suffering from 

Alzheimer’s and Parkinsons’s diseases (Hussain et al., 2013). In this context, the aim of this study 

was to analyze the molecular mechanisms involved in tibolone actions in astrocytic cells exposed 

to palmitic acid.  

 

In chapter 1, we performed a review of telomerase function in the central nervous system. This 

review presented the potential non-canonical role of telomerase in mechanisms related to brain 
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protection. A growing number of studies have found that TERT, the catalytic subunit of telomerase 

responsible for telomere lengthening, is able to induce neuroprotective effects through extra-

telomeric actions, for instance, reduction of oxidative stress, increase of mitochondrial integrity 

and neuronal survival. The vast majority of these investigations have been evidenced a clear 

protective role in neurons, but in other cells like astrocytes, its role is unclear and needs more 

studies. In this review, we also showed that TERT can be regulated by different molecules with 

potential therapeutic effects, for example, estradiol and raloxifene (Gonzalez-Giraldo et al., 2016). 

Taking into account the studies reviewed in this work, it is considered that telomerase is a potential 

target to evaluate and design potential therapeutic strategies. Therefore, this review was very useful 

to propose our research hypothesis and for future studies analyzing neuroprotective therapies.  

 

In chapter 2, we determined the effects of tibolone on different cellular mechanisms, such as 

viability, cell death, mitochondrial integrity and morphology in cells exposed to palmitic acid. 

Mitochondrial integrity is important for cellular functions, in especial for astrocytes, since these 

cells provide the main source of energy and enzymes for neuronal protection against oxidative 

stress in the brain (Sofroniew and Vinters, 2010). Recently, it was demonstrated that astrocytes 

may transfer functional mitochondria to neurons as a neuroprotective mechanism (Hayakawa et 

al., 2016). Moreover, mitochondrial impairment is a hallmark of neurodegenerative diseases (Lin 

and Beal, 2006). In this context, the preservation of mitochondrial functions is an important target 

for the development and evaluation of neuroprotective compounds. We found that tibolone 

preserves mitochondrial integrity and decreases cell death induced by PA (Gonzalez-Giraldo et 

al., 2017). This result is similar to other actions induced by estradiol (Chapter 3) and other 

neuroactive steroids (Toro-Urrego et al., 2016; Vesga-Jimenez et al., 2019). Interestingly, in 

chapter 3 we showed that tibolone induces protective effects on mitochondria through estrogen 

receptor beta (ERβ). It is likely that, in T98G cells, the expression of ERβ is predominantly in 

mitochondria (Yang et al., 2004), thus explaining the effect observed when blocking the ERβ using 

PHTPP antagonist (Figure 4-Chapter 3). Therefore, beneficial effects observed by tibolone in 

several studies could be associated with the modulation of mitochondrial function. 

 

Another factor involved in the pathophysiology of neurodegenerative diseases is inflammation, 

which can be induced by distinct mechanisms, including high-fat diets (Pistell et al., 2010). 
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Remarkably, tibolone reduced the expression of various genes related to inflammatory signals 

(Chapter 3). Nonetheless, tibolone increased TNF expression and failed in reversing the decrease 

in MIR125a induced by PA (Gonzalez-Giraldo et al., 2019). Studies in human participants have 

shown different results. For example, Vassalle and collaborators observed that after tibolone 

administration in postmenopausal women, TNF concentrations were reduced, but it increased IL6 

(Vassalle et al., 2011). On the other hand, Vural et al. found that after treatment with tibolone 

postmenopausal women had a tendency to increase TNF concentrations (Vural et al., 2006). 

Previous work from our research group found that tibolone in cells in normal conditions, or in 

glucose deprived cells, upregulated IL6 mRNA (Avila-Rodriguez and Barreto, 2016). It should be 

noted that cytokines like TNF or IL6 have pleiotropic actions and do not always lead to a harmful 

effect in cells (Probert, 2015). Since there are few studies that evaluate the effect of tibolone on 

inflammatory signals, future investigations are needed to elucidate what factors could interfere 

with the response to tibolone. In chapter 4, we tested the effect of IL6 in cells treated with palmitic 

acid, finding that lower concentrations are beneficial for cells exposed to PA.  

 

In chapter 3, we described the ability of tibolone to modulate the expression of genes involved in 

astrocyte function, DNA methylation and telomere-regulating genes. It should be noted that 

several of these genes analyzed contain estrogen response elements (ERE) (Gonzalez-Giraldo et 

al., 2019). Tibolone did not reverse the negative effect induced by PA on some genes associated 

with astrocyte functions as ALDH1L1. In other experimental models, APOE and GLUL have been 

increased by estradiol (Blutstein et al., 2006; Stone et al., 1997) and in our study both genes were 

reduced by tibolone. A feasible explanation is that tibolone was not able to induce a direct genomic 

mechanism. This means that it is possible that ERs did not bind DNA sequences in several gene 

promoters and that activation of ERs led to interactions with other transcription factors (Arevalo 

et al., 2015), which can induce repression of gene transcription. Another explanation is that 

tibolone could induce the activation of other steroid receptors, which could antagonize the 

estrogenic effects (Barbier et al., 2008). However, our results from cells treated with agonists of 

estrogen receptors beta and alpha showed a similar response to tibolone (Chapter 3-Figure 6). 

Tibolone’s actions on TERT gene support the idea that it induces activation of repressive signals 

against PA, since tibolone alone induced an increase in TERT (appendix 1-Figure S8), but in 

combination with PA treatment, tibolone reduced TERT expression. Interestingly, a bioinformatic 
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analysis showed that the NF-kB factor could be a key regulator of genes increased by PA and 

downregulated by tibolone. This result can be supported by a previous study from our research 

group, which demonstrated that tibolone induced inactivation of NF-kB factor in cells exposed to 

palmitic acid (Hidalgo-Lanussa et al., 2018).  

 

In chapter 4, we described the role of TERT in our astrocytic cell model. We showed for the first 

time that inhibition of TERT interferes with the protective effects of tibolone. We speculate that 

this might be due to TERT translocation from the nucleus to the cytosol and finally to the 

mitochondria. In mitochondria, TERT might protect mitochondrial DNA, reduce ROS and 

modulate apoptosis signals (Santos et al., 2004). We identified that tibolone induces 

phosphorylation of TERT in a Tyr-707 residue. This result supports the hypothesis that tibolone 

induces translocation of TERT from the nucleus to the cytoplasm. Another key finding from the 

current work was that PA upregulates IL6 expression through TERT protein. A similar pattern of 

results was obtained in a study performed previously in macrophages under the LPS treatment 

(Wu et al., 2016). On the other hand, as T98G cells are derived from a glioblastoma, we aimed to 

explore the effects of tibolone on TERT protein and phosphorylation status in normal human 

astrocyte (NHA) cells. In contrast to the results observed in T98G cells, PA induced a reduction 

of phosphorylation of Tyr-707 residue in TERT protein. Tibolone did not reverse this effect. 

However, tibolone alone increased phosphorylation of Tyr-707 as observed in T98G cells. This 

result suggests that tibolone can have the same effects in both cells, but its response will depend 

on PA action, which was different between T98G cell line and NHA cells (Appendix 2-Figure 

S4).  

 

These results demonstrate that tibolone has beneficial effects on astrocytic cells at the cellular and 

molecular levels. These findings suggest that tibolone might be a neuroactive steroid with 

therapeutic actions for different diseases. However, future studies on in vivo models are necessary 

to evaluate the possible clinical application of tibolone in the treatment of diseases affecting the 

central nervous system. 

 

 

 

133



Figure 1. Schematic representation of the tibolone effects in astrocytic cells treated with 

palmitic acid. Tibolone induced a protective effect on mitochondrial integrity through activation 

of ERβ, thereby reducing cell death. Moreover, tibolone is able to reduce cell death through TERT 

protein by possible translocation to the cytoplasm, mechanism induced by means of TERT 

phosphorylation. Furthermore, tibolone decreased the expression of genes upregulated by PA, 

including TERT, DNMT3B, IL6 and MIR155. Although IL1B and TLR4 genes were not increased 

by PA, tibolone downregulated their expression.  

 

Conclusions  

This study shows for the first time that tibolone induces protective effects through estrogen 

receptor beta and TERT protein in an in vitro model of inflammation. Moreover, we also reported 

for the first time that tibolone modulates the expression of genes associated with epigenetic 
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mechanisms such as DNMT3B and MIR155, which were increased by PA (Figure 1). These 

results provide new insights into the mechanism regulating detrimental and protective actions in 

astrocytic cells. Overall, this project has enhanced the knowledge of the mechanisms underlying 

estrogenic compounds and their beneficial effects. Several articles in high-impact international 

journals have been published as result of this doctoral thesis: Molecular Neurobiology, 2018; 

Molecular and Cellular Endocrinology 2019; Ageing Research Reviews, 2016, among others. The 

doctoral student received a national award for this project (L’Oréal-UNESCO For Women in 

Science, 2017). 

 

Future perspectives 

Although the findings presented in this thesis contribute to the knowledge about the mechanisms 

involved in tibolone and palmitic acid effects in an astrocytic model, future studies might be 

developed.  

 

First, we suggest that further experiments should be performed using the specific metabolites of 

tibolone. This is suggested due to the fact that tibolone is metabolized in the liver, when it is 

administrated orally, then, metabolites are distributed in the whole body, including the brain. This 

will corroborate our findings and elucidate whether tibolone actions are mediated only by estrogen 

receptors or could involve progesterone and androgen receptors. Moreover, this approach will 

reduce any interference given by tibolone metabolism in cell culture.  

 

One of the most important results in this thesis was the finding of a role for TERT in tibolone and 

PA treatments. The results demonstrated two things: first, TERT may modulate cell death under 

tibolone pretreatment. Second, TERT may regulate inflammatory signals in cells exposed to PA. 

Based on the first observation, further research is needed to confirm this novel finding. For 

example, using an interfering RNA for silencing TERT. It will also be important to analyze the 

localization of TERT in the cytoplasm in order to corroborate the hypothesis proposed in the 

discussion section. Regarding the second finding, it will be important to evaluate whether TERT 

could regulate astrocytic activation and whether a feedback between TERT and IL6 could 

modulate this effect.  
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It would also be valuable investigate further whether tibolone can regulate gene expression through 

DNA methylation mechanism and microRNAs. Here, we observed that tibolone modulates genes 

that encode DNA methyltransferases and some microRNAs. These data suggest that tibolone 

involves epigenetic mechanisms in its actions. Therefore, future research could analyze what 

changes are induced by tibolone in DNA methylation marks at the global level and in specific 

genes. Additionally, it will also be important to explore the effect of microRNAs in the protein 

and gene regulation upon tibolone treatments. These further investigations could explain the 

findings on gene expression in the current work.  

 

Our in vitro model provides a useful tool to evaluate the effects of drugs on cell viability, 

mitochondrial function and to delineate their possible mechanisms of action. However, this type 

of model has some disadvantages; for example, some astrocytic functions are limited, and, in some 

cases, these cells provide different results. In this regard, the assessment of tibolone effects in an 

in vivo model will provide a complementary understanding of its mechanisms in astrocytes and its 

potential application as therapy.   
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Appendix 1: Supplementary information of chapter 3 

 

Table S1. Primers, annealing temperatures (AT) and PCR efficiency for gene expression 

analysis using real time PCR. 

 

 

Reference 

Sequence 

Gene 

Symbol 
Forward primer  Reverse primer  AT 

% 

Efficiency   

NM_000041 APOE GTT GCT GGT CAC ATT CCT GG     GCA GGT AAT CCC AAA AGC GAC 65 97 

NM_170735 BDNF 

GGT TAC TTT GAC AAG TAG TGA 

CTG AGG ATG GTC ATC ACT CTT CTC 60 100 

NM_134442 CREB1 TTA ACC ATG ACC AAT GCA GCA 

TGG TAT GTT TGT ACG TCT CCA 

GA 60 100 

NM_012190 ALDH1L1 GCA CGC CAG ACT TAC CTG TC 

CCT CCT CAG TTG CAG GAT TAA 

AG 60 100 

NM_002065 GLUL CTT TGG TTG GCC TTC CAA C GCC ATA GGC TCT GTC TGC TC 65 95.5 

NM_004171 SLC1A2  CCT TGT CCA AGC CTG CTT TCA CTC AGT CAC AGT CTC GTT CAA C 60 98.5 

NM_000044 AR GTC AAC TCC AGG ATG CTC TAC T AGG TGC CTC ATT CGG ACA 60 99.5 

NM_000125 ESR1 AAGAGCTGCCAGGCCTGCC TTGGCAGCTCTCATGTCTCC 68 94.5 

NM_001040275 ESR2 CCC TGC TGT GAT GAA TTA CAG TCG GTT CCC ACT AAC CTT CC  60 100 

NM_000926 PGR ACC CGC CCT ATC TCA ACT ACC AGG ACA CCA TAA TGA CAG CCT 60 94.5 

NM_000576 IL1B AGC TAC GAA TCT CCG ACC AC 

CGT TAT CCC ATG TGT CGA AGA 

A 65 93.5 

NM_000600  IL6 CCA CAC AGA CAG CCA CTC AC CCA GAT TGG AAG CAT CCA TC 60 96 

NM_138554 TLR4 CCC CTG AGG CAT TTA GGC AG TAG GCT CTG ATA TGC CCC AT 66 100 

NM_000594 TNF CGA GTG ACA AGC CTG TAG C GGT GTG GGT GAG GAG CAC AT 60 96.5 

NM_138763 BAX CCC GAG AGG TCT TTT TCC GAG CCA GCC CAT GAT GGT TCT GAT 67 100 

NM_000633 BCL2 ATG TGT GTG GAG AGC GTC AAC C 

TGA GCA GAG TCT TCA GAG ACA 

GCC 65 100 

NR_001566 TERC GGG TTG CGG AGG GTG GGC CT ACG GGC CAG CAG CTG ACAT 65 91.5 

NM_017489 TERF1 CTT TGC CGA GCT TTC CGC GA CGT TCT CAA CTG GCA AGC TG 67 99.5 

NM_005652 TERF2 GGT ACG GGG ACT TCA GAC AG  CGC GAC AGA CAC TGC ATA AC 65 100 

NM_001193376 TERT 

TCC ACT CCC CAC ATA GGA ATA 

GTC TCC TTC TCA GGG TCT CCA CCT 60 100 

NM_001099274  TINF2 TTG GAG GCA CAG GAA ACT TTT AGG GTT CCC CATA CTC TTG TTC 65 93 

NM_001379  DNMT1 TAC CTG GAC GAC CCT GAC CTC CGT TGG CAT CAA AGA TGG ACA 65 100 

NM_022552 DNMT3A AGT ACG ACG ACG ACG GCTA CAC ACT CCAC GCA AAA GCAC 65 100 

NM_006892  DNMT3B AGG GAA GAC TCG ATC CTC GTC GTG TGT AGC TTA GCA GAC TGG 65 100 

NM_000988 RPL27 

ATC GCC AAG AGA TCA AAG ATA 

A TCT GAA GAC ATC CTT ATT GAC G 60 100 

NM_002046 GAPDH CAT CAA TGG AAA TCC CAT CA TTC TCC ATG GTG GTG AAG AC 60 97.5 
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Figure S1. Final concentrations of DMSO used to dissolve estrogen receptor agonists 

(DPN and PPT). T98G cells were serum deprived for 24 hours, next DMSO concentrations 

were added for 24 hours and the Propidium Iodide (PI) uptake analysis was performed. Bar 

graph represents Mean and ± SEM of at least three independent experiments. DMEM (0.35 

± 0.03); 0.3% DMSO (0.32 ± 0.02); 0.2% DMSO (0.34 ± 0.02) and 0.05% DMSO (0.35 ± 

0.04). no significant differences were observed in comparison to DMEM.  

 

 

Figure S2. Ct values for normalizer genes in qPCR analysis of Three analyzed groups: 

Control, 1 mM palmitic acid and 70 μM tibolone + 1 mM palmitic acid. (A) RPL27 gene. 

(B) GADPH gene. (C) MIR191-5p. Bar graph represents Mean and +/- SEM of at least three 

independent biological replicates. 
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Figure S3. Effects of tibolone and palmitic acid on genes associated to astrocyte 

functions and cell marker. T98G cells were pretreated with 70 μM tibolone for 24 hours 

followed by a 24 hours of 1 mM palmitic acid stimulation, then total RNA was isolated and 

gene expression analysis was performed using RPL27 gene to calculate relative normalize 

expression. (A) Palmitic acid decreased the expression of ALDH1L1 gene (P<0.0001), and 

this effect was not reversed upon tibolone pretreatment. (B) Tibolone pretreatment reduced 

GLUL mRNA by 0.59-fold respect to control (P=0.0092). C. SLC1A2 mRNA did not 

significantly change over all experimental paradigms. (D) APOE was reduced by 0.76-fold 

upon tibolone pretreatment in comparison to PA only (P=0.0219). (E) BDNF mRNA was 

not found affected by any treatment. (F) In contrast, CREB1 mRNA was reduced by tibolone 

respect to both control and PA (P=0.0002 and P=0.0369, respectively. Bar graph represents 
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Mean and +/- SEM of at least three independent replicates. A one-way ANOVA followed by 

Tukey's multiple comparisons test were used for statistical analysis. 

 

 

Figure S4. Effects of tibolone and palmitic acid on steroid receptor genes. T98G cells 

were pretreated with 70 μM tibolone for 24 hours followed by a 24 hours of 1 mM palmitic 

acid stimulation, then total RNA was isolated and gene expression analysis was performed 

using RPL27 gene to calculate relative normalize expression.  (A) Palmitic acid reduced the 

AR gene expression by 0.79-fold (P<0.0001), and this effect was not reversed by tibolone. 

(B) ESR1 was found upregulated by 1.45-fold when cells are treated with PA (P=0.0070) 

and its expression was attenuated by tibolone (P=0.0101). Both ESR2 (C) and PGR (D) 

mRNAs expressions were not affected by any treatment. Bar graph represents Mean and +/- 

SEM of at least three independent replicates. A one-way ANOVA followed by Tukey's 

multiple comparisons test were used for statistical analysis. 
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Figure S5. Actions of tibolone and palmitic acid on genes encoding proteins related with 

inflammatory responses and apoptosis. T98G cells were pretreated with 70 μM tibolone 

for 24 hours followed by a 24 hours of 1 mM palmitic acid stimulation, then total RNA was 

isolated and gene expression analysis was performed using RPL27 gene to calculate relative 

normalize expression. (A)  IL6 was increased by 2.53-fold respect to PA cells (P= 0.0041) 

and its expression reduced by 1.64-fold upon tibolone in comparison to PA (P=0.0303). (B) 

IL1B mRNA was attenuated by both PA (P=0.0039) and tibolone (P<0.0001). (C) TNF was 

found upregulated by 0.92-fold when cells are pretreated with tibolone (P=0.0255). 

(D)Tibolone reduced the expression of TLR4 mRNA by 0.66-fold in comparison to control 

(P=0.0157). Both BAX (E) and BCL2 (F) mRNAs were not affected by any treatment. Bar 
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graph represents Mean and +/- SEM of at least three independent replicates. A one-way 

ANOVA followed by Tukey's multiple comparisons test were used for statistical analysis. 

 

 

Figure S6. Effects of tibolone and palmitic acid on genes associated to telomere complex 

and DNA methylation. T98G cells were pretreated with 70 μM tibolone for 24 hours 

followed by a 24 hours of 1 mM palmitic acid stimulation, then total RNA was isolated and 

gene expression analysis was performed using RPL27 gene to calculate relative normalize 

expression. (A) TERT was increased by 3.1-fold in PA cells respect to control (P <0.0001) 

and it was found decreased by 2.38-fold when PA cells are treated with tibolone (P<0.0001). 
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B. Upon PA, TERC was increased by 2.8-fold (P 0.0064) and tibolone attenuated its 

expression by 2.4-fold (P=0.0225), a value similar to control levels. (C) TERF1, (D) TERF2 

(E) and TINF2 were not significantly affected by any treatment. (F) In contrast, DNMT1 was 

reduced by tibolone in comparison to PA (P=0.0250). (G) DNMT3A was not affected by 

any treatment, while (H) DNMT3B was increased by 1.47-fold upon PA respect to control 

(P=0.0349), an effect that was reversed by tibolone (P=0.0072). Bar graph represents Mean 

and +/- SEM of at least three independent replicates. A one-way ANOVA followed by 

Tukey's multiple comparisons test were used for statistical analysis. 

 

 

Figure S7. MicroRNA expression analysis in astrocytic cells upon PA and tibolone. 

T98G cells were pretreated with 70 μM tibolone for 24 hours followed by a 24 hours of 1 

mM palmitic acid stimulation, then total RNA was isolated and gene expression analysis was 

performed using MIR191-5p gene to calculate relative normalize expression. (A) MIR124-

3p and (B) MIR181a-5p were not significantly affected by either PA or tibolone pretreatment. 

In contrast, (C) MIR125a-3p was reduced by 0.35-fold (P=0.0320) upon PA stimulation. (D) 

Upregulation of MIR155-5p was induced by PA (0.53-fold; P=0.0419) and tibolone induced 
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a reduction of 0.85-fold in its expression respect to PA (P=0.0010). Bar graph represents 

Mean and +/- SEM of at least three independent replicates. A one-way ANOVA followed by 

Tukey's multiple comparisons test were used for statistical analysis. 

 

Figure S8. Effect of tibolone on gene expression in comparison to its Vehicle (0,2% 

DMSO). T98G cells were treated with 70 μM tibolone and 0,2% DMSO for 24 hours. Next, 

total RNA was isolated and gene expression analysis was performed. Bar graph represents 

Mean and +/- SEM of at least three independent replicates. A t-student test was used for 

comparing Tibolone versus DMSO. In this graph, **** represents <0.0001, ***<0.001; ** <0.01 

and * <0.05. Horizontal line represents to the control (0,2% DMSO).   
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Appendix 2: Supplementary information of chapter 4. 

 

Figure S1. Analysis of TERT protein expression in T98G by immunocytochemistry 

analysis. T98G cells were treated with 70 μM tibolone for 24 hours followed by 1 mM PA 

for 48 hours. Then, cells were fixed with 4% paraformaldehyde for 20 min and permeabilized 

with 0,1% Triton X-100 for 25 min. Cells were washed two times with 1X PBS and blocked 

with blocking buffer (2% BSA prepared in TBS) for 45 min. Next, an overnight incubation 

with the primary polyclonal antibody (Invitrogen, Carlsbad, Ca, USA) was carried out. After, 

cells were washed 3 times with TBS for 5 min. Finally, the secondary antibody was added 

for 45 min and washed two times with TBS. Antibodies and dilutions used were the 

following: anti-TERT (Thermo Fisher Scientific, PA511446), 1:100; and anti-rabbit IgG 

secondary antibody, Dylight 488 (Thermo Fisher Scientific, 35553), 1:1000. Nuclei were 

stained with 5 mg/ml Hoechst dye for 15 min. Microphotographs were recorded at 20X using 

an inverted fluorescence microscope (Olympus IX-53). Fluorescence intensity of 12 cells for 

at least 9 microphotographs was determined by means of image J software. A well was 

incubated with only the secondary antibody to subtract any non-specific signal. Control 
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sample consisted in 2.5 % BSA and 2mM carnitine. Bar graph represents Mean and ± SEM. 

A one-way ANOVA followed by Tukey's multiple comparisons test was used for statistical 

analysis. TIB: tibolone, PA: Palmitic acid. 

 

 

Figure S2. Effect of TERT inhibitor alone and in combination with tibolone in T98G cell line. Cells 

were treated with DMEM, DMSO, 70 µM tibolone, 100 µM BIBR and TIB+BIBR. Once the treatment 

time was finished, the uptake of IP was measured. ANOVA test did not show any significant 

difference between all treatments. Bar graph represents Mean ± SEM of at least three 

independent experiments. 

 

Figure S3. Effect of TERT inhibitor on production of ROS. Production of hydrogen peroxide was 

measured through quantification of DCFDA in T98G cells after 24 hours of 100 µM BIBR. 

Significant differences were not observed between BIBR1532 and untreated cells by Student's t 

Test. Bar graph represents Mean ± SEM of at least three independent experiments. 
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Figure S4. Effect of tibolone and PA on normal human astrocytes (NHA). NHA cells were treated 

under similar conditions to T98G cells. First, tibolone at different concentrations was added for 
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24 hours followed by 1 mM PA treatment for 24 hours. Next, distinct measurements of cell 

viability and mitochondrial functionality were performed using FLUOstar Omega microplate 

reader to detect fluorescence or absorbance. (A) MTT test for tibolone treatment at 70, 50, 

20, 10 and 1 μM; 100 and 10 nM followed Pa treatment. (B) Propidium iodide (PI) uptake 

test using 20 μM and 10 nM tibolone. (C) Quantification of superoxide ion by means of DHE 

dye. (D) fluorescence intensity for quantification of cardiolipin level using NAO dye. (E) 

Mitochondrial membrane potential analysis was carried out by quantification of TMRM dye. 

Bar graph represents Mean ± SEM of at least three independent experiments. A one-way 

ANOVA followed by Tukey's multiple comparisons test was used for statistical analysis. 

TIB: tibolone, PA: Palmitic acid. 
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a  b  s  t  r  a  c  t

Senescence  plays  an  important  role  in neurodegenerative  diseases  and  involves  key  molecular  changes
induced  by  several  mechanisms  such  as  oxidative  stress,  telomere  shortening  and  DNA  damage.  Poten-
tial  therapeutic  strategies  directed  to  counteract  these  molecular  changes  are  of  great  interest  for  the
prevention  of the  neurodegenerative  process.  Telomerase  is a  ribonucleoprotein  composed  of  a  catalytic
subunit  (TERT)  and  a RNA  subunit  (TERC).  It is  known  that  the  telomerase  is  involved  in  the  maintenance
of  telomere  length  and  is a  highly  expressed  protein  in  embryonic  stages  and  decreases  in  adult  cells.  In
the  last  decade,  a growing  number  of  studies  have  shown  that  TERT  has  neuroprotective  effects  in  cellular
xidative stress
elomeres
elomerase
europrotection

and  animal  models  after  a brain  injury.  Significantly,  differences  in  TERT  expression  between  controls
and  patients  with  major  depressive  disorder  have been  observed.  More  recently,  TERT  has  been  asso-
ciated  with  the  decrease  in  reactive  oxygen  species  and  DNA  protection  in mitochondria  of  neurons.  In
this  review,  we  highlight  the  role  of TERT  in some  neurodegenerative  disorders  and  discuss  some  studies
focusing  on  this  protein  as a potential  target  for neuroprotective  therapies.

© 2016  Elsevier  B.V.  All  rights  reserved.
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. Introduction

Senescence is a process of mitotic arrest of the cell cycle, which
s started in the G1/S check-point (Muller, 2009). During this state
he cell experiences several modifications, such as changes in mor-
hology, metabolism and expression of cytokines and growing

actors. These changes result in what is known as the Senescence-
ssociated Secretory Phenotype (SASP) (Fridlyanskaya et al., 2015).

t has been considered that senescence might be caused by a series
f biological processes, including telomere shortening, oxidative
tress, DNA damage, calcium dysregulation, misfolded proteins and
ncogene expression (Liu, 2014). Senescence is divided into replica-
ive senescence, Stress-Induced Premature Senescence (SIPS) and
ncogene-induced senescence, being SIPS the most important for
he central nervous system (CNS) (Tan et al., 2014). Premature
enescence caused by stress can involve telomere-dependent or
elomere-independent mechanisms (Muller, 2009). Mitochondria
lay an important role in senescence, as they are among the
rganelles that produce more oxidative stress and their dysfunc-
ion has been associated with high levels of reactive oxygen species
ROS) in senescent cells (Correia-Melo and Passos, 2015) and dur-
ng aging (Melo et al., 2011). Moreover, the increase in ROS leads to
elomere shortening. Telomeres are G-rich sequences, which are
ensitive to oxidation and therefore ROS can induce DNA dam-
ge in telomeres (Oikawa and Kawanishi, 1999). In addition, repair
echanisms of telomeric DNA seem to be particular and need to

e studied in more detail. For example, a study found that after
V irradiation the repair was absent in fibroblasts (Rochette and
rash, 2010), whereas in oxidative guanine damage in mouse cells
he base excision repair (BER) pathway participated in oxidative
ase repair in telomeres (Wang et al., 2010).

Strategies directed to counteract the molecular changes in
enescent cells have been explored. Several studies have found
hat telomerase has neuroprotective effects in the brain and it has
een shown that its expression and activity are increased after

njury (Table 1). Telomerase is a ribonucleoprotein responsible for
elomere length maintenance, and it has been demonstrated that
ts protein component (Telomerase Reverse Transcriptase, TERT)
as extra-telomeric functions, which are important for post-mitotic
ells such as neurons (Spilsbury et al., 2015). TERT overexpression
s associated with decreased ROS levels (Spilsbury et al., 2015) and

ith the reduction of excitotoxicity induced by NMDA in neurons
Kang et al., 2004). TERT has effects on neuronal survival because it
egulates Bcl2/Bax expression (Li et al., 2013). Therefore, TERT could
e considered as a key protective protein since it may  decrease
ome secretory phenotypes of senescence in the brain, which have
een associated with the onset of neurodegenerative diseases (Tan
t al., 2014).

Senescence is associated with cellular mechanisms that trigger
eurodegenerative diseases and other aging-associated process. It
as been shown that senescence involves mitochondrial dysfunc-
ion, morphological changes, activation of p38 mitogen-activated
rotein kinases (p38MAPK) and increased secretion of proteins and

actors, such as �-galactosidase and IL-6, by astrocytes and neu-
ons (Bhat et al., 2012; Jurk et al., 2012), in both normal aging
nd neurodegenerative conditions such as Alzheimer’s (AD) and
arkinson’s (PD) diseases. Another important factor for senescence

s telomere length, although its role in neurological diseases is
till controversial. Several studies have found that telomere loss
s associated with diseases such as schizophrenia (Polho et al.,
015), depression (Lin et al., 2016) and AD (Tedone et al., 2015).

 recent meta-analysis of 13 primary studies (including 860 AD

atients and 2022 controls) found shorter telomeres in AD patients
Forero et al., 2016a). Another recent meta-analysis for PD, includ-
ng 8 primary studies (956 PD patients and 1284 controls), did
ot find shorter telomeres in samples of leukocytes in PD patients
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(Forero et al., 2016b). On the other hand, there are different mech-
anisms by which senescence could affect the brain. For example,
SASP of mitotic cells such as microglia, astrocytes, endothelial
cells and oligodendrocytes can affect neurons, leading to a patho-
logical state due to the inflammatory factors and loss of trophic
support from astrocytes to neurons (Chinta et al., 2015). In the
brain there are mitotic (glial cells) and post-mitotic (neurons) cells
and therefore senescence in post-mitotic cells does not involve
cell cycle arrest, rather it involves a block on re-entering the cell
cycle (Campisi and d’Adda di Fagagna, 2007). Interestingly, a study
showed that BrdU+ astrocytes expressing Aldh1l1, a protein known
to be expressed by mature astrocytes, did not resume prolifera-
tion from days 2–7 after focal brain ischemia, demonstrating that
mature astroglia do not proliferate as highly as expected following
injury (Barreto et al., 2011a,b,c, 2012).

As senescence leads to an alteration in cellular function and
structure in the CNS, this process could be considered as the starting
point for the search of new treatments against neurodegenerative
diseases. Therefore, a therapeutic intervention for senescence in
CNS may  be associated with an increase of TERT expression and/or
telomerase activity (Table 1). Here we discuss the role of TERT in
brain pathologies and studies that have explored it as a potential
target for neuroprotective therapies.

2. Telomeric complex

2.1. Telomeres

Telomeres are DNA sequences at the end of the chromosomes
that consist of a repetition of TTAGGG (G-rich strand) with ori-
entation 5′-3′ towards the terminal portion of the chromosome
(Gomez et al., 2012). Telomeres, which are folded into a T loop
structure that gives stability to the genome, avoid fusion of nearby
chromosomes and serve as binding sites for DNA repair proteins.
Telomeres act as a cellular biological clock since their shortening
has been observed after each DNA replication (Harley, 1991). When
the telomere length reaches a lower limit, then the cell enters apo-
ptosis or senescence. Moreover, telomere shortening is the main
cause of replicative senescence, which is triggered by the p53-p21
and DNA-damage response (DDR) pathways (Muller, 2009). On the
other hand, several factors such as genetic, epigenetic and environ-
mental variables can lead to shortening of telomeres. During aging
telomere loss is observed, however life styles such as smoking,
obesity, lack of exercise and an inadequate diet might accelerate
the telomere shortening and therefore increase risk for different
diseases (Shammas, 2011).

Until now it is unknown the mechanisms by which the telom-
eres are affected in post-mitotic cells such as neurons, but it
is thought that ROS could be involved in telomere shortening,
although further studies are needed to elucidate this issue (Eitan
et al., 2014). For this reason telomere shortening could be associ-
ated with the pathophysiological mechanisms of several diseases
(Cai et al., 2013). Interestingly, a study has demonstrated that
hydrogen peroxide (H2O2) induces DNA damage in the 5′site
of 5′-GGG-3′ in the telomere sequence (Oikawa and Kawanishi,
1999). Two methods have been commonly employed to analyze
telomere length in large cohorts of neurological patients: the
Terminal Restriction Fragment technique, which uses restriction
enzymes and Southern blot; and a technique based in quanti-
tative Polymerase Chain Reaction (qPCR), which uses 4 primers

binding telomere sequences and a single copy gene (Lustig, 2015;
Speck-Hernandez et al., 2015). Furthermore, in several neurological
disorders, differences in telomere length are associated with func-
tional genetic variants, which can induce changes in the activity of
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Table  1
Studies that have evaluated TERT expression and telomerase activity in the brains from animal models under normal conditions or after an injury.

Reference Animal model Injury Results

Fu et al., 2000 Sprague-Dawley rats Trophic factor withdrawal Telomerase activity decreased in adult brain in comparison
with embryonic (E18) and early postnatal stages.

Caporaso et al., 2003 CD-1 mice None Telomerase activity was detected in the subventricular zone
whereas in adult hippocampi it was not detected

Baek et al., 2004 Sprague-Dawley rats Transient middle cerebral
artery occlusion

TERT expression began from 24 h after occlusion. TERT was
localized in astrocytes and it was not expressed in normal
conditions.

Kang et al., 2004 mTERT transgenic mice; Adult
male mice

Hypoxic-ischemic TERT increased over 24 h after injury and at 72 h the level was
reduced. TERT overexpression was associated with resistance
against injury.

Chen et al., 2005 Wild-type and eNOS knock-out
mice

Occlusion of the right middle
cerebral artery

eNOS knock-out mice had less telomerase activity in the
ischemic border. Treatment with BDNF increased telomerase
activity.

Flanary and Streit, 2005 Adult Sprague-Dawley rats facial nerve axotomy Telomerase activity and TERT expression were increased after
injury in microglia. Increase in Telomere Length was also
observed.

Lee et al., 2008 TERT-deficient and TERT
transgenic mice

Exposition to lethal dose of
NMDA

Overexpression of TERT enhanced survival after injury,
whereas in TERT-deficient mice, the lethal dose of NMDA
accelerated death. Telomerase activity was not detected.

Jaskelioff et al., 2011 Conditional knock-out for
TERT-ER mice

None TERT reactivation in TERT-ER mice by administration of 4-OHT
improved telomere elongation. TERT reactivation led to
reinstate the numbers of mature oligodendrocytes

Qu et al., 2011 Sprague-Dawley rats Ischemia and hypoxia
treatment (HI)

TERT mRNA and protein expression were upregulated from
24  h and 72 h, respectively after HI, mainly in neurons.

Wolf et al., 2011 Pregnant transgenic mice (GFP) polyriboinosinicpolyribocytidylic
acid

Maternal viral-like immune response affected telomerase
activity and telomere length in neural precursor cells

Eitan et al., 2012 CD-1 adult male mice None Adult mouse cerebellum: TERT expression and telomerase
activity had higher levels in the nucleus. In cerebellum of old
mice TERT expression was higher in the cytoplasm.

Zhao et al., 2012 Sprague-Dawley rats hypoxic-ischemic (HI) Expression of TERT was  higher in hypoxia than in HI
Tao et al., 2013 Sprague-Dawley rats Spinal cord injury (weight drop

method)
TERT expression increased after injury. There was a correlation
between expression of TERT and GFAP. TERT contributed to
astrocyte activation
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ERT: Telomerase; eNOS: Endothelial Nitric Oxide Synthase; BDNF: Brain-derive
ranscriptase-Estrogen Receptor, conditional knock-out mice; GFAP: Glial fibrillary

onoamine oxidase A, among other candidates (Speck-Hernandez
t al., 2015).

In addition to the telomere length maintenance by telomerase
see Section 2.2), there are several proteins involved in the regu-
ation of telomere structure and function, such as telomeric repeat
inding factors 1 and 2 (TRF1 and TRF2), which are part of the shel-
erin complex composed by six proteins (Stewart et al., 2012). TRF1
HGNC symbol: TERF1)  is encoded by a gene located in 8q21.11 and
s a negative regulator of telomeric DNA length and TRF2 (HGNC
ymbol: TERF2) is encoded by a gene located in 16q22.1 and protects
elomeric DNA in the T loop (Kanoh and Ishikawa, 2003). Both TRF1
nd TRF2 inhibit telomerase activity, therefore their overexpres-
ion is associated with telomere loss, which can lead to senescence
Gomez et al., 2012). In neurons, it has been demonstrated that both
ERT and TRF2 are important for the regulation of neuronal survival
nd differentiation (Cheng et al., 2007). However, their roles seem
o be different between neural progenitor cells and mature neurons.
or example, mature neurons have low levels of TERT and high lev-
ls of TRF2 compared to neural progenitor cells (Cheng et al., 2007).

hen TRF2 is silenced, mature neurons become most vulnerable
o telomere damaging agents and apoptosis. In contrast, in neural
rogenitor cells, the overexpression of TRF2 or the silencing of TERT

ncrease their vulnerability to DNA damaging agents (Cheng et al.,
007).

.2. Telomerase

Telomerase is a ribonucleoprotein responsible for telom-

re length maintenance. In addition, it has extra-telomeric and
on-canonical functions (Gordon and Santos, 2010), which do
ot require the RNA subunit (Sharma et al., 2012). TERT is
ighly expressed in embryonic stages and especially in germline,
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rotrophic factor; NMDA: N-methyl-Daspartic acid; TERT-ER: telomerase reverse
 protein. 4-OHT: 4-hydroxytamoxifen.

hematopoietic progenitor cells and endometrial progenitor cells
(Poole et al., 2001) and its expression is decreased in somatic cells
(Baek et al., 2004). On the other hand, increased telomerase activity
has been detected in cancers, and its inhibition induces senescence
and apoptosis in tumor cells (Cao et al., 2008). Telomerase has
two subunits, a catalytic subunit called telomerase reverse tran-
scriptase (TERT) and an RNA subunit (TERC), encoded by a gene
located in 3q26.2, that serves as template for the synthesis of G-
rich strand (Haendeler et al., 2003). The RNA part is not required
for the non-canonical functions of TERT (Sharma et al., 2012). The
protein component of telomerase is encoded by telomerase reverse
transcriptase (TERT) gene, which is located in chromosome 5 at
the position 5p15.33 (Safran et al., 2010). This gene contain 15
introns and 16 exons, and its promoter region lacks TATA and CAAT
boxes, although it has an increased number of transcriptional bind-
ing sites (Daniel et al., 2012). TERT protein has 1132 amino acids,
and contains four domains: (i), the telomerase essential N-terminal
domain, which is important for assembly of telomerase complex
at the telomeres; (ii), the telomerase RNA binding domain, which
contains specific binding sequences for TERC; (iii), the reverse tran-
scriptase, responsible for the catalytic activity of the enzyme and
(iv), the C-terminal domain, which participates in protein–protein
interactions, localization and activity regulation (Nicholls et al.,
2011). Furthermore, TERT interacts with several proteins for its
assembly, localization, inhibition and translocation (Safran et al.,
2010).

Cellular localization of TERT is regulated by intracellular sig-
naling. The distribution of TERT protein is approximately of 20%

in mitochondria in fibroblasts under normal conditions (Sharma
et al., 2012), whereas telomerase activity has been detected mainly
in the nucleus of HEK-293 cells (Haendeler et al., 2009). Post-
translational modifications, such as phosphorylation, are required
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Fig. 1. Overview of possible neuroprotective mechanisms of TERT in cells from the CNS and possible strategies to increase TERT expression and telomerase activity. TERT:
Telomerase Reverse Transcriptase; BDNF: Brain-derived neurotrophic factor; ER: Estrogen Receptor; �7: �7 nicotinic acetylcholine receptor; AR: Androgen Receptor; MAPK:
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itogen-activated protein kinase; Bcl2: B-cell CLL/lymphoma 2; Bax: BCL2-associat
-kinase; Akt: Protein kinase B; ROS: Reactive oxygen species; mtDNA: DNA mitoch
ERC: RNA subunit of telomerase; TRF1; telomeric repeat binding factors 1; TRF2: t

or its translocation and subcellular localization. Upon stress sig-
aling events, such as those triggered by the exposition to a high
ose of exogenous H2O2, TERT is translocated from the nucleus to
he cytoplasm and this process is regulated by Src kinase family
nhibitor PP1, since TERT is phosphorylated in a tyrosine at position
07 (Haendeler et al., 2003). In the nucleus, TERT is regulated by
rotein tyrosine phosphatase 2 (Shp-2) (Jakob et al., 2008). TERT is

mported from the cytoplasm to the nucleus through Akt-mediated
hosphorylation at serine 227 and its interaction with heath shock
rotein 90 (Hsp90). TERT localization is also regulated by interac-
ion with other proteins such as nuclear factor kappa B (NF-kB)
nd tumor necrosis factor � (TNF �) (Chung et al., 2012). TERT
as a mitochondrial targeting signal and, therefore, TERT can enter
he mitochondrial matrix where it interacts with mitochondrial
NA and mitochondrial tRNA (Sharma et al., 2012). Several studies
ave evidenced that TERT is translocated from the nucleus to the
itochondria in response to oxidative stress (Ahmed et al., 2008;
aendeler et al., 2003; Santos et al., 2004).

As mentioned above, the expression of TERT is regulated pos-
tively by several transcription factors, including c-Myc, cAMP
esponse element-binding protein (CREB)/activation transcription

actor (ATF), ikaros 2 (Ik2), specificity protein 1 (Sp1), estrogen
eceptors ERs and Sp1/ERs, while TERT is regulated negatively by
ranscription factors such as p53, Wilms  tumor protein 1 (WT1)
nd myeloid zinc finger 2 (MZF2) (Poole et al., 2001). Factors that

159
rotein; p53: tumor protein p53; �-gal: �-galactosidase; PI3 K: Phosphatidylinositol
ial; PP!: Src kinase family inhibitor PP1.
ric repeat binding factors 2.

upregulate TERT transcription will be beneficial for cells where
TERT is expressed at very low levels (Spilsbury et al., 2015) and
this expression is transient and decreases after some hours (Kang
et al., 2004). Once available, TERT is translocated to cytoplasm and
mitochondria upon stress events and induces different neuropro-
tective mechanisms (Fig. 1). In addition, epigenetic mechanisms,
such as DNA methylation and histone acetylation, can also regulate
TERT expression (Daniel et al., 2012). Furthermore, chaperone p23
and HSP90 are necessary to assemble the telomerase holoenzyme
and they might contribute to its efficient activity (Holt et al., 1999).
To stimulate telomerase activity, post-translational modifications
by serine/threonine protein kinase C (PKC) and Akt are necessary
(Nicholls et al., 2011).

3. Telomerase activity and TERT expression in the central
nervous system

3.1. TERT in the human central nervous system

Recently, TERT has been postulated as a therapeutic target for
neurodegenerative diseases due to its protective role in oxidative

stress and DNA damage after injury, especially in injured spinal cord
(Smith et al., 2013), neonatal hypoxic-ischemic brain injury (Li et al.,
2011) and in an amyotrophic lateral sclerosis animal model (Eitan
et al., 2012). However, few studies have analyzed TERT expression
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nd telomerase activity in the human CNS. According to genome-
ide expression studies in different human tissues, TERT has higher

xpression levels in pineal gland, parietal lobe and caudate nucleus
Su et al., 2004). In a recent study, the analysis of post-mortem brain
issues from patients with major depressive disorder (MDD) and
ormal controls revealed that the expression of TERT and telomere

ength were different in oligodendrocytes, but not in astrocytes,
mong MDD  patients and controls, and that the TERT expression
as higher in control subjects. This study also showed that age

ffected TERT expression and telomere length in oligodendrocytes
rom the uncinate fasciculus area in the brain (Szebeni et al., 2014).
imilarly, other study showed that TERT was expressed in the neu-
onal cytoplasm and in activated microglia, but not in astrocytes,
n the hippocampi from AD brains. When the authors compared
ERT expression in brain tissue from AD patients and control sub-

ects, no significant differences were found. However, it was shown
hat TERT is extensively located in neuronal mitochondria from
atients with advanced Braak stages (VI). Interestingly, in the same
tudy, it was observed that TERT and pathological Tau are mutually
xclusive in neurons of the hippocampus, suggesting that telome-
ase could prevent Tau accumulation in neurons (Spilsbury et al.,
015). On the other hand, in patients with amyotrophic lateral scle-
osis (ALS), TERT expression and telomere length were lower in
lood and spinal cord samples, in comparison with control sub-

ects; in addition, the expression of p53 and p21 in ALS patients
as inversely correlated with the expression of TERT (De Felice

t al., 2014).

.2. Telomerase activity and TERT expression in animal models of
rain injury

It has been shown that TERT is expressed in embryonic and early
ostnatal developmental stages in the brain of rodents and that tel-
merase activity is decreased in the adult brain (Fu et al., 2000).
elomerase activity has also been detected in the subventricular
one in adult rats, a region known to have abundant neural precur-
or cells (Caporaso et al., 2003). On the other hand, several animal
tudies have demonstrated neuroprotective effects of TERT after
rain injury (Table 1). In models of hypoxic-ischemic brain injury, it
as been observed that TERT expression is increased in the neuronal
ytoplasm at 12 h (Zhao et al., 2012) and 24 h (Kang et al., 2004;
u et al., 2011) after injury. TERT can exert anti-apoptotic effects,

ince its inhibition induces apoptosis in association with high lev-
ls of cleaved caspase-3, a protein involved in apoptosis (Zhao
t al., 2012). Conversely, TERT overexpression confers resistance
o excitotoxicity in neurons (Kang et al., 2004), although its over-
xpression has been associated with the inhibition of proliferation
nd with a decrease in the number of astrocytes. Interestingly, TERT
s expressed first in neurons and then in astrocytes after hypoxia-
schemia (Qu et al., 2011). In other animal models of brain injury,
uch as trophic factor withdrawal, spinal cord injury and exposi-
ion to N-methyl-d-aspartic acid, TERT expression and telomerase
ctivity are increased showing protective effects (Baek et al., 2004;
lanary and Streit, 2005; Lee et al., 2008) Similarly, in superoxide
ismutase 1 (SOD1) transgenic mice, an ALS model, an increase in
ERT expression and telomerase activity protected motoneurons in
he spinal cord (Eitan et al., 2012).

Previously, although a study using nitric oxide synthase knock-
ut (eNOS−/−) mice have demonstrated that telomerase activity

s low in progenitor cells from the subventricular zone, its activ-
ty is increased by brain-derived neurotrophic factor (BDNF)
nd this influences the functional recovery after stroke (Chen

t al., 2005). In mice with advanced degenerative phenotypes,
he reactivation of TERT has been linked to the extension of
elomeres and interestingly this reactivation led to reinstate
he number of mature oligodendrocytes (Jaskelioff et al., 2011).
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Maternal viral-like immune response has shown to affect telome-
rase activity and telomere length in neural precursor cells (Wolf
et al., 2011). In summary, there are published studies that have
shown that changes in telomerase activity and TERT expression
have been found to be different depending on the type of dam-
age in neurons, but it has been suggested that TERT could be a
potential therapeutic target for these cells. Conversely, few, and
conflictive, results about astrocytes and TERT have been reported.
For example, TERT has been related to the activation of astrocytes,
since the increase of TERT expression is correlated with increased
glial fibrillary acidic protein (GFAP) expression in Sprague-Dawley
rats (Tao et al., 2013). However, a study has found a direct corre-
lation between increased telomerase activity and telomere length,
showing that telomerase activity decreased from postnatal day 16
(Flanary and Streit, 2004). On the other hand, TERT expression has
been not detected in human astrocytes, and few studies have found
TERT expression in neurons. Therefore, it is necessary to assess the
role of TERT in human brain cells such as astrocytes, microglia and
neurons, and evaluate molecules that can increase TERT expression
through activation of several pathways, which could be beneficial
for astrocytes under stress conditions (Avila Rodriguez et al., 2014;
Cabezas et al., 2015).

3.3. Telomerase activity and TERT expression in cellular models

Several studies have analyzed TERT in neurons, astrocytes and
microglia cells in culture from mice and rats (Table 2). These
studies have shown that TERT levels are higher in neurons than
in astrocytes (Fu et al., 2000). In vitro and in vivo studies have
shown that TERT expression is increased when cells are exposed
to glutamate or to oxygen and glucose deprivation (Eitan et al.,
2015; Li et al., 2013; Niu and Yip, 2011). Moreover, there is evi-
dence that TERT is necessary to protect brain cells from oxidative
damage (Spilsbury et al., 2015) and apoptosis (Fu et al., 2000).
On the other hand, an important finding in relation to neuro-
protection by TERT is the reduction of ROS. For example, it has
been observed that the inhibition of TERT causes an increase in
oxidative stress and mitochondrial dysfunction in neurons treated
with amyloid-� peptide. More importantly, TERT overexpression
increases the resistance to apoptosis induced by amyloid-� pep-
tide (Zhu et al., 2000). Likewise, when cultured neurons are treated
with hydrogen peroxide in absence of TERT, there is a poten-
tiation of ROS generation (Spilsbury et al., 2015). Additionally,
it has observed that telomerase activity is also increased under
stress conditions, such as increased levels of glutamate (Fu et al.,
2002) and after human immunodeficiency virus-infection, induc-
ing changes in telomere length (Ojeda et al., 2014). Therefore, this
evidence strongly suggests that TERT is neuroprotective, however,
the molecular mechanisms by which TERT exerts this protection
are unclear.

Possible pathways involved in the protective effects of TERT
have been analyzed. Signaling pathways as TrkB have been involved
in the increase of TERT expression and telomerase activity by BDNF,
as well as the PI3K/Akt and MAPK/EKK1/2 cascades. In addition,
it has been observed that several transcription factors (such as
nuclear factor (NF)-kB, c-Myc and Sp1) that are regulated by BDNF,
in turn regulate TERT, when cells are exposed to glutamate (Niu and
Yip, 2011). TERT can also regulate proteins that inhibit apoptosis,
such as p15INK4B (Iannilli et al., 2013; Qu et al., 2011), Bax and p53
(Li et al., 2013; Niu and Yip, 2011). Another aspect of great interest
is the subcellular localization of TERT. TERT is located in the cyto-
plasm after an injury in neurons, where it forms a complex with

the messenger RNA of the cyclin kinase inhibitor p15INK4B. This
complex is dissociated to release TERT from it upon stress (Iannilli
et al., 2013; Li et al., 2013), specifically in mitochondria (Eitan et al.,
2015; Zhang et al., 2014). However, when neurons are exposed to
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Table 2
Studies that have evaluated neuroprotective effects, TERT expression and telomerase activity in cellular models.

Reference Cell type Injury Results

Fu et al., 1999 PC12 cell line and primary
neurons (mouse)

Trophic factor withdrawal Levels of TERT were higher in neurons than
astrocytes. Suppression of TERT expression
using antisense oligonucleotide increased
vulnerability to apoptosis induced by trophic
factor withdrawal; overexpression reduces
vulnerability.

Zhu et al., 2000 PC12 cell line and primary
hippocampal cells (mouse)

Amyloid- � peptide Suppression of TERT expression using
antisense oligonucleotide in neurons led to
increased levels of oxidative stress and
mitochondrial dysfunction

Fu et al., 2002 Neurons (Embryonic rat) Glutamate BDNF and sAPP increased TERT expression and
telomerase activity mediated by PI3K/p42/p44
MAP  kinases. TERT is necessary to promote
neuronal survival.

Flanary and Streit, 2004 Microglia and astrocytes (rats) None The telomere shortening and progression to
senescence is faster in microglia than in
astrocytes.

Kang et al., 2004 Neurons (mice) Kainate TERT overexpression reduced excitotoxicity by
excessive activation NMDA receptor.

Niu and Yip, 2011 Primary SMN  cultures (rat) and
NSC-34 cell line

Glutamate BDNF protected the neuron by means of the
increase of TERT expression and telomerase
activity, and it involved Tr-KB signaling,
PI3K/Akt and MAPK/ERK1/2 cascades.

Qu et al., 2011 Rats primary cell cultures
(Astrocytes and neurons)

Combined Hypoxia and glucose
deprivation (CHGD)

Overexpression of TERT inhibited astrocyte
proliferation and promotes neuronal survival
in  the developing rat through upregulation of
p15 in astrocytes.

Iannilli et al., 2013 Primary culture of
hippocampal neurons (rats)

Arsenite 0.5 mM TERT is associated with stress granules, after
injury TERT could exert its pro-survival role
through its regulation of the expression of
p15INK4B (an inhibitor of apoptosis). TERT was
translocated from the nucleus to cytoplasm in
aged neurons.

Li et al., 2013 Primary cortical neurons (rats) Oxygen and glucose
deprivation (OGD)

TERT expression was  weak in normoxia, but it
increased at 24 h after OGD. Inhibition of TERT
expression by antisense nucleotides increased
neuronal apoptosis induced by OGD. TERT was
localized in nucleus and cytoplasm and it
regulated expression of BCl2/Bax.

Ojeda et al., 2014 Astrocytes (mice) HIV-1 infection Telomerase activity was  increased after
infection and it may  contribute to telomere
lengthening. From day 3 levels were similar
between infected and non-infected astrocytes.

Zhang et al., 2014 Primary cortical neurons (rats) Acrylamide (ACR) Exposure to ACR (2.5 and 5 mM)  increased
TERT expression, but with 10 mM TERT
expression decreased in mitochondria.
Telomerase activity was  not detected.

Eitan et al., 2015 Cerebellar Purkinje Neurons
(mice)

Glutamate, X-ray Irradiation TERT was expressed in mitochondria and
cytoplasm. TERT levels increased in the
nucleus by x-ray radiation and in the
mitochondria by glutamate exposure

Spilsbury et al., 2015 Neurons (TERT-/- and TERT+/+) Exposition to high dose
Hydrogen peroxide

TERT protected against oxidative damage. In
TERT-/- neurons increased ROS generation and
oxidative damage.
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ERT: Telomerase; BDNF: Brain-derived neurotrophic factor; sAPP: secreted form o
eurons.

-ray irradiation, levels of TERT increase in the nucleus, whereas
evels of TERT increases in the mitochondria following glutamate
xposure (Eitan et al., 2015). Therefore, TERT could not be excluded
rom the nucleus.

It has been shown that TERT does not maintain telomere length
n fibroblasts cultured under hypoxic conditions, but protects mito-
hondrial DNA, improves mitochondrial function and reduces ROS
eneration. Interestingly, TERT also affects global gene expression
atterns (Ahmed et al., 2008). In this context, the neuroprotec-
ive effects mentioned above, in both animal and cellular models,

ould be mediated by alterations of several anti-apoptotic pro-
eins that improve cellular proliferation and survival. It has been
lso postulated that this protective effect can be achieved by
he binding of TERT to MT-ND1 and MT-ND2 gene regions in

161
yloid precursor protein; NMDA: N-methyl-Daspartic acid; SMN: spinal cord motor

mitochondria (Haendeler et al., 2003), as well as by the interac-
tion with RNA granules in the cytoplasm of neurons exposed to
injuries. The RNA component of TERT is not located in the mito-
chondria, therefore TERT could be interacting with other RNAs from
mitochondria (Iannilli et al., 2013; Sharma et al., 2012).

4. TERT as a therapeutic target for the central nervous
system

There is a growing interest in TERT as therapeutic target for

aging (Zhang et al., 2015) and senescence, since TERT could have
effects on components of the SASP (senescence-associated pheno-
type), such as the reduction of the expression of pro-inflammatory
cytokines (Chinta et al., 2015), which play an important role in
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Table  3
Studies that have evaluated the neuroprotective effect of TERT through molecular therapeutic strategies in cells from the brain (animal models and human cells).

Reference Model Molecule Effects in cellular model Effects in animal model

Du et al., 2004 PC12 neuronal cell line (rat) Raloxifene and Estradiol Both molecules protected cells
of � −amyloid-induced
neurotoxicity and they
increased telomerase activity
(by activation of Akt) but not
TERT expression. TERT was also
associated with NF-kB

NR

Eitan et al., 2012 Motor neuron-like cell line
(mouse) and mice

AGS-499 AGS-499 protected cells from
oxidative stress by increasing
TERT expression and
telomerase activity

AGS-499 protected mice from
NMDA-induced excitotoxicity

Ip et al., 2014 PC12 and primary cortical and
hippocampal neurons (mouse)

Cycloastragenol (CAG) CAG increased mRNA
expression of TERT and
telomerase activity. Activity
was induced via CREB
activation

NR

Xiao et al., 2014 SK-N-SH cell line (Human) Curcumin and Cur1 Both molecules protected cells
from � −amyloid-induced
neurotoxicity and up-regulated
the expression of hTERT

NR

Liu et al., 2015a Rats Montelukast NR Montelukast protected cerebral
tissue after hypoxic-ischemic
damage, increasing TERT and
Bcl2 expression
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ERT: Telomerase; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B

he development of neurodegenerative diseases (Chinta et al.,
013). However, few studies have investigated molecules that may

ncrease telomerase activity or expression of TERT in the CNS. One
tudy analyzed the effects of estradiol and raloxifene (a selective
strogen receptor modulator) in neurons exposed to amyloid-�
eptide. The authors observed that these compounds protected the
ells from neurotoxicity by increasing telomerase activity, which
nvolved an Akt-phosphorylation dependent mechanism (Du et al.,
004). In addition, a triaryl compound named AGS-499 protected a
otoneuron-like cell line from oxidative stress and increased TERT

xpression and telomerase activity. Interestingly, this protective
ffect was also observed in a mouse model of ALS (Eitan et al.,
012). Moreover, it has been reported that cycloastragenol acti-
ates TERT in neurons by a mechanism involving the activation of
REB (Ip et al., 2014). Recently, a study has found that montelukast,

 compound used to treat asthma, exerts a protective effect in
eonatal hypoxic-ischemic brain damage, increasing TERT and Bcl-

 expression (Liu et al., 2015a). These different compounds may
ffect either telomerase activity (Du et al., 2004), TERT expression
Liu et al., 2015a; Xiao et al., 2014) or both (Eitan et al., 2012; Ip
t al., 2014) (Table 3). Of particular importance, it has been shown
hat telomerase activity and expression of TERT can be related to
he mechanisms of action for psychopharmacological interventions
uch as antidepressants and antipsychotics (Bersani et al., 2015;

olkowitz et al., 2012).
Several studies have found that estrogens and other compounds

ave neuroprotective effects (Arevalo et al., 2015; Avila Rodriguez
t al., 2014). Estradiol and related compounds such as raloxifene,
amoxifen and tibolone, bind to estrogen receptors (ER) and acti-
ate multiple signaling mechanisms in several tissues, including
he brain (Arevalo et al., 2011; Goldstein and Sites, 2002). It has
een observed that estradiol affects senescence by increasing telo-
erase activity in endothelial precursor cells (Imanishi et al., 2005).

urthermore, the administration of exogenous estradiol increases
elomerase activity and expression in the brains of ovariectomized

ats (Cen et al., 2015). As estrogen and raloxifene have shown
o affect telomerase activity in neurons, the evaluation of other
strogenic analogs could be a key strategy to increase both TERT
xpression and telomerase activity. For example, it has been shown

162
 CREB: cAMP response element-binding. NR: Not reported.

that tibolone protects astrocytes from glucose deprivation (Avila
Rodriguez et al., 2014), and its metabolites (3a-OH-tibolone and 3b-
OH-tibolone) have shown to stimulate transcription through ER�
(Guzman et al., 2007). Another metabolite of tibolone, � 4-isomer,
stimulates progesterone and androgen receptors (Genazzani et al.,
2006). Interestingly, it has been reported that androgen receptor
affects telomerase activity and expression in human peripheral
blood lymphocytes (Calado et al., 2009). Therefore, it is possible
that tibolone, through its tissue-selective actions on steroid recep-
tors, may  exert neuroprotection by increasing TERT expression and
telomerase activity in astrocytes.

Another compound that could affect telomerase activity is coti-
nine. This compound has been shown to affect cell viability and
proliferation by means of TERT reactivation in a dose dependent
manner (Jacob et al., 2009). In addition, nicotine has been associated
with the reduction of senescence in endothelial progenitor cells
through an increase of telomerase activity, involving the PI3 K/Akt
pathway (Junhui et al., 2009). Interestingly, cotinine and nicotine
have beneficial effects in neurons (Barreto et al., 2014) and astro-
cytes (Liu et al., 2015b). These metabolites activate �7 nicotinic
acetylcholine receptors, thus inducing several effects in cells. For
example, a study has shown that nicotine increases BDNF expres-
sion (Andresen et al., 2009), and in turn BDNF affects expression
of TERT (Niu and Yip, 2011). Therefore, the stimulation of estro-
gen, androgen and �7 nicotinic acetylcholine receptors could be
beneficial for cell survival (Fig. 1). It is important to highlight that
molecules such as estradiol, estrogenic compounds and metabo-
lites of nicotine have pleiotropic effects; therefore the increase
of telomerase activation/expression is probably only one of their
mechanisms of action (Arevalo et al., 2011; Barreto et al., 2014).

5. Conclusions and future directions

In recent years, a large amount of studies has shown that tel-

omerase has protective effects against different injuries in several
cell types and although its dysregulation is associated with most
cancers, it seems that this ribonucleoprotein could be also key for
aging and senescence. In general, TERT expression is increased after
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njury and improves mitochondrial functions in brain, but little is
nown about TERT in human CNS and it is possible that this enzyme

s involved in the pathogenesis of several neurodegenerative dis-
ases. Significantly, almost all studies have used cells from animal
odels to evidence the role of TERT in the brain. In this regard,

uture studies using cellular models from human brain are nec-
ssary to provide a better understanding of the role of TERT in
ifferent cells from the human brain. Likewise, the identification
f the interactions of TERT with other proteins may  contribute to

 deeper knowledge of its neuroprotective mechanisms. Finally,
he identifications of new of compounds able to increase telome-
ase activity and TERT expression, specifically in brain tissue, might
rovide new tools for the treatment of acute and chronic neurode-
enerative events.
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Abstract

Background: Alzheimer’s disease (AD) is a common and severe neurodegenerative disorder. Human telomeres are fundamental for the 
maintenance of genomic stability and play prominent roles in both cellular senescence and organismal aging. Regulation of telomere length 
(TL) is the result of the complex interplay between environmental and genetic factors. Alterations in TL are increasingly being studied as a 
possible risk factor for AD, and published studies on TL in AD show discrepant results, highlighting the need for a meta-analysis.
Methods: In the current study, we carried out a meta-analysis of published studies of TL in AD patients and healthy controls. PubMed, Web of 
Science and Google Scholar databases (from inception to September 2015) were used to identify relevant articles reporting TL in humans with 
AD, from which we retrieved data such as sample size, experimental methods, and mean TL for cases and controls. A random-effects model 
was used for meta-analytical procedures.
Results: The meta-analysis included 13 primary studies and demonstrated a significant difference in TL between 860 AD patients and 2,022 
controls, with a standardized mean difference of −0.984 (confidence interval: −1.433 to −0.535; p value: <.001).
Conclusions: Our results show a consistent evidence of shorter telomeres in AD patients and highlight the importance of the analysis of 
epigenomic markers associated with neurodegeneration and with the risk for common and severe neurological diseases, such as AD.

Key Words: Dementia—Epigenomics—Telomeres—Alzheimer’s disease—Meta-analysis

Introduction

Alzheimer’s disease (AD) is a common and severe neurodegenerative 
disorder (1). Genomic studies have identified several causal genes 
for hereditary subtypes of AD (such as APP, PSEN1, and PSEN2) 
and susceptibility genes for its multifactorial forms (such as APOE, 
CLU, and CR1) (1,2). Several theories about the etiology and patho-
physiology of AD have been developed, which highlight the impor-
tance of mechanisms involved in the response to cell-intrinsic and 
cell-extrinsic stresses and of alterations in neural plasticity (1,3).

Human telomeres are ribonucleoprotein structures that consist 
of a repetitive DNA sequence (TTAGGG) and a core of associated 
proteins called shelterin. The capping function of telomeres at the 
extremities of chromosomes is fundamental for the maintenance of 

genomic stability (4). Compelling evidence has shown that telomere 
shortening leads to cellular senescence and is also present with aging 
in several organisms. In fact, alterations in telomere length (TL) have 
been reported as critical factors in age-related diseases, including 
cancer and neurodegenerative disorders (4). Regulation of TL is the 
result of the interplay between multiple environmental and genetic 
factors. For instance, it has been suggested that telomere mainte-
nance mechanisms play an important role in the response and plas-
ticity of postmitotic neurons to oxidative and genomic stress (4,5). 
TL is increasingly being studied as a possible epigenomic marker 
associated with several neuropsychiatric disorders, such as AD, 
Parkinson’s disease, vascular dementia, unipolar depression, bipolar 
disorder, and schizophrenia, among others (6).
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Results from published studies for TL in AD are contradictory (7,8), 
highlighting the need for a meta-analysis. In the current study, we car-
ried out a meta-analysis of published studies for TL, which compared 
DNA samples of AD patients with samples from healthy controls.

Methods

We followed the recommendations of the PRISMA statement (9) 
for reporting of meta-analyses (Supplementary Figure S1). There 
was no previously published review protocol. We searched for origi-
nal studies analyzing TL in AD patients and control participants in 
the PubMed, Web of Science, and Google Scholar databases (from 
inception to September 2015). We combined disease search terms 
“Alzheimer’s disease” and “telomere.” In addition, we searched ref-
erence lists of relevant review and original papers to identify addi-
tional papers not covered by the electronic search of abstracts.

We included articles published in English in peer-reviewed jour-
nals that described results from case–control studies analyzing the 
association of TL with AD in different ethnic populations. Exclusion 
criteria were as follows: lack of control groups, analysis of other 
types of dementia, or studies of telomerase activity.

We extracted the following information from each one of the 
included studies: year, country, sample size, age and gender distri-
butions, criteria used for AD diagnosis, disease severity and dura-
tion, cell types used for DNA extraction, methodologies used for the 
analysis of TL, and TL data (mean and SD) for patient and control 
groups. In cases of missing data, we contacted the corresponding 
authors to ask TL data that were not available in the main text of 
the articles or in the Supplementary Material. Quality assessment 
of included studies was carried out with a modified version of the 
Newcastle-Ottawa Quality Assessment Scale, as proposed by Colpo 
and coworkers (10) for meta-analyses of case–control studies of TL. 
This scale evaluates three dimensions (selection, comparability, and 
exposure), for a possible maximum of seven points. Study selection 
and data extraction and synthesis were performed and checked by 
two independent investigators.

For the meta-analysis procedures, we used the freely available 
Meta-Analyst program (11). It is a cross-platform software that 
allows the analysis of case–control association studies and other 
advanced approaches (eg, implementation of random-effects mod-
els, sensitivity analysis, and generation of forest plots). Following 
recommendations in the area, we used random-effects models and 
calculated the I2 statistic for heterogeneity (12). Standardized mean 
differences were used as the main index of effect sizes in these meta-
analyses. Subgroup analyses were carried out for age at examina-
tion of the samples, for methods used for TL measurement, and for 
cell types employed for DNA extraction (Supplementary Table S1); 
a sensitivity analysis was carried out with the leave-one-out method.

Results

Thirteen primary studies were included in the current meta-analysis 
for AD (7,8,13–21). It was not possible to include two additional 
studies, which did not provide TL data (22,23) (Supplementary 
Figure S1). The majority of the studies used the NINCDS-ADRDA 
criteria for the diagnosis of AD and few reported data for disease 
duration and severity. A  quality assessment of included studies 
showed that several articles did not report information on selec-
tion of participants and their comparability (Supplementary Table 
S2). No studies were excluded due to the results of the quality 
assessment. Details of included studies are provided in Table 1 and Ta
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Supplementary Table S1, and data for 860 AD patients and 2,022 
controls were analyzed. Sample sizes for the AD patient groups in 
the different studies ranged from less than 20 to more than 300. 
An important fraction of the studies used genomic DNA extracted 
from leukocytes and quantitative polymerase chain reaction–based 
methods for analysis of TL.

We applied random-effects meta-analyses to the available data 
and a significant difference in TL between AD patients and controls, 
with a standardized mean difference of −0.984 (confidence interval: 
−1.433 to −0.535; p value: <.001; Figure 1). There was evidence of 
heterogeneity (I2: 91.8%) and a sensitivity analyses (using a leave-
one-out method) showed that no single study was responsible for the 
pooled result of the meta-analysis (Figure 2). A subgroup analysis 
showed that studies with younger patients (Supplementary Figure 
S2) and that employed terminal restriction fragment methods 
(Supplementary Figure S3) showed preliminary evidence for a pos-
sible larger effect on shorter telomeres in AD patients and that the 
significant association was more evident in studies carried out with 
DNA from leukocytes (Supplementary Figure S4).

Discussion

Although TL has been evaluated as a possible biomarker for AD 
in several publications, no meta-analysis has been conducted so far 
to assess the relative importance of such results (6,24). In the cur-
rent study, we performed a meta-analysis for 13 published studies 
and found consistent and significant evidence of shorter telomeres 
in samples from AD patients (p value: <.001). A sensitivity analysis 
showed that no single study was responsible for those findings and 
a subgroup analysis showed that the finding of shorter telomeres in 
AD patients was more evident in studies that were carried out with 
DNA from leukocytes. This finding from the available cumulative 
evidence (standardized mean difference of −0.984) is consistent with 
results from individual studies that reported shorter telomeres in AD 
patients (7,8,14,17,18,20,21).

Several studies used DNA extracted from leukocytes, taking into 
account its broad and easy availability for large samples of living 
patients (25). It will be important to include in future studies DNA 

extracted from matched pairs of affected and healthy brain tissues. 
It is possible that the interstudy variability in the TL data shown in 
Table 1 is given by the use of different approaches for normalization 
of quantitative polymerase chain reaction results (26). We did not 
find studies on TL and AD in African, South Eastern Asian, or Latin 
American countries, populations that have a large burden of neu-
rodegenerative disorders and particular genetic and environmental 
features (27).

It has been suggested that telomere maintenance mechanisms 
play an important role in the response and plasticity of postmitotic 
neurons to oxidative and genomic stress (5,28). It has been shown 
that the third generation of knockout mice for the telomerase RNA 
component TERC (G3Terc−/−, which display short telomeres) have 
reduced neurogenesis in the dentate gyrus, in addition to neuronal 
loss in hippocampus and frontal cortex and short-term memory 
dysfunction (29). On other hand, telomere shortening reduced the 
number of amyloid plaques and reactive microgliosis in APP23 
transgenic mice (29). There is also evidence showing that newly 
generated neurons and mature neurons have low telomerase levels 
and are more susceptible to the effects of DNA damage (30), that 
the antidepressant-effect of telomerase overexpression is possibly 
associated to adult neurogenesis mechanisms (31), and that lithium 
normalizes telomerase activity (32). As oxidative stress and inflam-
mation are increased in aged individuals, these mechanisms could 
be related to telomere shortening (6). In AD patients, the shortest 
telomeres have been associated with high levels of the proinflamma-
tory cytokine tumor necrosis factor-α (8) and there is evidence that 
markers of oxidative stress are associated with telomere shortening 
(6). There is evidence showing that microglial cells, rather than post-
mitotic neurons, undergo replicative senescence. The microglial acti-
vation could contribute with the inflammatory microenvironment 
ultimately promoting disease progression (6).

Finally, emerging evidence suggests that perceived stress and 
lower physical activity, known risk factors for AD, are associated 
with shorter telomeres (33,34). King and coworkers (35) identified 
a significant correlation between leukocyte TL and volume of total 
brain and specific regions, such as hippocampus. An inverse corre-
lation between leukocyte TL and hippocampal volume was found 

Figure 1. Forest plot for the meta-analysis of telomere length and Alzheimer’s disease (AD). p value: <.001, for a random-effects Model. A standardized mean 
difference below zero means shorter telomeres in AD patients, in comparison with control subjects.
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in nondemented individuals that were APOE 3/3 carriers (but not 
in APOE 4 carriers), and it was also found that APOE 4 carriers 
had longer telomeres and a higher attrition rate (36). APOE 4 
carriers with longer telomeres were associated with worse perfor-
mance on episodic memory tasks (37). A number of epigenetic fac-
tors, such as modifications of DNA methylation in the promoter 
region of the catalytic subunit of the telomerase enzyme and sev-
eral noncoding RNAs, are known to have an effect on telomere 
dynamics (38) and could be related to shorter telomeres in AD 
patients.

Limitations of the current study include the retrospective nature 
of our meta-analysis, the inclusion of study-level data, and being 
underpowered for the subgroup analyses. The strengths of our study 
involve the inclusion of all published studies with available data for 
TL and AD and the use of state of the art biostatistical methods for 
meta-analyses.

Future studies using high-throughput approaches, such as next-
generation sequencing, could identify novel genetic and epigenetic 
factors (39) that influence TL in AD patients and in its presympto-
matic stages (40). It would be important to carry out longitudinal 
studies for TL and AD in multiethnic populations that control for 
genetic and environmental variables and that include quantitative 
markers of disease progression.

Supplementary Material

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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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.

Keywords Astrocytes . Palmitic acid . Tibolone .

Mitochondria .Morphology

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 α (ERα), and transforming growth
factor β receptor (TGFβR), 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

* George E. Barreto
gesbarreto@gmail.com; gsampaio@javeriana.edu.co

1 Departamento de Nutrición y Bioquímica, Facultad de Ciencias,
Pontificia Universidad Javeriana, Bogotá D.C., Colombia

2 Instituto Cajal, CSIC, Madrid, Spain
3 CIBER de Investigación Biomédica en Red de Fragilidad y

Envejecimiento Saludable (CIBERFES), Instituto de Salud Carlos
III, Madrid, Spain

4 Fac. Cs de la Salud, Universidad San Sebastián, Lientur 1457,
4080871 Concepción, Chile

5 Bay Pines VA Health Care System, 10,000 Bay Pines Blvd, Bldg 23,
Rm 123, Bay Pines, FL 33744, USA

6 Instituto de Ciencias Biomédicas, Universidad Autónoma de Chile,
Santiago, Chile

Mol Neurobiol (2018) 55:4453–4462
DOI 10.1007/s12035-017-0667-3

170

http://orcid.org/0000-0002-6644-1971
mailto:gsampaio@javeriana.edu.co
http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-017-0667-3&domain=pdf
Investigadores
Resaltado



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, 3α-, 3β-OH-
tibolone, and Δ4-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

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

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
cortex from ovariectomized cynomologous monkeys.

[54]

Arcuate neurons from
female guinea pigs

Tibolone and 3β-OH attenuate GABAB response by means of a membrane
ER different from ERα and ERβ.

[55]

Female Wistar rats Tibolone reduced lipid peroxidation in the brain cortex and hippocampus
of ovariectomized female.

[56]

Neurons from neonatal rats
(10-day-old) and male
rats of Wister line

Tibolone prevented cell death, increasing of GSH and a decreasing of GSSG,
reduced protein oxidative damage produced by buthionine sulfoximine. Tibolone also
increased HSP70 expression.

[57]

CA3 pyramidal neuron
from male Wistar rats

Tibolone partially reduced loss of the CA3 pyramidal neuron induced by chronic
O3 exposure. It reduced peroxidation and protein oxidation and prevented
cognitive deficits in rats.

[58]

Male Wistar rats Tibolone increased SOD2 expression in rats with and without ozone exposure.
It increased choline acetyltransferase and reduce damage induced on memory.

[59]

Astrocytes (T98G) Tibolone decreased calcium levels in glucose deprived cells and preserved
mitochondrial membrane potential.

[38]

CA1 pyramidal neurons
from Sprague Dawley

rats

Tibolone reverses the spine pruning in CA1 pyramidal neurons caused by ovariectomy
but it did not reduce lipid peroxidation.

[60]

Astrocytes (T98G) and pri-
mary mouse
astrocytes

Tibolone protects astrocytes from damage by glucose deprivation through estrogen
receptor beta and an increasing neuroglobin expression.

[21]

5-HT 5-hydroxytryptamine, 3β-OH 3b-hydroxytibolone, ERα estrogen receptorα, ERβ estrogen receptor β,GABAB gamma-aminobutyric acid B,GSH
reduced glutathione, GSSG oxidized glutathione, HSP70 70 kilodalton heat shock protein, SOD2 superoxide dismutase 2
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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% CO2 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 starvationwas 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 μM 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% CO2

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 μg/ml propidium iodide for 15 min
[21]. Analysis of propidium iodide uptake was done bymeans
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% CO2 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 (H2O2), as pre-
viously described [13, 38, 39].When the paradigm of pretreat-
ment and insult culminated, the cells were stained with 10 μM
DHE (Sigma, St Louis, MO, USA) or 10 μM DFCDA
(Sigma, St Louis, MO, USA) for 25 min in the dark in a
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37 °C, 5% CO2 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 ZeissMicroscopy, LLC, USA). Images were proc-
essed with the ImageJ 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 ImageJ 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

for control was 8.1%, while for 250 μM 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 μM 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 μM 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 μM, 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 (Δψm), 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 μM
(p = 0.002), 50 μM (p = 0.0003), or 20 μM (p = 0.0138)
attenuated the loss ofΔψm 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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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 μM 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. 5c, 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.

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.

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 μM. b PI

uptake assay confirmed that pretreatment with 70 μM 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

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

cells treated with 1 mM palmitic acid presented increased PI uptake
(p < 0.0001) in comparison with control and 250 μM palmitic acid.
Data show the mean ± SEM of at least three independent experiments.
Control, 2.5% BSA and 2 mM carnitine
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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 Δψm 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,

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 β-oxidation process
can induce PTP opening [29]. This is noteworthy since we
observed that palmitic acid reduced Δψm 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 β-oxidation process; rather, it
could increase de novo synthesis of ceramide [63, 67]. It has

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 (Δψm) was evaluated using TMRM
dye by means of flow cytometry. It was observed that tibolone at all
concentrations prevented the Δψm collapse induced by 1 mM palmitic

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 μM 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

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

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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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 β-oxidation and enhance
fatty acid synthesis [70]. This hypothesis is consistent with

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 c from mitochondria

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. c Circularity
analysis demonstrated that astrocytes treated with palmitic acid were

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
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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 c, 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 ERβ 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 assessedmorphological 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 μM 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.
5a, 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

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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A B S T R A C T

Palmitic acid (PA) induces several metabolic and molecular changes in astrocytes, and, it is involved in pa-
thological conditions related to neurodegenerative diseases. Previously, we demonstrated that tibolone, a syn-
thetic steroid with estrogenic, progestogenic and androgenic actions, protects cells from mitochondrial damage
and morphological changes induced by PA. Here, we have evaluated which estrogen receptor is involved in
protective actions of tibolone and analyzed whether tibolone reverses gene expression changes induced by PA.
Tibolone actions on astrocytic cells were mimicked by agonists of estrogen receptor α (ERα) and β (ERβ), but the
blockade of both ERs suggested a predominance of ERβ on mitochondria membrane potential. Expression
analysis showed a significant effect of tibolone on genes associated with inflammation such as IL6, IL1B and
miR155-3p. It is noteworthy that tibolone attenuated the increased expression of TERT, TERC and DNMT3B
genes induced by palmitic acid. Our results suggest that tibolone has anti-inflammatory effects and can modulate
pathways associated with DNA methylation and telomeric complex. However, future studies are needed to
elucidate the role of epigenetic mechanisms and telomere-associated proteins on tibolone actions.

1. Introduction

Estrogens play an important role in the brain (Arevalo et al., 2015).
During several decades, estrogen withdrawal in women has been as-
sociated with cognitive impairment, increased Alzheimer's disease (AD)
risk (Pike, 2017) and with psychiatric disorders such as schizophrenia
(Kulkarni et al., 2015), depression (Schmidt et al., 2015) and anorexia
nervosa (Ramoz et al., 2013). Interestingly, hormone therapy (HT) has
demonstrated beneficial effects on cognition and mood (Luine, 2014),
and the use of estradiol as an adjuvant in antipsychotic therapy im-
proves symptoms of schizophrenia in women of child-bearing age
(Kulkarni et al., 2015). However, HT has some potential side effects in
women, including increased risk for heart disease, breast cancer and
stroke (Gurney et al., 2014). In this regard, this caveat led to the de-
velopment and implementation of more specific molecules, such as
Selective Estrogen Receptor Modulators (SERMs) and selective Tissue

Estrogenic Activity Regulators (STEARs) (Arevalo et al., 2011; Reed and
Kloosterboer, 2004).

Tibolone is a synthetic steroid, classified as STEAR, which means
that its activation of estrogen receptors in human tissues is dependent
on the availability of enzymes in each tissue (Kloosterboer, 2011).
Moreover, whereas tibolone actions are mediated by estrogen receptors
(ERs) in bone and vagina, it also activates progesterone receptors in
endometrial cells (Kloosterboer, 2001). In clinical and preclinical stu-
dies, tibolone has shown beneficial effects in the central nervous system
(CNS) (Pinto-Almazan et al., 2017). For example, tibolone showed an-
tidepressant effects in women suffering from depressive symptoms
during menopause or post menopause (Kulkarni et al., 2018). However,
its effect on cognitive abilities is controversial as while it improved the
performance in a test of semantic memory it decreased performance in
an executive function task (Fluck et al., 2002). Additionally, in in vitro
studies of neuronal or glial cells, as well as in vivo studies using animal
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models, tibolone has shown to preserve mitochondrial functions, thus
attenuating cell death and oxidative damage (Gonzalez-Giraldo et al.,
2017). These findings suggest that tibolone might be a promising
neuroactive steroid with therapeutic actions for several conditions af-
fecting the CNS.

Postmenopausal women have increased susceptibility for devel-
oping obesity and chronic inflammation. One hypothesis is that, in
women, the hormonal withdrawal during this critical period might
account for augmented incidence of inflammatory conditions that may
increase the risk of developing CNS pathologies. In this regard, these
risk factors could contribute to AD onset in women (Christensen and
Pike, 2015). Previous studies have shown increased levels of free fatty
acids in the brain of AD patients, suggesting a possible implication of
these molecules in the pathogenesis of the disease (Fraser et al., 2010).
Indeed, obesity has negative effects on memory and cognition (Smith
et al., 2011). Using animal models it has been shown that high levels of
free fatty acids induce the expression of peripheral pro-inflammatory
cytokines, which can cross the blood-brain barrier and induce meta-
bolic and energy deficits in neurons, astrocytes, and other brain cells
(Miller and Spencer, 2014). A growing number of studies have used
palmitic acid (PA) in vitro using cells and in vivo in mouse to model the

consequences of obesity (Alsabeeh et al., 2018; C. A. Martin-Jimenez
et al., 2016). PA is a saturated fatty acid that, in addition to its presence
in food, is also present in the cell membranes, where it can be generated
by a de novo synthesis mechanism (Carta et al., 2017). Changes in
cognition induced by PA have been evidenced in animal models
(Contreras et al., 2017). In humans, a high diet in PA induced the ac-
tivation of the basal ganglia regions including the striatum (Dumas
et al., 2016). Although in normal conditions PA plays important phy-
siological roles in cells, it is possible that an imbalance in its con-
centration can be deleterious for brain functions, thus leading to brain
dysfunction (Hussain et al., 2013).

Astrocytes play a key role in the brain, as these cells are involved in
fluid, ion, pH, and neurotransmitter homeostasis, synapse function,
energy and metabolism and blood-brain barrier (BBB) maintenance
(Sofroniew and Vinters, 2010). PA is able to activate different damaging
responses in astrocytes, such as inflammation (Gupta et al., 2012), de
novo ceramide synthesis (Patil et al., 2007) and endoplasmic reticulum
stress (Ortiz-Rodriguez et al., 2018). Moreover, PA has a significant
effect on mitochondrial functionality since this saturated fatty acid is
able to dampen mitochondrial membrane potential (Gonzalez-Giraldo
et al., 2017; Wong et al., 2014). Additionally, there is evidence that PA

Fig. 1. Pretreatment with estrogen receptor agonists and estradiol protects T98G cells against death induced by palmitic acid (PA), similarly to tibolone.
(A) Overview of experimental design: T98G cells were pretreated with estrogenic compounds for 24 h followed by 24 h of 1mM palmitic acid stimulation, and, then,
propidium iodide (PI) uptake and mitochondrial membrane potential analysis were performed. Mean fluorescence (a.u.) of PI uptake test for: (B) Control
(0.5 ± 0.01), 1 mMPA (0.99 ± 0.03), 70 μM tibolone plus 1mM PA (0.70 ± 0.01); ERα agonist (PPT) at 70 μM (1.1 ± 0.06), 20 μM (0.79 ± 0.05), 5 μM
(0.56 ± 0.04), 100 nM (0.93 ± 0.04) plus 1mM PA. (C) ERβ agonist (DPN) at 70 μM (0.57 ± 0.02), 20 μM (0.65 ± 0.01), 100 nM (0.88 ± 0.05) and 70 μM
tibolone (0.59 ± 0.02) plus 1 mMPA. (D) Estradiol at 70 μM (0.59 ± 0.03), 50 μM (0.058 ± 0.04) and 20 μM (0.69 ± 0.04) and 70 μM tibolone (0.6 ± 0.03)
plus 1mMPA. For all experiments, control sample consisted in 2.5% BSA and 2mM carnitine. Bar graph represents Mean ± SEM of at least three independent
experiments. A one-way ANOVA followed by Tukey's multiple comparisons test was used for statistical analysis.
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actions on astrocytes can involve epigenetic mechanisms, such as DNA
methylation (Su et al., 2015) and microRNAs (Geekiyanage and Chan,
2011).

Previous studies from our group showed that tibolone has protective
effects against cell damage induced by PA on an astrocytic cell model
(Gonzalez-Giraldo et al., 2017). In order to explore the possible me-
chanisms of actions of tibolone on astrocytic cells, in the present study,
we aimed to determine which ERs are involved in the protective effects
of this compound and how tibolone can modulate gene expression in
cells treated with PA.

2. Materials and methods

2.1. Cell culture and drug treatments

In this study, the T98G cell line (ATCC® CRL-1690™) (Manassas, VA,
USA), which expresses genes encoding astrocyte marker proteins
(Litovchick et al., 2007), was used as an astrocytic cell model. Cells
were cultured with Dulbecco's Modified Eagle Medium (DMEM)-high
glucose (Lonza, Walkersville, USA), supplemented with 10% fetal bo-
vine serum (FBS) (Eurobio, Les Ulis, France) and 10 U penicillin/10mg
streptomycin/25 ng amphotericin (Lonza, Walkersville, USA), under
37 °C and 5% CO2. Prior to experimental treatments, cells were serum
deprived for 24 h. Then, cells were treated with 70 μM tibolone (Sigma,

St Louis, MO, USA) for 24 h followed by 1mMPA (Sigma, St Louis, MO,
USA) for other 24 h, as previously described (Gonzalez-Giraldo et al.,
2017). Control vehicle for PA was 2.5% Bovine Serum Albumin (BSA)
and 2mM Carnitine, and tibolone was dissolved in DMSO at a final
concentration of 0.2%, as previously described (Gonzalez-Giraldo et al.,
2017).

2.2. Treatment with ER agonists and antagonists

To assess whether tibolone's actions in PA-treated astrocytic cells
involve the activation of a specific ER, we treated cells with either the
ERβ agonist DPN (2,3-bis(4-Hydroxyphenyl)-propionitrile, Sigma, St
Louis, MO, USA) or the ERα agonist PPT (4,4′,4''-(4-Propyl-[1H]-pyr-
azole-1,3,5-triyl) trisphenol, Sigma, St Louis, MO, USA). Treatments
with ER agonists were performed at concentrations of 70 μM, 20 μM
and 100 nM for 24 h before palmitic acid treatment (Avila-Rodriguez
et al., 2016). As a positive control, we used estradiol (Sigma, St Louis,
MO, USA) at concentrations of 70 μM, 50 μM, 20 μM and 100 nM, being
similar doses to those used for tibolone and ER agonists. To further
evaluate which ER is involved in tibolone protective effects, cells were
incubated with either the ERβ antagonist PHTTP (4-[2-Phenyl-5,7-bis
(trifluoromethyl)pyrazolo[1,5-a] pyrimidin-3-yl] phenol, Sigma, St
Louis, MO, USA), or the ERα antagonist MPP (1,3-Bis (4-hydro-
xyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy) phenol]-1H-pyrazole

Fig. 2. Mitochondrial membrane potential is preserved by pretreatment with estradiol PPT and DPN. Once finished the treatments, TMRM staining was
performed to quantify the Mitochondrial membrane potential (MMP). (A) Representative plots for different treatments analyzed by flow cytometry: Control (2.5%
BSA and 2 mM carnitine), 1 mM PA, 70 μM tibolone + 1 mM PA, 70 μM DPN + 1 mM PA, 5 μM PPT + 1 mM PA and 70 μM Estradiol + 1 mM PA. (B) MMP for
cells treated with Control (100 ± 1.9), 1mMPA (60 ± 5) and estradiol at 70 μM (107 ± 6.9), 20 μM (90 ± 7.8), 1 μM (69 ± 5.4) and 10 nM (60 ± 5.4) before
1 mMPA stimuli. (F) Mitochondrial membrane potential analysis for cells stimulated with ERα agonist (PPT) at 5 μM (118 ± 12.9), ERβ agonist (DPN) at 70 μM
(109 ± 7.4) and tibolone at 70 μM (97 ± 5.6) plus 1mM PA. For all experiments, control sample consisted in 2.5% BSA and 2mM carnitine. Bar graph represents
Mean ± SEM of at least three independent experiments. A one-way ANOVA followed by Tukey's multiple comparisons test was used for statistical analysis.
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dihydrochloride, Sigma, St Louis, MO, USA) at 10 μM, 1 μM and
100 nM, added for 4 h prior to tibolone treatment (Avila-Rodriguez
et al., 2016). Agonists and antagonists were dissolved in DMSO. Final
concentrations of DMSO in the treatments for agonists were 0.3%,
0.2%, and<0.05%; as for antagonists, the final concentrations were
0.15% and<0.01%. These concentrations did not have any negative
impact on cell integrity (Fig. S1).

2.3. Mitochondrial membrane potential and cell death analysis

To evaluate cell death, we used the Propidium Iodide (PI) uptake
assay (Crowley et al., 2016). PI (Sigma, St Louis, MO, USA) was used at
concentration of 10 μg/ml. Cells were stained for 15min and fluores-
cence was detected in a FLUOstar Omega microplate reader (excitation
530 nm/emission 590 nm) (BMG LABTECH, Ortenberg, Germany). We
analyzed mitochondrial membrane potential by means of a Guava
EasyCyte cytometer (Millipore, MA, USA) using tetramethyl rhodamine
methyl (TMRM) dye at 500 nM. Both experiments were performed ac-
cording to our previous study (Gonzalez-Giraldo et al., 2017). For all
experiments, the mean fluorescence is presented in arbitrary units
(a.u.).

2.4. Gene expression analysis

Total RNA isolation was carried out using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) and it was quantified by means of
NanoDrop (Thermo Fisher Scientific, Waltham, Ma, USA). Before cDNA
synthesis, RNA was treated with DNase I to eliminate possible DNA
contamination, following manufacturer instructions (New England
Biolabs, Ipswich, MA, USA). cDNA was generated with 400 ng of RNA
using oligo (dt)18 (Bioline, London, United Kingdom) and the M-MLV
Reverse Transcriptase kit, following manufacturer instructions
(Invitrogen, Carlsbad, Ca, USA). Quantitative PCR for gene expression
analysis was performed using 1X SensiFAST™ SYBR® No-ROX Master
mix (Bioline, London, United Kingdom), 400 nM of each primer
(Forward and Reverse), 1 μl of cDNA containing 10 ng of RNA and
water, in a total volume of 10 μl on a CFX96 Touch Real-Time System
(BioRad, Hercules, CA). PCR Program consisted in: a cycle of 95 °C for
2min, 40 cycles of 95 °C for 10 s, 60 °C for 10 s and 72 °C for 15 s
Melting analysis was carried out to verify the amplification specificity
(Nolan et al., 2006). PCR efficiency was determined using LinRegPCR
program (Ruijter et al., 2009). RPL27 and GADPH genes were used as
endogenous controls for normalization, according to previous

Fig. 3. Effects of ERα and ERβ antagonists on tibolone actions in T98G cells. (A) Overview of experimental design: T98G cells were treated with ER antagonists
for 4 h prior to 70 μM tibolone and 1mM palmitic acid treatments. Once the PA treatment was finished, analysis of propidium iodide uptake test and mitochondrial
membrane potential were performed. (B) Analysis of PI uptake test for Control (0.5 ± 0.01), 1mMPA (0.9 ± 0.04), 70 μM Tibolone (0.66 ± 0.04) plus 1 mMPA
and ERα antagonist (MPP) treatment for 4-h prior to 70 μM tibolone treatment at 20 μM (0.5 ± 0.04), 10 μM (0.6 ± 0.06), 1 μM (0.63 ± 0.06) and 100 nM
(0.62 ± 0.07) plus 1mMPA. (C) Mean fluorescence (a.u.) of PI uptake test for blockade of ERβ by PHTTP at 20 μM (0.69 ± 0.04), 10 μM (0.80 ± 0.06), 1 μM
(0.66 ± 0.07) and 100 nM (0.63 ± 0.05). (D) 0.15% and 0.01% DMSO were added before PA and TIB + PA treatments in order to evaluate possible effects in cells
by DMSO. Bar graph represents Mean ± SEM of at least three independent experiments. A one-way ANOVA followed by Tukey's multiple comparisons test was used
for statistical analysis. In this graph, #### represents< 0.0001 and #<0.05 respect to control; ****< 0.0001, **< 0.001 and *< 0.05 respect to palmitic acid.
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recommendations (de Jonge et al., 2007). GAPDH was used to nor-
malize the IL6 and TERT expression under agonist (DPN and PPT)
treatments. Ct values are shown in supplementary material (Figs. S2a
and S2b). Primers used to analyze gene expression are shown in Table
S1. Each sample, obtained from biological and technical replicates of
cells subjected to tibolone and PA treatments, was run in triplicate for
qPCR analysis. Data analysis was performed using the comparative CT
method (2−ΔΔCT) (Schmittgen and Livak, 2008).

2.5. MicroRNA quantification

First, we used miRTarBase (Chou et al., 2018) and DIANA-TarBase
v8 tools (Karagkouni et al., 2018) to find experimentally validated
microRNAs targeting candidate genes. cDNA was generated using Verso
cDNA kit (Thermo Fisher Scientific, Waltham, Ma, USA), according to

manufacturer recommendations. We used small RNA-specific RT pri-
mers from TaqMan® MicroRNA Assays (Thermo Fisher Scientific, Wal-
tham, Ma, USA) to quantify the following microRNAs: MIR181a-5p
(Assay ID: 000480), MIR124-1-3p (Assay ID: 001182), MIR125a-3p
(Assay ID 002199) and MIR155-5p (Assay ID 002623). To normalize
the microRNA expression, the MIR191-5p (Assay ID: 002299) was se-
lected due to its stable expression in several tissues and sample types
(Peltier and Latham, 2008). Ct values are shown in supplementary
material (Fig. S2c). qPCR was performed in a CFX96 Touch Real-Time
System (BioRad, Hercules, CA), using: 1x mix (Small RNA-specific
forward PCR primer, Specific reverse PCR primer and Small RNA-spe-
cific TaqMan® MGB probe), 0,66 μl product from RT reaction, 5 μl
TaqMan® Universal PCR Master Mix (2✕) and 3,83 μl of water, in a total
volume of 10 μl. Data analysis was performed using the comparative CT
method (2−ΔΔCT) (Schmittgen and Livak, 2008).

Fig. 4. Protective effects of tibolone are partially medi-
ated by estrogen receptor beta. (A) Representative plots
for quantification of TMRM fluorescence for mitochondrial
membrane analysis in T98G cells by flow cytometry.
Control, 1 mM PA, 10 μM MPP +70 μM tibolone
+1 mM PA and 10 μM PHTPP +70 μM tibolone
+1 mM PA. (B) TMRM Mean fluorescence for cells treated
with Control (100 ± 3.2), 1 mM PA (56 ± 6.12), 10 μM
MPP (118 ± 4.7) and 10 μM PHTPP (44 ± 9.1) before
tibolone treatment (90 ± 11.3) and 1 mM PA. For all ex-
periments, control sample consisted in 2.5% BSA and 2 mM
carnitine. Bar graph represents Mean ± SEM of at least
three independent experiments. A one-way ANOVA fol-
lowed by Tukey's multiple comparisons test was used for
statistical analysis. In this graph, #### represents<
0.0001 and #<0.05 respect to control; ****< 0.0001,
**< 0.001 and *< 0.05 respect to palmitic acid.

Y. González-Giraldo, et al. Molecular and Cellular Endocrinology 486 (2019) 65–78

69

184



Ta
bl
e
1

Pr
ot
ei
n
fu
nc

ti
on

s
fo
r
an

al
yz
ed

ge
ne

s
an

d
th
ei
r
re
la
ti
on

sh
ip

w
it
h
as
tr
oc

yt
es
.

G
en

e
sy
m
bo

l
G
en

e
N
am

e
ER

E
Pr
ot
ei
n
fu
nc

ti
on

a
Ev

id
en

ce
re
la
te
d
w
it
h
A
st
ro
cy
te
s

R
ef
er
en

ce

A
PO

E
A
po

lip
op

ro
te
in

E
x

Li
pi
d
tr
an

sp
or
t

It
re
gu

la
te
s
as
tr
oc

yt
e
ac
ti
va

ti
on

af
te
r
ex
po

si
ti
on

to
A
β

pe
pt
id
e
an

d
it
pa

rt
ic
ip
at
es

in
cl
ea
ra
nc

e
of

A
β
pl
aq

ue
s

Fo
re
ro

et
al
.(
20

18
)

BD
N
F

Br
ai
n
de

ri
ve

d
ne

ur
ot
ro
ph

ic
fa
ct
or

Su
rv
iv
al

an
d
di
ff
er
en

ti
at
io
n
of

ne
ur
on

s
an

d
ax

on
al

gr
ow

th
TN

F-
α
tr
ea
tm

en
t
in
du

ce
d
BD

N
F
ex
pr
es
si
on

by
m
ea
ns

of
N
F-

kB
ac
ti
va

ti
on

Sa
ha

et
al
.(
20

06
)

C
R
EB

1
cA

M
P
re
sp
on

si
ve

el
em

en
t
bi
nd

in
g

pr
ot
ei
n
1

Tr
an

sc
ri
pt
io
n
fa
ct
or

th
at

is
a
m
em

be
r
of

th
e
le
uc

in
e
zi
pp

er
fa
m
ily

of
D
N
A

bi
nd

in
g

pr
ot
ei
ns

PA
in
cr
ea
se
d
C
R
EB

ph
os
ph

or
yl
at
io
n
to

re
gu

la
te

IP
A
F
an

d
IL
1B

ex
pr
es
si
on

(L
.L

iu
an

d
C
ha

n,
20

14
)

A
LD

H
1L

1
A
ld
eh

yd
e
de

hy
dr
og

en
as
e
1
fa
m
ily

m
em

be
r
L1

C
at
al
yz
es

th
e
co

nv
er
si
on

of
10

-f
or
m
yl
te
tr
ah

yd
ro
fo
la
te
,
ni
co

ti
na

m
id
e
ad

en
in
e

di
nu

cl
eo

ti
de

ph
os
ph

at
e
(N

A
D
P+

),
an

d
w
at
er

to
te
tr
ah

yd
ro
fo
la
te
,
N
A
D
PH

,a
nd

ca
rb
on

di
ox

id
e

A
st
ro
cy
te

m
ar
ke

r
do

w
nr
eg

ul
at
ed

in
sa
m
pl
es

of
de

pr
es
si
ve

su
bj
ec
ts

N
ag

y
et

al
.(
20

15
)

G
LU

L
G
lu
ta
m
at
e-
am

m
on

ia
lig

as
e

x
It

ca
ta
ly
ze
s
th
e
sy
nt
he

si
s
of

gl
ut
am

in
e
fr
om

gl
ut
am

at
e
an

d
am

m
on

ia
in

an
A
TP

-
de

pe
nd

en
t
re
ac
ti
on

D
ow

nr
eg

ul
at
ed

in
sa
m
pl
es

of
de

pr
es
si
ve

su
bj
ec
ts
;I
t
is

in
cr
ea
se
d
in

te
m
po

ra
l
co

rt
ex

of
A
D

pa
ti
en

ts
(F
lu
te
au

et
al
.,
20

15
;N

ag
y

et
al
.,
20

15
)

SL
C
1A

2
So

lu
te

ca
rr
ie
r
fa
m
ily

1
m
em

be
r
2

(g
lu
ta
m
at
e
re
ce
pt
or
)

x
Tr
an

sp
or
te
r
th
at

cl
ea
rs

th
e
ex
ci
ta
to
ry

ne
ur
ot
ra
ns
m
it
te
r
gl
ut
am

at
e

PA
in
cr
ea
se
d
m
R
N
A

le
ve

ls
,i
t
di
d
no

t
aff

ec
t
pr
ot
ei
n

ex
pr
es
si
on

,b
ut

re
du

ce
d
G
lu
ta
m
at
e
re
ce
pt
or

pu
nc

ta
on

th
e

ce
ll
pr
oc

es
se
s

H
ua

ng
et

al
.(
20

17
)

A
R

A
nd

ro
ge

n
re
ce
pt
or

St
er
oi
d-
ho

rm
on

e
ac
ti
va

te
d
tr
an

sc
ri
pt
io
n
fa
ct
or

It
is

ex
pr
es
se
d
in

as
tr
oc

yt
es

an
d
ne

ur
on

s
A
ca
z-
Fo

ns
ec
a
et

al
.(
20

16
)

ES
R
1

Es
tr
og

en
re
ce
pt
or

1
St
er
oi
d-
ho

rm
on

e
ac
ti
va

te
d
tr
an

sc
ri
pt
io
n
fa
ct
or

PA
re
du

ce
s
ex
pr
es
si
on

;
ER

α
is

in
cr
ea
se
d
in

A
D

pa
ti
en

t
sa
m
pl
es

(L
u
et

al
.,
20

03
;M

or
se
lli

et
al
.,
20

14
)

ES
R
2

Es
tr
og

en
re
ce
pt
or

2
x

St
er
oi
d-
ho

rm
on

e
ac
ti
va

te
d
tr
an

sc
ri
pt
io
n
fa
ct
or

In
vo

lv
ed

in
ti
bo

lo
ne

ac
ti
on

s
in

a
m
od

el
of

gl
uc

os
e

de
pr
iv
at
io
n

A
vi
la
-R
od

ri
gu

ez
et

al
.

(2
01

6)
PG

R
Pr
og

es
te
ro
ne

re
ce
pt
or

St
er
oi
d-
ho

rm
on

e
ac
ti
va

te
d
tr
an

sc
ri
pt
io
n
fa
ct
or

A
ct
iv
at
io
n
of

PG
R
in
du

ce
s
re
du

ct
io
n
of

TN
Fα

in
ce
lls

tr
ea
te
d

w
it
h
LP

S
K
ip
p
et

al
.(
20

07
)

IL
1B

In
te
rl
eu

ki
n
1
be

ta
Im

po
rt
an

t
m
ed

ia
to
r
of

th
e
in
fl
am

m
at
or
y
re
sp
on

se
,a

nd
is

in
vo

lv
ed

in
a
va

ri
et
y
of

ce
llu

la
r
ac
ti
vi
ti
es
,
in
cl
ud

in
g
ce
ll
pr
ol
if
er
at
io
n,

di
ff
er
en

ti
at
io
n,

an
d
ap

op
to
si
s.

PA
in
cr
ea
se
d
it
s
ex
pr
es
si
on

(L
.L

iu
an

d
C
ha

n,
20

14
)

IL
6

In
te
rl
eu

ki
n
6

x
It

ha
s
pr
o-

an
d
an

ti
-i
nfl

am
m
at
or
y
pr
op

er
ti
es
,a

nd
is

in
vo

lv
ed

in
su
rv
iv
al

an
d

pr
ol
if
er
at
io
n,

am
on

g
ot
he

r
fu
nc

ti
on

s
PA

in
cr
ea
se
d
it
s
ex
pr
es
si
on

G
up

ta
et

al
.(
20

12
)

TL
R
4

To
ll
lik

e
re
ce
pt
or

4
A
ct
s
vi
a
M
Y
D
88

,T
IR
A
P
an

d
TR

A
F6

,l
ea
di
ng

to
N
F-
ka

pp
a-
B
ac
ti
va

ti
on

,
cy
to
ki
ne

se
cr
et
io
n
an

d
th
e
in
fl
am

m
at
or
y
re
sp
on

se
It
is

in
vo

lv
ed

in
ac
ti
on

s
of

PA
,m

ai
nl
y
re
gu

la
ti
ng

TN
F
an

d
IL
6
ex
pr
es
si
on

G
up

ta
et

al
.(
20

12
)

TN
F

Tu
m
or

ne
cr
os
is

fa
ct
or

Pr
o-
in
fl
am

m
at
or
y
cy
to
ki
ne

,i
nv

ol
ve

d
in

ce
ll
pr
ol
if
er
at
io
n,

di
ff
er
en

ti
at
io
n,

ap
op

to
si
s,

lip
id

m
et
ab

ol
is
m
,
am

on
g
ot
he

r
PA

in
cr
ea
se
d
it
s
ex
pr
es
si
on

G
up

ta
et

al
.(
20

12
)

BA
X

BC
L2

as
so
ci
at
ed

X
,a

po
pt
os
is

re
gu

la
to
r

A
po

pt
ot
ic

ac
ti
va

to
r

PA
in
cr
ea
se
d
Ba

x/
Bc

l-2
ra
ti
o

(Z
.W

an
g,

Li
u,

W
an

g,
Li
u,

G
ao

,e
t
al
.,
20

12
)

BC
L2

BC
L2

,a
po

pt
os
is

re
gu

la
to
r

x
In
te
gr
al

ou
te
r
m
it
oc

ho
nd

ri
al

m
em

br
an

e
pr
ot
ei
n
th
at

bl
oc

ks
th
e
ap

op
to
ti
c
de

at
h

PA
in
cr
ea
se
d
Ba

x/
Bc

l-2
ra
ti
o

(Z
.W

an
g,

Li
u,

W
an

g,
Li
u,

G
ao

,e
t
al
.,
20

12
)

TE
R
C

Te
lo
m
er
as
e
R
N
A

co
m
po

ne
nt

Se
rv
es

as
a
te
m
pl
at
e
fo
r
th
e
te
lo
m
er
e
re
pe

at
N
A

N
A

TE
R
F1

Te
lo
m
er
ic

re
pe

at
bi
nd

in
g
fa
ct
or

1
In
hi
bi
to
r
of

te
lo
m
er
as
e

N
A

N
A

TE
R
F2

Te
lo
m
er
ic

re
pe

at
bi
nd

in
g
fa
ct
or

2
N
eg

at
iv
e
re
gu

la
to
r
of

te
lo
m
er
e
le
ng

th
an

d
pl
ay

s
a
ke

y
ro
le

in
th
e
pr
ot
ec
ti
ve

ac
ti
vi
ty

of
te
lo
m
er
es

N
A

N
A

TE
R
T

Te
lo
m
er
as
e
re
ve

rs
e
tr
an

sc
ri
pt
as
e

x
In
vo

lv
ed

in
te
lo
m
er
e
m
ai
nt
en

an
ce
,a

gi
ng

,a
nt
i-
ap

op
to
ti
c
an

d
re
du

ce
s
R
O
S

It
is

in
cr
ea
se
d
in

a
Sp

in
al

C
or
d
In
ju
ry

M
od

el
an

d
co

rr
el
at
ed

w
it
h
G
FA

P
ex
pr
es
si
on

Ta
o
et

al
.(
20

13
)

TI
N
F2

TE
R
F1

in
te
ra
ct
in
g
nu

cl
ea
r
fa
ct
or

2
x

Is
in
vo

lv
ed

in
th
e
re
gu

la
ti
on

of
te
lo
m
er
e
le
ng

th
an

d
pr
ot
ec
ti
on

N
A

N
A

D
N
M
T1

D
N
A

m
et
hy

lt
ra
ns
fe
ra
se

1
x

Tr
an

sf
er
s
m
et
hy

l
gr
ou

ps
to

cy
to
si
ne

nu
cl
eo

ti
de

s
of

ge
no

m
ic

D
N
A

an
d
re
sp
on

si
bl
e

fo
r
m
ai
nt
ai
ni
ng

m
et
hy

la
ti
on

pa
tt
er
ns

fo
llo

w
in
g
D
N
A

re
pl
ic
at
io
n

Pr
ot
ei
n
ex
pr
es
si
on

is
in
cr
ea
se
d
in

a
m
od

el
of

Is
ch

em
ia
-

H
yp

ox
ia

Y
an

g
et

al
.(
20

16
)

D
N
M
T3

A
D
N
A

m
et
hy

lt
ra
ns
fe
ra
se

3
al
ph

a
x

R
eq

ui
re
d
fo
r
ge

no
m
e-
w
id
e
de

no
vo

m
et
hy

la
ti
on

an
d
is

es
se
nt
ia
l
fo
r
th
e

es
ta
bl
is
hm

en
t
of

D
N
A

m
et
hy

la
ti
on

pa
tt
er
ns

du
ri
ng

de
ve

lo
pm

en
t.

Pr
ot
ei
n
ex
pr
es
si
on

is
in
cr
ea
se
d
in

a
m
od

el
of

Is
ch

em
ia
-

H
yp

ox
ia

Y
an

g
et

al
.(
20

16
)

D
N
M
T3

B
D
N
A

m
et
hy

lt
ra
ns
fe
ra
se

3
be

ta
x

R
eq

ui
re
d
fo
r
ge

no
m
e-
w
id
e
de

no
vo

m
et
hy

la
ti
on

an
d
is

es
se
nt
ia
l
fo
r
th
e

es
ta
bl
is
hm

en
t
of

D
N
A

m
et
hy

la
ti
on

pa
tt
er
ns

du
ri
ng

de
ve

lo
pm

en
t.

N
A

N
A

M
IR
18

1a
-5
pb

m
ic
ro
R
N
A

18
1a

-1
N
eg

at
iv
e
re
gu

la
ti
on

of
ge

ne
ex
pr
es
si
on

:
TE

R
T,

ES
R
1,

PG
R
,
BC

L2
IL
1B

Tr
ea
tm

en
ts

re
du

ce
d
ex
pr
es
si
on

;L
PS

re
du

ce
d

ex
pr
es
si
on

(H
ut
ch

is
on

et
al
.,
20

13
;

Zu
m
ke

hr
et

al
.,
20

18
)

M
IR
12

4-
3p

b
m
ic
ro
R
N
A

12
4-
1

N
eg

at
iv
e
re
gu

la
ti
on

of
ge

ne
ex
pr
es
si
on

:
IL
6,

TE
R
T,

A
R
,T

ER
F2

,B
D
N
F

LP
S
in
cr
ea
se
d
ex
pr
es
si
on

O
m
ra
n
et

al
.(
20

13
)

M
IR
12

5a
-3
pb

m
ic
ro
R
N
A

12
5a

N
eg

at
iv
e
re
gu

la
ti
on

of
ge

ne
ex
pr
es
si
on

:G
LU

L,
IL
6,

N
A

N
A

M
IR
15

5-
5p

b
m
ic
ro
R
N
A

15
5

N
eg

at
iv
e
re
gu

la
ti
on

of
ge

ne
ex
pr
es
si
on

:
IL
1B

,B
C
L2

,T
N
F

Po
si
ti
ve

re
gu

la
ti
on

of
IL
6

LP
S
in
cr
ea
se
d
ex
pr
es
si
on

(c
on

tin
ue
d
on

ne
xt

pa
ge
)

Y. González-Giraldo, et al. Molecular and Cellular Endocrinology 486 (2019) 65–78

70

185



2.6. Bioinformatics analysis

To investigate the transcription factors stimulating the expression of
genes co-regulated in our model, we used the GATHER program (Gene
Annotation Tool to Help Explain Relationships) (Chang and Nevins,
2006). The analysis of data was performed through TRANSFAC ma-
trices and the transcription factors were selected considering the Bayes
factor and p value.

2.7. Statistical analysis

All samples were analyzed in triplicate, with a minimum of three
independent experiments. A one-way ANOVA test was carried out on
the GraphPad Prism version 6.0 for Windows (GraphPad Software, La
Jolla, CA, USA) and Post hoc analysis were performed using the Tukey's
multiple comparisons test. To analyze Pearson correlation data, a cor-
relation matrix analysis was performed. A p value < 0.05 was con-
sidered significant. In the graphics, all data are presented as the
mean ± SEM.

3. Results

3.1. ER agonists and estradiol imitate the protective effect of tibolone on
T98G cells exposed to palmitic acid

Previously, we observed that 70 μM tibolone, when administered
before PA, protected astrocytic cells from death, possibly, in part due to
the preservation of both mitochondrial membrane potential and mi-
tochondrial integrity (Gonzalez-Giraldo et al., 2017). In order to elu-
cidate the mechanisms involved in the effects of tibolone, we aimed to
determine whether its protective actions on T98G cells exposed to PA
are also elicited by estradiol and by agonists for ERα and ERβ (Fig. 1A).
We found that the ERα agonist PPT reduced cell death at a con-
centration of 5 μM (P < 0.0001), but not at 100 nM, 20 μM or 70 μM
(Fig. 1B). ERβ agonist DPN at 70 μM induced a greater reduction of cell
death in comparison with 20 μM and 100 nM. Cell death was reduced
by 40% (P < 0.0001), an effect similar to that of 70 μM tibolone,
which was able to reduce cell death by 38% (P < 0.0001) (Fig. 1C).
Pretreatment with estradiol at 70 μM, 50 μM and 20 μM protected the
T98G cells from death, thus reducing the damage induced by PA by
44%, 44% and 33%, respectively (P < 0.0001) (Fig. 1D). Physiological
concentrations of estradiol did not have protective effects against da-
mage induced by palmitic acid on mitochondrial membrane potential
(Fig. 2B).

Since mitochondria play an important role in neuroprotection by
estradiol (Simpkins et al., 2005) and are main targets of hormonal
compounds (Baez et al., 2017; Giatti et al., 2018; C. Martin-Jimenez
et al., 2018; C. A. Martin-Jimenez et al., 2016; C. A. Martin-Jimenez
et al., 2017), the mitochondrial membrane potential was assessed by
quantification of TMRM dye in cells incubated with the concentrations
of DPN, PPT and estradiol that significantly reduced cell death induced
by PA (Fig. 2A). The results show that, similarly to tibolone, both ER
agonists and estradiol attenuate the loss of mitochondrial membrane
potential induced by PA (Fig. 2B and C). Mitochondrial membrane
potential was preserved by 33% when cells were treated with tibolone
(P= 0.0001), 44% with DPN (P= 0.0001), 53% with PPT
(P < 0.0001) and 43% with estradiol (P= 0.0002).

3.2. Protective effects of tibolone on cell death and mitochondrial
membrane potential are in part mediated by ERβ

As protective effects of tibolone were mimicked by agonists of ERα
and ERβ, we assessed whether antagonists of these receptors blocked
the action of tibolone. Different concentrations of ER antagonists were
added 4 h before 70 μM tibolone pretreatment (Fig. 3A). We observed
that the ERα antagonist MPP at concentrations of 20 μM, 10 μM, 1 μMTa
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Fig. 5. Tibolone reduces inflammatory gene expression
and affects epigenetic and telomere pathways, but does
not ameliorate the negative effect of PA on astrocyte
genes. Heat map of relative normalized expression for 28
genes in three conditions: Control, 1 mM PA and 70 μM TIB
+1 mM PA, DMSO and tibolone. Total RNA was isolated
from T98G cells treated with 70 μM tibolone for 24 h fol-
lowed by 1 mM palmitic acid stimulation for 24 h. Gene
expression analysis was normalized using the constitutive
gene RPL27 for genes encoding proteins; for microRNAs,
MIR191-5p was used to normalize the expression. Control
sample consisted in 2.5% BSA and 2 mM carnitine for PA
treatment and 0.2% DMSO for Tibolone. A one-way ANOVA
followed by Tukey's multiple comparisons test was used for
statistical analysis.

Table 2
Mean ± SEM for gene expression data (Fold change).

Gene Control PA TIB-PA DMSO TIB

APOE 1.00 ± 0.05 1.65 ± 0.25* 0.89 ± 0.18 1.00 ± 0.51 0.95 ± 0.36
BDNF 0.99 ± 0.05 0.97 ± 0.18 0.99 ± 0.34 1.00 ± 0.33 1.01 ± 0.25
CREB1 1.00 ± 0.03 +0.81 ± 0.05 +++0.63 ± 0.08 1.00 ± 0.39 1.10 ± 0.35
ALDH1L1 1.01 ± 0.14 ++++0.18 ± 0.04 +++0.33 ± 0.05 1.00 ± 0.43 1.08 ± 0.38
GLUL 1.00 ± 0.17 0.68 ± 0.12 ++0.42 ± 0.08 1.00 ± 0.64 1.22 ± 0.68
SLC1A2 1.01 ± 0.04 1.00 ± 0.23 0.58 ± 0.10 1.00 ± 0.67 0.72 ± 0.35
AR 1.00 ± 0.03 ++++0.22 ± 0.02 ++++0.28 ± 0.06 1.00 ± 0.40 0.85 ± 0.26
ESR1 1.01 ± 0.05 ++0.83 ± 0.12* 0.80 ± 0.10 1.00 ± 0.45 1.36 ± 0.47
ESR2 1.01 ± 0.12 2.45 ± 0.48 1.07 ± 0.24 1.00 ± 0.53 1.64 ± 0.78
PGR 0.97 ± 0.15 0.91 ± 0.21 1.32 ± 0.31 1.00 ± 0.28 0.98 ± 0.28
IL1B 1.00 ± 0.04 ++0.64 ± 0.13** ++++0.23 ± 0.04 1.00 ± 0.42 0.32 ± 0.1##

IL6 1.01 ± 0.10 +3.20 ± 0.75* 1.25 ± 0.42 1.00 ± 0.21 1.26 ± 0.23
TLR4 1.00 ± 0.11 0.74 ± 0.21 +0.34 ± 0.08 1.00 ± 0.64 0.21 ± 0.10##

TNF 1.01 ± 0.09 1.17 ± 0.15 +1.92 ± 0.39 1.00 ± 0.35 1.30 ± 0.34
BAX 1.01 ± 0.09 1.31 ± 0.29 1.13 ± 0.35 1.00 ± 0.24 0.89 ± 0.17
BCL2 1.01 ± 0.09 0.95 ± 0.21 0.98 ± 0.29 1.00 ± 0.49 1.12 ± 0.38
TERC 1.01 ± 0.14 ++3.80 ± 0.87* 1.46 ± 0.53 1.00 ± 0.30 1.17 ± 0.30
TERF1 1.01 ± 0.08 0.97 ± 0.15 0.84 ± 0.09 1.00 ± 0.21 0.85 ± 0.13
TERF2 0.95 ± 0.12 1.26 ± 0.23 0.73 ± 0.10 1.00 ± 0.36 1.17 ± 0.31
TERT 1.01 ± 0.09 ++++4.10 ± 0.5**** 1.72 ± 0.15 1.00 ± 0.14 1.42 ± 0.21#

TINF2 1.00 ± 0.08 1.52 ± 0.30 1.11 ± 0.42 1.00 ± 0.58 1.38 ± 0.56
DNMT1 1.01 ± 0.08 1.42 ± 0.24* 0.79 ± 0.12 1.00 ± 0.59 0.96 ± 0.40
DNMT3A 1.00 ± 0.10 1.01 ± 0.21 0.56 ± 0.11 1.00 ± 0.76 0.65 ± 0.40
DNMT3B 1.01 ± 0.22 +2.47 ± 0.64** 0.57 ± 0.17 1.00 ± 0.66 0.79 ± 0.38
MIR181a 1.01 ± 0.09 1.19 ± 0.32 0.94 ± 0.36 1.00 ± 0.10 1.17 ± 0.12
MIR124 1.01 ± 0.26 2.36 ± 0.67 2.87 ± 0.85 1.00 ± 0.14 1.36 ± 0.19#

MIR125a 1.01 ± 0.09 +0.66 ± 0.05 0.81 ± 0.11 1.00 ± 0.12 1.079 ± 1.20
MIR155 1.01 ± 0.11 +1.53 ± 0.13** 0.68 ± 0.18 1.00 ± 0.17 0.87 ± 0.17

++++<0.0001; +++<0.001; ++<0.01 and+<0.05 versus control; ∗∗∗∗<0.0001, ∗∗∗<0.001; ∗∗<0.01 and ∗<0.05 versus TIB + PA. TIB vs DMSO:
####<0.0001; ###<0.001; ##< 0.01 and #< 0.05.
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or 100 nM did not significantly affect the protective action of tibolone
on cell survival against PA (Fig. 3B). When cells were pretreated with
10 μM PHTPP (an ERβ antagonist), the protective effect of tibolone on
PA cells was abolished; however, significant differences were not ob-
served between PHTPP + TIB + PA and TIB + PA groups, suggesting a
partial interference by the blockade of ERβ (Fig. 3C). It is noteworthy

that we did not observe any effect of DMSO (vehicle used for antago-
nists) at 0.15% or 0.01% in cells treated with PA and TIB + PA
(Fig. 3D). In contrast to the PI uptake test, as for the mitochondrial
membrane potential (Fig. 4A), we observed significant differences be-
tween TIB + PA and PHTPP + TIB + PA (P=0.0011). The action of
tibolone on mitochondrial membrane potential was reduced by ERβ

Table 3
Pearson's correlation matrix of gene expression.

IL6 TERT ESR1 DNMT3B TERC IL1B GLUL TLR4 APOE DNMT1 MIR125a

TERT 0,993
ESR1 0,998* 0,985
DNMT3B 0,949 0,905 0,966
TERC 0,999* 0,998* 0,994 0,931
IL1B −0,062 −0,178 −0,003 0,257 −0,114
GLUL −0,156 −0,270 −0,097 0,164 −0,207 0,996
TLR4 0,024 −0,093 0,082 0,338 −0,029 0,996 0,984
APOE 0,974 0,941 0,986 0,996 0,961 0,166 0,072 0,250
DNMT1 0,901 0,844 0,925 0,992 0,877 0,377 0,288 0,455 0,976
MIR125a −0,886 −0,934 −0,858 −0,695 −0,909 0,517 0,595 0,442 −0,758 −0,598
MIR155 0,884 0,823 0,910 0,986 0,858 0,413 0,325 0,489 0,967 0,999* −0,567

* Indicates statistically significant correlation at P value < 0.05.

Table 4
Transcription factors identified by bioinformatics analysis of genes upregulated by palmitic acid in comparison to control and tibolone pretreatment.

TRANSFAC matrix Transcription Factor Genes P Value Bayes Factor

V$EBF_Q6 EBF (Early B Cell Factor) DNMT3B, ESR1, IL6, TERT 0.001 3
V$NFKB_Q6: NF-kappaB NF-kB (Nuclear Factor Kappa B) DNMT3B, IL6, TERT 0.002 3
V$ZID_01: zinc finger with interaction domain ZID (zinc finger with interaction domain) DNMT3B, IL6, TERT 0.002 3
V$PAX6_Q2 PAX6 (Paired Box 6) DNMT3B, TERT 0.002 2
V$PTF1BETA_Q6 PTF1A (Pancreas Specific Transcription Factor, 1a) ESR1, IL6 0.006 1
V$MYCMAX_B: c-Myc:Max binding sites MYC (MYC proto-oncogene, bHLH transcription factor) DNMT3B, ESR1, IL6, TERT 0.008 1

Table 5
Transcription factors identified by bioinformatics analysis of genes downregulated by tibolone pretreatment in comparison to control or palmitic acid.

TRANSFAC matrix Transcription Factor Genes P Value Bayes Factor

V$IRF_Q6_01 IRF (interferon-regulatory factor) APOE DNMT1 GLUL IL1B TLR4 0,003 2
V$PBX_Q3 PBX1 (PBX homeobox 1) DNMT1 GLUL IL1B 0,005 2
V$TITF1_Q3: TTF-1, TITF1 (thyroid transcription factor 1) TITF1 (thyroid transcription factor 1) APOE DNMT1 IL1B TLR4 0,005 2
V$CAAT_01: cellular and viral CCAAT box Cellular and viral CCAAT box APOE DNMT1 GLUL IL1B TLR4 0,008 1
V$FOXJ2_02: fork head box J 2 FOXJ2 (fork head box J 2) APOE GLUL IL1B TLR4 0,01 1

Fig. 6. Effects of DPN and PPT on TERT and IL6 gene expression. Total RNA was isolated and qPCR analysis was used to calculate the relative normalized
expression for TERT and IL6 genes. GAPDH gene was used to normalize the data. (A) TERT expression was analyzed in cells pretreated with ERα agonist (PPT) at
5 μM (0.68 ± 0.13), ERβ agonist (DPN) at 70 μM (0.73 ± 0.13) and tibolone at 70 μM (1.6 ± 0.13) followed by 1mM palmitic acid stimulation (2.9 ± 0.4). (B)
Relative normalized expression for the IL6 gene in cells treated with ERα agonist (PPT) at 5 μM (0.80 ± 0.31), ERβ agonist (DPN) at 70 μM (0.86 ± 0.18) and
tibolone at 70 μM (1 ± 0.21) followed by 1mM palmitic acid stimulation (3 ± 0.45). Control sample consisted in 2.5% BSA and 2mM carnitine. A one-way ANOVA
followed by Tukey's multiple comparisons test was used for statistical analysis.
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antagonist (PHTPP) treatment (Fig. 4B).

3.3. Tibolone reduced inflammatory gene expression and affected epigenetic
and telomere pathways, but did not ameliorate the negative effect of PA on
astrocytic genes

ER activation results in transcriptional changes in cells through di-
rect (dimerization and binding of ERs to target DNA) or indirect (in-
teraction with other transcription factors activated by kinases) me-
chanisms (Arevalo et al., 2015). From our above results, suggesting that
tibolone has estrogenic activity in our model, we hypothesized that
tibolone could modulate the expression of genes that contain estrogen
response elements (ERE) or that are regulated by indirect mechanisms
through interaction of ERs with other transcription factors. Therefore,
we performed an analysis of expression for 24 genes considering: 1)
protein function; 2) previous evidence in astrocytes cells; and 3) pre-
sence of estrogen response elements (Table 1). The analysis was carried
out to evaluate whether tibolone could prevent the effects of PA in our
astrocyte cell model and to determine whether tibolone's protective
actions involve epigenetic mechanisms.

We have analyzed genes belonging to astrocyte function (Fig. S3),
steroid receptors (Fig. S4), inflammation and apoptosis (Fig. S5), telo-
mere complex and DNA methylation (Fig. S6). Moreover, we analyzed
the expression of four microRNAs regulating TERT and IL6 genes (Fig.
S7). We found that tibolone attenuated the expression of IL6, ESR1,
TERT, TERC, DNMT3B and MIR155-5p genes, which all were found
increased by PA (Fig. 5, Table 2). However, tibolone was unable to
counteract the negative effect of PA on two astrocyte genes (ALDH1L1
and CREB1). Indeed, tibolone reduced the expression of GLUL in
comparison to controls. On the other hand, tibolone reduced the ex-
pression level of IL1β and TLR4 compared to control cells treated with
either PA (Fig. 5 and Table 2) or tibolone alone (Fig. S8). Moreover, we
performed a Pearson's correlation for those genes that were expressed
differentially. This analysis showed a positive correlation between
TERC and IL6 (r: 0.999, P=0.033), ESR1 and IL6 (r: 0.998, P=0.037)
and TERT and TERC (r: 0.998, P= 0.041) (Table 3).

Since tibolone reduced the expression of some genes in PA cells, we
performed a bioinformatics analysis to find possible transcription fac-
tors associated to gene regulation in our model. Genes were grouped

into: (1) Those increased by palmitic acid and reduced by tibolone
pretreatment (IL6, TERT, DNMT3B and ESR1), and (2) those down-
regulated by tibolone pretreatment (APOE, GLUL, IL1B, TLR4 and
DNMT1). EBF (Early B Cell Factor), NF-kB (Nuclear Factor Kappa B)
and ZID (zinc finger with interaction domain) were the transcription
factors with the strongest association identified for group 1 (Table 4).
As for group 2, IRF (interferon-regulatory factor), PBX1 (PBX homeobox
1) and TITF1 (thyroid transcription factor 1) were the transcription
factors with a significant association (Table 5).

3.4. Effects of DPN and PPT on TERT and IL6 gene expression

Genes can be differentially regulated by ERα and ERβ, where in
some cases ERα can be a potent inductor of transcription, whereas ERβ
might induce repressive effects on gene expression (M. M. Liu et al.,
2002). In this regard, we assessed the effects of 70 μM DPN (ERβ ago-
nist) and 5 μM PPT (ERα agonist) on expression of TERT and IL-6, as
being the genes with the highest fold change expression observed in our
study. 70 μM DPN and 5 μM PPT reduced TERT expression by 2.13 and
2.18-fold, respectively, in the PA-treated cells (P < 0.0001) (Fig. 6A).
As for the IL-6 gene, PA upregulated its expression by 2.52-fold
(P < 0.0001) in comparison to control, while DPN and PPT down-
regulated IL-6 expression by 2.14-fold (P= 0.0009) and 2.2-fold
(P=0.0021) in PA cells, respectively (Fig. 6B). The data indicate that
the actions of the ER agonists and tibolone are similar.

4. Discussion

In the present study, we have assessed which ER was involved in the
protective effects of tibolone on astrocytic cells treated with PA. Then,
we evaluated whether tibolone may modulate the expression of genes
related to inflammation, astrocytic markers, apoptosis, steroid re-
ceptors, telomere complex and DNA methylation. Our findings indicate
that although both agonists of either ERα or ERβ mimic the protective
actions of tibolone against PA, only the ERβ antagonist was able to
block the protective effect of tibolone, particularly, on the mitochon-
drial membrane potential analysis. It is noteworthy that tibolone re-
duces inflammatory gene expression and affects epigenetic and telo-
mere pathways, but does not ameliorate the negative effects of PA on

Fig. 7. Proposed model for tibolone and palmitic acid effects on our astrocytic cell model. Estrogen receptor agonists and tibolone reduced cell death by
preserving mitochondrial membrane potential in PA cells. Our hypothesis is that these estrogenic compounds may attenuate gene expression (TERT, IL6, DNMT3B
and MIR155-5p) by possibly reducing NF-KB activation upon PA.
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astrocyte genes (Fig. 7).
High concentrations of PA induce several impairments in astrocytes;

for example, PA reduces cell viability, increases inflammatory signals
and affects glucose uptake and lactate release (Gupta et al., 2012; Patil
et al., 2007). Interestingly, a previous study has demonstrated that as-
trocytes from different brain areas react differentially to PA stimulation
(Oliveira et al., 2018). Moreover, PA upregulates BACE1 and amyloid
beta (Aβ) protein production in neurons, with a direct involvement of
astrocytes (Patil et al., 2007). Based on these previous findings, PA has
been implicated in many pathological states such as neurodegenerative
diseases (Hussain et al., 2013). Therapeutic strategies have been eval-
uated to reverse detrimental effects of PA in astrocyte cells, including
the activation of estrogen receptors by estradiol (Frago et al., 2017;
Morselli et al., 2014). Estradiol may reduce the expression of in-
flammatory markers and astrocyte activation via ERα (Morselli et al.,
2014), but failed to prevent cellular apoptosis in hypothalamic astro-
cytes (Frago et al., 2017). In contrast, in the present study, we found
that ERα agonist (PPT), ERβ agonist (DPN) and estradiol protected
T98G cells from the deleterious effects induced by PA on cell viability,
mitochondrial membrane potential and IL-6 cytokine expression
(Fig. 7). Overall, these results may suggest that therapeutic strategies
targeting estrogen receptors can be useful for neurological diseases.

Here, we found that ERβ is involved in the protective action of ti-
bolone on T98G cells exposed to PA (Fig. 4B). Although our results
show that activation of the ERα leads to a more efficacious response
than the activation of the ERβ, these differences did not reach sig-
nificance (Fig. 2C). These differences in response could be explained by
alterations in the pharmacodynamics of each estrogenic compound,
induced by changes in both receptor density and/or affinity
(Salahudeen and Nishtala, 2017). In addition, in contrast to other stu-
dies using animal models (Crespo-Castrillo et al., 2018) or cells exposed
to other stress conditions (Avila-Rodriguez et al., 2016), in the current
study, higher concentrations of tibolone, estradiol and estrogen re-
ceptor agonists were used. This is due to the fact that physiological
concentrations of these compounds did not have any effect on cell
viability or mitochondrial membrane potential in our experiments
(Gonzalez-Giraldo et al., 2017). Nevertheless, it is important to note
that previous studies have also found that pharmacological concentra-
tions (μM) of tibolone and estradiol have beneficial effects (Dodel et al.,
1999; Maran et al., 2006). Indeed, effects on the regulation of gene
expression by high concentrations of tibolone have been quite similar to
those exerted by physiological concentrations of estradiol (Maran et al.,
2006). Notably, the affinity of estrogenic compounds with estrogen
receptors can be affected by sulfation mechanisms, which have been
associated with the inactivation of estradiol (Falany and Falany, 1997)
and tibolone (Falany et al., 2004). Therefore, high concentrations could
be required to induce a response through ERs (Falany and Falany,
1997).

Here, although tibolone reduced the expression of inflammatory
genes such as IL6, IL1β, TLR4 and MIR155-3p, in the presence of PA
stimulation, it increased the expression of TNF gene. It should be noted
that TNF has pleiotropic effects in the CNS, therefore its increased ex-
pression does not always involve negative effects (Probert, 2015). In-
flammation is a process associated with several diseases, such as de-
pression (Wohleb et al., 2016), Alzheimer and Parkinson's diseases, and
stroke (Amor et al., 2014), whereby astrocytes play an important role
on the induction of pro- and anti-inflammatory signals (Sofroniew,
2015). On the other hand, the Glutamate-ammonia ligase (GLUL) and
APOE genes, that are involved in astrocyte functions, were affected by
tibolone pretreatment. In here, differing from other studies demon-
strating that ERs activation induced the expression of GLUL and APOE
(Blutstein et al., 2006; Stone et al., 1997), we observed a significant
reduction in the expression of these genes. These differences can be
explained by a tibolone's inability to induce the transcriptional activity
of ERs. Indeed, its effects can be explained by interaction with tran-
scription factors that work as repressors or by the induction of kinase-

activated transcription factors through activation of membrane re-
ceptors (ERα, ERβ and G protein-coupled ER (GPER) (Arevalo et al.,
2015). Nevertheless, it should be noted that activation of ERα and ERβ
induces a different effect on APOE expression (J. M. Wang, Irwin and
Brinton, 2006).

Telomeres are repetitive sequences in the end of chromosomes and
their main function is to preserve chromosome stability (Stewart et al.,
2012). Telomere maintenance is performed by telomerase and other
proteins conforming a shelterin complex, such as TERF1, TERF2 and
TIN2 (Martinez and Blasco, 2011). Telomerase is encoded by TERT and
TERC genes (Rebhan et al., 1997). As for TERT, several non-canonical
functions have been identified, including reduction of oxidative damage
and apoptosis in neurons (Gonzalez-Giraldo et al., 2016) and the reg-
ulation of gene expression (Martinez and Blasco, 2011), such as IL6 and
TNF (Ghosh et al., 2012). In the current study, it was observed an in-
crease of TERT and TERC expression induced by palmitic acid, which
was attenuated by tibolone pretreatment (Fig. S5). The promoter region
of TERT has binding sites for ERs, a mechanism by which ERα has been
associated to increased expression of TERT (Cha et al., 2008). Against
our initial hypothesis, we observed that stimulation of ERs with DPN,
PPT and tibolone reduced TERT expression in cells treated with PA.
This fact suggests that ER activation in our model might lead to in-
duction of other signaling mechanisms in T98G cells, which do not
involve a genomic action of ERs (Arevalo et al., 2015). It has been
demonstrated that TERT is induced by inflammatory stimuli via acti-
vation of NF-kB (Gizard et al., 2011); therefore, NF-kB inactivation
could lead to reduction of TERT expression (Zuo et al., 2011). None-
theless, as this is the first study reporting a regulation of TERT by a fatty
acid, further studies are necessary to address the role of telomerase
under PA stimulation.

We found that PA induced the overexpression of DNMT3B gene,
which is responsible for the de novo methylation, and its expression was
attenuated by treating cells with tibolone. Furthermore, we observed
that tibolone reduced the expression of DNMT1 in comparison to PA
only. DNA methylation is an important mechanism for the regulation of
astrocytic functions and it has been associated with molecular me-
chanism in diseases. Increased DNA methylation of some genes is in-
duced by stress and is reduced during astrocyte differentiation (Neal
and Richardson, 2018). Changes in methylation status for genes related
with glutamate ionotropic kainate receptors, actin-binding related
proteins, adhesion molecules at junctions and signal transduction have
been observed in astrocytic cells from patients with depression and
suicide behavior (Nagy et al., 2015). Indeed, analysis of DNA methy-
lation for pro-inflammatory cytokines has been performed in AD pa-
tients, whereby methylation status was inversely correlated to gene
expression for IL6 and IL1β (Nicolia et al., 2017). In addition, it has
been shown that PA induces changes on gene expression through DNA-
related methylation mechanisms (Su et al., 2015), suggesting that DNA
methylation may be involved in the detrimental effects of PA.

Bioinformatics analysis for genes encoding proteins (ESR1, IL6,
TERT, DNMT3B) showed that NF-kB is one of the transcription factors
that might be regulating their expression, especially for IL6, TERT and
DNMT3B genes. Previous studies have demonstrated that PA induces
NF-kB activation, thus increasing cytokine expression (Z. Wang, Liu,
Wang, Liu, Zhao, et al., 2012). For instance, NF-kB can be activated
through several cellular receptors such as toll like receptors (TLRs) and
CD36 (Rocha et al., 2016), which are involved in PA effects on astro-
cytes as well (Gupta et al., 2012). Conversely, NF-kB activation is at-
tenuated by tibolone and estradiol under stress conditions (Hidalgo-
Lanussa et al., 2018). NF-kB plays an important role on several me-
chanisms in the brain, such as inflammation, neuroprotection, myeli-
nation and synaptic function (Kaltschmidt and Kaltschmidt, 2009). This
transcription factor has been postulated as an important therapeutic
target, since it has been involved in several neurological diseases
(Camandola and Mattson, 2007; Koo et al., 2010).

In summary, our results suggest that i) protection against PA in
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T98G cells by tibolone is in part mediated through the activation of ERβ
and ii) tibolone has anti-inflammatory effects and can modulate path-
ways associated to DNA methylation and telomeric complex. However,
future studies are necessary to elucidate the role of epigenetic me-
chanisms and telomere-associated proteins on tibolone actions.
Altogether, it is hypothesized that, in T98G cells, estrogen receptor
agonists and tibolone reduced cell death by preserving mitochondrial
membrane potential in PA-treated cells. Moreover, these estrogenic
compounds might reverse the augmented expression of TERT, IL6,
DNMT3B and MIR155-5p upon PA by a possible inhibitory action on
NF-kB signaling (Fig. 7).
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Abstract  

Although it has been shown that telomerase has neuroprotective effects, mainly due to its 

non-canonical functions in neuronal cells, its role on glial cells is still unknown. There is 

growing evidence showing that telomerase plays an important role on inflammation, 

especially on the regulation of pro-inflammatory cytokine gene expression. The aim of this 

study was to evaluate the role of telomerase in an astrocyte cell model treated with palmitic 

acid (PA) and tibolone. Cell death, reactive oxygen species production and IL6 expression 

were evaluated under telomerase inhibition with the BIBR1532 compound in T98G cells 

treated with tibolone and PA, using fluorometry, flow cytometry, ELISA and qPCR. Our 

results showed that telomerase protein was increased by PA after 36 hours, alone or in 

combination with tibolone and that its activity was affected by PA. Telomerase inhibition 

reduced IL6 expression and it interfered with the protective effects of tibolone on cell death. 

Moreover, tibolone increased 707-Tyr phosphorylation in PA-treated cells.  In this study, we 

provide novel findings about the regulation of telomerase by PA and tibolone. Telomerase 

was involved in inflammation by PA and in protective effects by tibolone. Therefore, we 

conclude that telomerase could play a dual role in these cells.  

 

Keywords: Astrocytes; palmitic acid; tibolone; telomerase activity; TERT; telomere length; 

interleukin 6.  

 

Introduction  

Telomerase is a ribonucleoprotein involved in several cellular processes, with its main 

function being the maintenance of telomere length in dividing cells. However, non-canonical 

functions, such as reduction of reactive oxygen species (ROS) and cell death, mitochondrial 

DNA (mtDNA) protection and regulation of gene expression, have also been reported (1). 
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Telomerase is composed of two subunits: the telomerase reverse transcriptase catalytic 

subunit (TERT) and a telomerase RNA component (TERC). Human TERT and TERC genes 

are located in 5p15.33 and 3q26.2, respectively (2). Telomerase expression is modulated by 

different molecules, such as hormones (3) and inflammatory stimuli (e.g lipopolysaccharide, 

LPS) (4) through activation of several transcription factors (5). TERT is required by the 

nuclear factor kappa B (NF-kB) factor to increase the expression of cytokines, including 

interleukin 6 (IL-6) (6), tumor necrosis factor (TNF) and interleukin 1 beta (IL-1B) (7). The 

telomerase protein is regulated by post-translational modifications in order to be exported 

from the nucleus. For example, under conditions of oxidative stress, telomerase protein is 

translocated from the cell nucleus to the cytoplasm by means of a phosphorylation-dependent 

mechanism (8), being found in mitochondria (9) and possibly in the endoplasmic reticulum 

(10).  

 

Telomeres are repetitive sequences that cap the ends of the chromosome, in order to prevent 

genome instability and its associated consequences (senescence or apoptosis) (11). Reduction 

of telomere length is associated with Alzheimer’s disease (AD) (12) and other pathologies 

(13). Telomere shortening is triggered by the increase in oxidative stress (14) and 

inflammation, among other factors (15). Moreover, several clinical factors such as obesity 

and overweight, as well as a decline in estrogens, have also been associated with telomere 

length reduction in women (16-18). Interestingly, long-term hormone therapy (HT) is 

associated with a longer telomere length (19) and reduction of AD risk (20). Therefore, all 

the above factors can interact to increase the risk of developing neurodegenerative diseases 

(such as AD).  

 

196



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved. 

Obese people have high concentrations of fatty acids in serum, with palmitic acid (PA) being 

of particular interest (21). This saturated fatty acid is able to induce inflammation (22), 

oxidative stress and cell death (23) in in vitro models. However, the effect of saturated fatty 

acids on telomere length is unknown. We have previously observed that PA increases TERT 

and TERC gene expression and that this effect was reversed by tibolone pretreatment. 

Otherwise, tibolone alone induced a small increase in TERT expression (24). Tibolone is a 

synthetic steroid used as hormone replacement therapy by women in several European and 

Latin American countries (25). This hormone has anti-inflammatory effects (26) due to its 

ability to activate estrogen receptors (27).  

 

Telomerase protein, especially TERT subunit, is upregulated in different injuries to protect 

neurons against oxidative stress, excitotoxicity, among other injuries (28). However, in 

astrocytes, the role of TERT is still unknown. Some studies have found that TERT is 

increased in models of ischemic brain (29) and spinal cord injuries (30). Tao and 

collaborators showed that TERT expression was correlated with an increase in glial fibrillary 

acidic protein (GFAP) expression, suggesting that TERT could be involved in glial scar 

formation and that it could contribute to astrocyte activation (30). Nevertheless, another study 

showed that TERT overexpression reduced astrocyte proliferation in a model of hypoxia and 

glucose deprivation (31). Thus, TERT could be involved in both detrimental and protective 

mechanisms in astrocytes in the brain.  

 

Considering the canonical and non-canonical functions of telomerase, we have hypothesized 

that TERT is increased in cells treated with PA, in order to reduce its detrimental effects 

(such as cell death), or that it could be involved in the protective effects of tibolone. 

Therefore, we evaluated telomerase expression, protein activity and telomere length in cells 
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exposed to PA and tibolone. Furthermore, we inhibited telomerase function using a chemical 

compound and we measured cell death, ROS production, and IL6 expression, in order to 

understand the role of TERT in T98G cells under different stimuli.  T98G is a cell line 

derived from a human glioblastoma tumor, which has a normal stationary phase G1 arrest 

(32). This cell line has been used as a glial cell model in vitro (33-35), and expresses some 

astrocyte markers, such as GFAP (glial fibrillary acidic protein), nestin, and vimentin (36).  

 

Materials and methods  

Cell culture  

T98G cells (ATCC® CRL-1690™) (Manassas,VA, USA) were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) high glucose (Lonza, Walkersville, USA), supplemented 

with 10% fetal bovine serum (FBS) (Eurobio, France) and 10 U penicillin/10 mg 

streptomycin/25 ng amphotericin (Lonza, Walkersville, USA). Normal human astrocyte cells 

(NHA) (Lonza, Walkersville, USA) were grown in Astrocyte Basal Medium, supplemented 

with GA-1000, 1% recombinant human insulin, FBS, ascorbic acid solution, human 

epidermal growth factor (hEGF) and L-glutamine (Lonza, Walkersville, USA). Cells were 

kept in a humidified incubator at 37 °C and 5% CO2.  

 

Drug Treatments   

T98G and NHA cells were deprived from serum and other supplements for 24 hours using 

DMEM without phenol red and L-Glutamine (Lonza, Walkersville, USA). Then, tibolone 

treatment was performed for 24 hours before application of 1 mM PA. T98G cells were 

stimulated with 70 µM tibolone (Sigma, St Louis, MO, USA) and NHA cells with 20 µM and 

10 nM tibolone. Next, 1 mM PA (Sigma, St Louis, MO, USA) was added to cells for 24 

hours. Tibolone was dissolved in dimethyl sulfoxide (DMSO), and PA was dissolved in 2.5% 
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bovine serum albumin (BSA) and 2 mM Carnitine. Controls (DMSO and BSA) were added 

to cells at the final concentrations used in PA and tibolone treatments (37). BIRB1532 (Santa 

Cruz Biotechnology, Santa Cruz, Ca, USA), an inhibitor of telomerase, was added at 100 µM 

before treatment with 1 mM PA or with tibolone and PA, as previously described (38). This 

compound was also dissolved in DMSO. BIRB1532 induces an inhibition of telomerase 

activity by interacting with a motif involved in DNA binding (39). Moreover, it has been 

observed that this compound is able to reduce TERT gene and telomerase protein expression 

(40).  

 

Cell death and Reactive Oxygen Species production analysis  

Staining with propidium iodide (PI) (Santa Cruz Biotechnology, Santa Cruz, Ca, USA) was 

used at 10 µg/ml to evaluate cell death. Cells were stained for 15 minutes, as previously 

described (37). Dihydroethidium (DHE) and 2′,7′-Dichlorofluorescin diacetate (DCFDA) 

(Sigma, St Louis, MO, USA) were used to quantify superoxide and hydrogen peroxide levels, 

respectively. Both compounds were added to cells at a concentration of 10 µM for 25 

minutes. Fluorescence was detected using a FLUOstar Omega microplate reader (BMG 

LABTECH, Ortenberg, Germany) using the following parameters: PI and DHE (excitation 

530 nm/ emission 590 nm), DCFDA (excitation 485 nm/ emission 540 nm). Mean 

fluorescence is presented in arbitrary units (a.u.) for all experiments.  

 

Protein expression and phosphorylation analysis using flow cytometry 

Flow cytometry analysis was performed to determine changes in telomerase protein 

expression and phosphorylation status, due to the fact that it is a very efficient technique for 

analyzing protein expression that allows obtaining results that are similar to western blot (41). 

Briefly, once the treatments were finished, cells were harvested, fixed and permeabilized 
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using 75% ethanol for 30 minutes. After washing the cells with 2% BSA, an overnight 

incubation with the primary polyclonal antibody (Invitrogen, Carlsbad, Ca, USA) was carried 

out. Next, cells were washed again, and 30 minutes of blocking was performed before adding 

the secondary antibody (Invitrogen, Carlsbad, Ca, USA) for 1 hour. Finally, cells were 

washed again and resuspended in 2% BSA to quantify the fluorescence with a Guava 

EasyCyte cytometer (Millipore, MA, USA). Antibodies and dilutions used were the 

following: anti-TERT (Thermo Fisher Scientific, PA511446), 1:50; anti-Phospho-TERT 

(Tyr707) (Thermo Fisher Scientific, PA513048), 1:50; anti-Phospho-TERT (Ser227) 

(Thermo Fisher Scientific, PA538817), 1:100 and anti-rabbit IgG secondary antibody, 

Dylight 488 (Thermo Fisher Scientific, 35553), 1:400. Parameters for flow cytometry data 

acquisition were: forward and side scatter plots were used to identify intact cells from debris. 

Doublet discrimination was performed plotting the width against the area for forward scatter. 

The negative control corresponded to the incubation of cells with the secondary antibody 

only (without the primary antibody) and 5000 cells were acquired for each sample. Mean 

fluorescence intensity was calculated automatically from 5000 events using the Guava Suite 

Software (Millipore, MA, USA) and data were normalized in order to perform statistical 

analysis. An increment in the fluorescence intensity indicates an increase in TERT protein 

expression levels.  

 

Telomerase activity analysis  

We followed the instructions for the telomeric repeat amplification (TRAP) protocol 

published by Herbert et al (42). Total protein was extracted using the RIPA buffer (Thermo 

Fisher Scientific, Waltham, Ma, USA), which contained 10 mM sodium fluoride, 2.5 mM 

sodium pyrophosphate, 1 mM sodium orthovanadate and Thermo Scientific halt protease 

inhibitor cocktail 1X (Thermo Fisher Scientific, Waltham, Ma, USA). Proteins were 
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quantified by means of a BCA kit (Thermo Fisher Scientific, Waltham, Ma, USA) and 

normalized to 2 ng/µL for TRAP analysis. TRAP master mix consisted in 2X SensiFAST™ 

SYBR® No-ROX Master mix (Bioline, London, United Kingdom), 1 µM TS (AAT CCG 

TCG AGC AGA GTT) primer and 1 µM ACX (GCG CGG CTT ACC CTT ACC CTT ACC 

CTA ACC) primer, 2 ng of protein and water, for a total volume of 25 µL. An initial 

incubation was performed at 30°C for 30 min in the dark to allow the extension of the 

substrate by telomerase. Later, Real-Time PCR was realized on a CFX96 Touch Real-Time 

System (BioRad, Hercules, CA). The PCR program consisted of one cycle at 95°C for 2 min, 

40 cycles at 95°C for 15 sec and 60°C for 60 sec. Data analysis was performed based on the 

threshold cycle (Ct), as previous studies (43). All samples were run in duplicate and RIPA 

buffer was used as a negative control. Data are shown in percentage, where the value for the 

control sample was taken as 100% activity. 

 

Telomere length analysis  

Telomere length was analyzed following a previously used protocol (44) based on the qPCR 

method as previously described (45). Genomic DNA was extracted using the salting-out 

method (46). DNA was quantified with a Qubit dsDNA BR Assay and measured in a Qubit 

fluorometer (Invitrogen, Carlsbad, Ca, USA) and normalized to 10 ng/µL. The primers used 

were: TELG: ACA CTA AGG TTT GGG TTT GGG TTT GGG TTT GGG TTA GTG T and 

TELC: TGT TAG GTA TCC CTA TCC CTA TCC CTA TCC CTA TCC CTA ACA. 

Albumin (single-copy gene) primers were: ALBU: CGG CGG CGG GCG GCG CGG GCT 

GGG CGG AAA TGC TGC ACA GAA TCC TTG and ALBD: GCC CGG CCC GCC GCG 

CCC GTC CCG CCG GAA AAG CAT GGT CGC CTG TT (45). For PCR amplification, we 

used 7.5 µl of 2× SensiMix HRM (Bioline, London, UK), 20 ng of DNA, 0.8 µM of each 

primer and water, for a total volume of 15 µl. Real Time PCR was realized on a CFX96 
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Touch Real-Time System (BioRad, Hercules, CA) and Ct values were acquired and used for 

calculating the relative TL by means of the T/S ratio, as previously described (45). T 

corresponds to the Ct value for telomere signal at 74°C read and S corresponds to the Ct 

value for albumin signal at 88°C read (47). 

 

Gene expression analysis  

Total RNA isolation was performed with the Trizol reagent (Invitrogen, Carlsbad, CA, USA) 

and it was quantified by means of NanoDrop (Thermo Fisher Scientific, Waltham, MA, 

USA). M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, Ca, USA) and oligo (dt) 18 

(Bioline, London, United Kingdom) were used to generate cDNA from 400 ng of RNA. 

Quantitative PCR for gene expression analysis was performed using 2X SensiFAST™ 

SYBR® No-ROX Master mix (Bioline, London, United Kingdom), 400 nM of each primer 

(Forward and Reverse), 1 µl of cDNA and water, in a total volume of 10 µl, on a CFX96 

Touch Real-Time System (BioRad, Hercules, CA). PCR program consisted in: one cycle at 

95 °C for 2 min, 40 cycles at 95°C for 10 sec, 60°C for 10 sec and 72°C for 15 sec. Melting 

analysis was carried out to verify the primer specificity (48) and PCR efficiency was 

determined using LinRegPCR program (49). RPL27 gene was used as a normalization 

control, according to previous recommendations (50). Primer sequences were the following: 

for RPL27 gene, forward primer (ATC GCC AAG AGA TCA AAG ATA A) and reverse 

primer (TCT GAA GAC ATC CTT ATT GAC G); IL6 gene, forward primer (CCA CAC 

AGA CAG CCA CTC AC) and reverse primer (CCA GAT TGG AAG CAT CCA TC). All 

samples were run in triplicate. Data analysis was performed using the comparative CT 

method (2
-ΔΔCT

) (51). 
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IL6 secretion analysis  

To quantify interleukin 6, the IL-6 Human ELISA kit (Invitrogen, Carlsbad, Ca, USA) was 

used. Briefly, 50 µl of supernatant were obtained from a 24-well plate and then the assay was 

performed following the manufacturer´s instructions. Samples (which correspond to the 

triplicates from three independent experiments, n=9 for each treatment), and standards were 

measured in duplicate in the ELISA microplate, according to manufacturer´s instructions. 

Absorbance was measured in a FLUOstar Omega microplate reader (BMG LABTECH, 

Ortenberg, Germany) at 450 nm and a standard curve was used to calculate protein 

concentrations.  

 

Recombinant human IL6 protein treatment  

Once IL6 concentrations were determined, a treatment with a recombinant human IL6 protein 

(Thermo Fisher Scientific, Waltham, Ma, USA) was performed on T98G cells before 1 mM 

PA stimulation. Recombinant protein was reconstituted following manufacturer instructions 

at 100 µg/mL and different dilutions were done in DMEM medium.  

 

Statistical analysis  

All samples were analyzed in triplicate, for three independent experiments. Student's t, one-

way ANOVA and two-way ANOVA tests were calculated using the GraphPad Prism version 

6.0 for Windows (GraphPad Software, La Jolla, CA, USA). A post hoc analysis was 

performed using Tukey’s test. A P value < 0.05 was considered significant. In the figures, all 

data are presented as Mean ± SEM.  
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Results 

Telomerase protein expression, telomerase activity and telomere length analysis in 

T98G cell line 

In this study, we aimed to evaluate the role of TERT in cells treated with tibolone and PA. 

First, we analyzed protein expression, using flow cytometry, in cells treated with PA, 

tibolone plus PA and tibolone alone (Figure 1A, B and C). TERT protein expression was 

evaluated in T98G cells stimulated with tibolone only versus its vehicle (DMSO) for 24 hours 

(Figure 1D) and significant differences were not observed (t= 0.0118, df= 16, P= 0.91). 

Next, an analysis of two-way ANOVA was performed to evaluate the effect of time and 

treatment on TERT protein expression. Cells were treated for 24 hours with tibolone followed 

by 1 mM PA treatment for 12, 24, 36 and 48 hours. We observed an interaction between time 

and treatment (F (6.137) = 2.716, P= 0.02). The post hoc test indicated that there was an 

increase in protein expression at 36 hours in cells treated with PA, in comparison to 12 and 

24 hours (P= 0.002, P= 0.012, respectively). In cells treated with tibolone + PA, differences 

were observed between 12 and 36 hours (P= 0.0002), 12 and 48 hours (P= 0.0008), 24 and 36 

hours (P= 0.002), and 24 and 48 hours (P= 0.009) (Figure 1E). At 36 hours, differences were 

found between control and PA (P= 0.004), and control versus tibolone + PA (P= 0.003). 

However, at 48 hours, we only observed a significant difference between control and tibolone 

+ PA treatment (P= 0.007). A similar result was observed by an immunocytochemistry 

analysis at 48 hours after PA treatment (Figure S1).  

 

The canonical function of telomerase is to maintain telomere length. Therefore, telomerase 

activity and telomere length were analyzed in the current study. Cells were pretreated with 

tibolone following a 1 mM PA stimulus and then total protein was isolated and telomerase 

activity was assessed by a TRAP protocol. An ANOVA test (F (3.68) = 4.216, P= 0.008) 
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followed by a Tukey's multiple comparisons test determined that PA reduced the activity of 

telomerase in comparison to tibolone alone (P= 0.04); a significant difference was also 

observed between tibolone + PA and tibolone (P= 0.04) (Figure 2A), although the 

telomerase activity was lower in PA treatment in comparison to control, it was not 

statistically different. Telomere length was not affected by any treatment (Figure 2B).  

 

Effects of TERT inhibition using compound BIBR1532 on cell death and reactive 

oxygen species production   

TERT has non-canonical functions, such as reduction of reactive oxygen species and cell 

death by its translocation to mitochondria (52). Our hypothesis was that TERT is associated 

with the reduction of the detrimental effect induced by PA or that it could be involved in the 

protective effects of tibolone. To investigate the role of TERT in the current model, 

BIBR1532, a specific inhibitor of telomerase protein (38, 39), was used alone or in 

combination with tibolone and PA. PI uptake test showed that TERT inhibition interfered 

with the protective effect of tibolone against cell death induced by PA, but it did not have any 

effect on PA-treated cells (ANOVA test, F (6.98) = 36.02, P= <0.0001) (Figure 3A). Neither 

70 µM tibolone or 100 µM BIBR1532, alone or in combination, induced a cytotoxic effect on 

T98G cells (Figure S2). Quantification of superoxide (Figure 3B) did not show any effect 

produced by TERT inhibition, (F (5.78) = 1.927, P= 0.10). Quantification of hydrogen 

peroxide showed that PA and tibolone plus PA induce a reduction in its levels (P <0.0001), 

which were not affected by co-treatment with BIBR (Figure 3C). Comparison of BIBR alone 

with DMEM showed that it does not affect hydrogen peroxide levels (Figure 3C and S3).  
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Expression of IL6 gene and protein secretion under TERT inhibition and its effects on 

cells T98G under palmitic acid treatment  

As telomerase participates in the induction of cytokine expression, IL6 gene expression and 

protein secretion under telomerase inhibition were investigated. An ANOVA test showed that 

the TERT inhibition interferes with the IL6 gene expression (F (4.39) = 4.51, P= 0.004). A 

Tukey's multiple comparison test showed that a treatment with BIBR1532 prior to incubation 

with PA reduced IL6 gene expression, in comparison with cells treated with PA alone (P= 

0.017) (Figure 4A). Expression of IL6 was affected by BIBR1532 alone, in comparison with 

DMSO (Figure S4). An ANOVA test for IL6 secretion also showed an effect of TERT 

inhibition (F (4.40) = 218.6, P < 0.0001). Protein secretion was reduced by BIBR1532 

(TERT inhibitor) in comparison with PA and control (P <0.0001) and improved the effect of 

tibolone on IL6 secretion (P= 0.0006) (Figure 4B). Differences were not observed between 

control and PA, however, the increase in IL6 by PA could arise with longer incubation times 

(such as 24 hours), similar to the observed with TERT protein expression. These data suggest 

that telomerase is involved in the induction of IL6 expression by PA in T98G.  

 

The next step was to determine whether this cytokine is beneficial or detrimental for T98G 

cells treated with PA. We incubated cells with a recombinant IL6 protein at 58, 298 and 457 

pg/mL; these concentrations were similar to those determined by ELISA in cells treated with 

tibolone, PA and TERT inhibitor (BIBR1532). In addition, we tested a higher IL6 

concentration than those determined by ELISA (1000 pg/mL). IL6 was incubated for 24 

hours before a stimulation with 1 mM PA (pre-treatment), in co-treatment with 1 mM PA, 

and after 1 mM PA treatment (post-treatment). We only observed an effect by IL6 

pretreatment (F (5.65) = 29.00, P <0.0001). Co-treatment and post-treatment did not affect 

T98G cells, in comparison with PA cells (data not shown). We found that high concentrations 
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of IL6 did not increase cell death by PA, but IL6 pretreatment (at 58 pg/mL) protected cells 

against death induced by PA (P= 0.013) (Figure 4C). Moreover, we found that treatment 

with IL6 affected TERT expression (F = 4.459, P= 0.011). A post hoc analysis determined 

that a treatment with IL6 (at 58 pg/mL), in comparison with DMEM, resulted in an increase 

in TERT gene expression (P= 0.008) (Figure 4D). These data suggest that IL6 has a 

protective effect at low concentrations and, furthermore, it puts forward the possibility that a 

feedback between this cytokine and the telomerase could exist.  

 

Telomerase phosphorylation analysis  

Telomerase protein has several phosphorylation sites responsible for the modulation of its 

protein activity and its location in cytoplasm or nucleus. In the current study, we assessed the 

phosphorylation status of the following sites: tyrosine 707 (a signal required to translocate it 

from the nucleus to cytoplasm) and serine 227 (a signal required to locate it in the nucleus) 

(8, 53). This analysis was carried out using flow cytometry. An ANOVA test showed an 

effect of treatments on Tyr-707 phosphorylation (F (2.24) = 25.51, P <0.0001). It was 

observed that PA increased (by a 50%) the phosphorylation levels of the Tyr-707 site, in 

comparison with control (P= 0.001). This effect was improved by 90% upon tibolone 

pretreatment when compared with control values (90 %, P <0.0001) and by 40% in 

comparison with PA (P= 0.013) (Figure 5A, B). The phosphorylation levels of the Ser-227 

site were not affected by any treatment (F (2.30) = 0.085, P = 0.92) (Figure 6 A, B). 

Tibolone was able to induce phosphorylation in Tyr-707, in comparison with DMSO 

(t=3.913, df=16, P= 0.001) (Figure 5C, D). Tibolone alone did not induce phosphorylation of 

Ser-227 (t=0.1427, df=16, P= 0.89) (Figure 6 C, D). These data suggest that the 

phosphorylation of telomerase protein, which regulates its translocation to the cytoplasm, is 
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modified by tibolone, a mechanism that could be involved in the protective effects of this 

compound in T98G cells.  

 

Telomerase expression and Tyr-707 phosphorylation status analysis in normal human 

astrocytes  

In order to compare the effect of PA and tibolone on T98G cells and normal human 

astrocytes (NHA), we focused on assessing expression and phosphorylation levels (Tyr-707 

site) of the telomerase protein in NHA cells. Treatment with PA for 48 hours did not induce 

any change in telomerase protein expression in comparison with control or tibolone + PA (F 

(3.49) = 1.205, P= 0.32) (Figure 7A and B). Significant differences were not observed 

between tibolone versus DMSO (F (2.14) = 0.1391, P = 0.82) (Figure 7C and D). Tyr-707 

phosphorylation was affected in NHA cells (F (3.14) = 16.97, P < 0.0001). However, contrary 

to T98G cells, Tyr-707 phosphorylation was reduced by 22% upon PA, compared with 

control (P= 0.001). Tibolone pretreatment did not reverse this effect (Figure 8A and B), 

although it induced an increase of 27% in phosphorylation, in comparison with DMSO (F 

(2.15) = 11.46, P= 0.001), at a concentration of 10 nM (P= 0.001) (Figure 8C and D).  

 

Discussion  

Telomerase has several functions in different cell types, with its expression being higher in 

mitotic cells (e.g somatic cells) than in postmitotic cells (such as neurons). In this context, 

telomerase can protect cells from apoptosis by canonical and non-canonical functions (1). 

The telomerase activity (its canonical function) is regulated by several molecular 

mechanisms, for example, regulation of gene and protein expression, protein phosphorylation 

and interaction with other proteins (54).  
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Here, we found that PA induced a reduction in telomerase activity, but this effect was not 

reversed by tibolone pretreatment, in spite that cells treated with tibolone had a higher 

activity. However, significant differences were not observed between control and PA. There 

are no reports showing a reduction in telomerase activity caused by a saturated fatty acid. In 

contrast, telomerase activity has been affected by cis-unsaturated fatty acids in previous 

reports (55). We observed that protein expression of TERT after 24 hours of PA treatment 

was not affected. Notably, telomerase activity can be modulated independently of its gene or 

protein expression levels (56). Nevertheless, at 24 hours after PA stimulation, TERT gene 

expression increased (24) and the protein levels were found increased after 36 hours of PA 

treatment (Figure 1E). Such increase could arise as a compensatory mechanism due to the 

reduction in telomerase activity.  

 

As TERT protein has several non-canonical functions, its increase could attenuate the 

detrimental effects induced by PA on cell death. Taking this into account, we aimed to 

evaluate the role of TERT in T98G cells using a chemical compound (BIBR1532), which is 

known to inhibit telomerase protein through reduction of gene and protein expression (40). 

Our results suggest that telomerase was involved in the protection by tibolone against cell 

death induced by PA. Previously, it has been demonstrated that telomerase has anti-apoptotic 

actions due to the regulation of several genes, such as BAX/BCL2 (57) and Caspase-3 (58), 

and additionally by its translocation to mitochondria (59). Therefore, we hypothesize that 

tibolone can induce telomerase translocation from nucleus to mitochondria, reducing the cell 

death. This is supported in part by our analysis of phosphorylation. We found that tibolone 

alone or in combination with PA increased Tyr-707 phosphorylation in T98G cells. 

Phosphorylation of this residue in telomerase protein leads to its export from the nucleus to 

the cytoplasm (8). Although PA also induced an increase in Tyr-707 phosphorylation, TERT 
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inhibition did not increase cell death. These findings suggest that tibolone might induce 

activation of other pathways promoting interaction of TERT with other proteins, and 

therefore, reduce cell death. Previously, a study demonstrated that the anti-apoptotic function 

of TERT is regulated by its association with Akt and HSP90 proteins (60). Interestingly, 

another study demonstrated that activation of estrogen receptors was involved in the 

phosphorylation of TERT by estradiol and raloxifene, without an increase in protein or gene 

expression of TERT, a mechanism that could be associated with the protection by these 

compounds (61). 

 

As the study of molecular mechanisms in cell lines might have some limitations and their 

results should be interpreted accordingly, we aimed to extend our analysis of TERT protein 

expression and Tyr-707 phosphorylation to normal human astrocyte (NHA) cells (derived 

from fetal brain). These cells were treated under similar conditions to those of the T98G cell 

line. We found that, in contrast to T98G, PA reduced Tyr-707 phosphorylation in NHA cells, 

and although tibolone alone induced an increase in phosphorylation, the combination of PA 

with tibolone did not have any effect. These differences can be explained by the finding that 

PA did not trigger a strong effect on cell death in the NHA cells, therefore it is possible that 

mitochondrial integrity was not affected. On the other hand, tibolone also did not have any 

effects on PA actions (Figure S5). It should be noted that palmitic acid oxidation in fetal 

astrocytes is higher than in adult astrocytes (62). In this context, the assimilation of palmitic 

acid might be different between NHA and T98G (cells derived from the adult brain).  

 

 

210



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved. 

We previously observed that TERT and IL6 genes were regulated by PA and tibolone in a 

similar manner (24).  TERT is required for the induction of IL6 (6), IL1β and TNF genes by 

the NF-kB factor (7). Thus, we have hypothesized that TERT could be regulating IL6 

expression in our model. This hypothesis was corroborated with the results of the 

experiments of TERT inhibition in cells exposed to PA and tibolone. Similar to other studies, 

we demonstrated that IL6 gene levels and protein secretion were decreased by TERT 

inhibition in cells under an inflammatory stimulus (6, 7). Interestingly, we observed that 

TERT inhibition increased the reduction of IL6 secretion by tibolone. TERT regulates IL6 

expression by binding to a motif present in the IL6 gene DNA sequence (6). Our results 

support these findings, considering that BIBR1532 is an inhibitor that interacts with a motif 

located in the thumb domain, which regulates the binding of TERT to DNA or RNA by 

changes in its configuration (39).  

 

 IL6 is a cytokine with pleiotropic effects, which is involved in both pro- and anti-

inflammatory actions (63). In astrocyte cells, IL6 is increased to carry out different actions, 

and depending of the inducing factor, this will be beneficial or detrimental for the brain cells. 

For example, in an acute insult of traumatic brain injury it was observed that IL6 is 

neuroprotective (64), as well as in cells exposed to LPS (an inductor of inflammation) (65). 

In the current cell model, we have observed that lower concentrations of IL6 are beneficial 

for T98G exposed to PA, although higher concentrations did not increase cell death, assessed 

by a propidium iodide uptake test at 24 hours of treatment. These results suggest that cells 

under chronic exposition to PA might have a higher IL6 expression with possible detrimental 

effects, especially in other cell types like neurons (66). Nonetheless, detrimental effects of 

IL6 will depend on whether activation of trans-signaling pathways is induced (67). 

Additionally, we observed that IL6 induced an increase in TERT gene expression in T98G 
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cells. TERT can regulate IL6 expression and, in turn, IL6 can modulate TERT function 

(activity and expression) through NF-kB/STAT3 activation (68). Therefore, this result 

suggests that a feedback loop between TERT and IL6 could exist. However, future studies are 

needed to elucidate this hypothesis.  

 

We have evidenced that TERT participates in distinct cellular processes involved in the 

response to an injury with PA and to the exposure to estrogenic compounds. These results 

highlight the potential of targeting astrocytes for drug development in the context of the 

treatment of neurological diseases. Astrocytes play a crucial role in the brain because they 

regulate several processes associated with distinct cell types such as neurons, microglia and 

oligodendrocytes (69). On the other hand, activation of astrocytes is a defensive response to 

ameliorate acute stress in the brain, but a chronic astrocytic response is associated with 

diseases (70). During astrocyte activation, cytokines as IL6 are increased. In this regard, the 

elucidation of the mechanisms of the activation of astrocytes might provide insights about 

possible therapeutic targets. 

 

In conclusion, we show for the first time how PA and tibolone modulate telomerase protein 

expression and activity in an astrocytic cell model. Moreover, our results demonstrate that 

telomerase participates in distinct cellular processes under beneficial and detrimental 

conditions. Future studies are needed to define the specific roles of IL6 and TERT on 

astrocyte cell functions and their possible feedback under inflammatory stimuli.  
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Figure legends 

Figure 1. Analysis of TERT protein expression in T98G cells under PA and tibolone 

treatments. Cells were treated for 24 hours with 70 µM tibolone followed by 1 mM PA 

treatment for 12, 24, 36 and 48 hours. Then, flow cytometry analysis was carried out to 

determine changes in TERT protein expression levels. Representative plot of flow cytometry 

for (A) TERT protein expression in cells treated with DMSO and 70 µM tibolone. (B) A shift 

to the right of the curve (an increment in fluorescence intensity) indicated an increase in 

protein expression respect to the control (Green) in cells treated with PA at 36 hours, alone 

(Red) or with tibolone (Blue). (C) A similar effect was observed at 48 after PA treatment in 

cells pretreated with tibolone. (D) Mean fluorescence intensity was calculated automatically 

using the flow cytometry software for each sample from 5000 events acquired; data were 

normalized to perform the statistical analysis of cells treated for 24 hours with DMSO and 70 

µM tibolone alone. (E) Normalized data of mean fluorescence intensity of T98G cells treated 

for 24 hours with 70 µM tibolone followed by a treatment with 1 mM Palmitic acid for 12, 

24, 36 and 48 hours. For all experiments, the control sample consisted in 2.5 % BSA and 2 

mM carnitine. Bar graph represents Mean ± SEM of at least three independent experiments. 

Two-way ANOVA followed by Tukey's multiple comparisons test was used for statistical 

analysis. In the graph *** represents:  <0.001, **: <0.01 and *: <0.05. TIB: tibolone, PA: 

Palmitic acid.  

 

Figure 2. Telomerase activity and telomere length in T98G cells. Cells were treated for 24 

hours with 70 µM tibolone followed by 24 hours of 1 mM Palmitic acid stimuli, then, protein 

and DNA isolation was performed, and next Telomerase activity and Telomere length were 

measured by qPCR. (A) Telomerase activity analysis. (B) Telomere length measurement. Bar 

graph represents Mean and ± SEM of at least three independent experiments. A one-way 

ANOVA followed by Tukey's multiple comparisons test were used for statistical analysis. 

TIB: tibolone, PA: Palmitic acid. 

 

Figure 3. Effects of TERT inhibition on cell death and reactive oxygen species (ROS) 

production. T98G cells were treated with the BIBR1532 inhibitor for 24 hours alone or with 

tibolone before adding 1 mM PA. Mean fluorescence represented as arbitrary units (a.u.) for: 

(A) Iodide Propidium uptake test. (B) Superoxide ion production (DHE: Dihydroethidium). 

(C) Hydrogen peroxide production (DFCDA: 2′,7′-Dichlorofluorescin diacetate). For all 
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experiments, control sample consisted in 2.5 % BSA and 2mM carnitine. Bar graph 

represents Mean and ± SEM of at least three independent experiments. A one-way ANOVA 

followed by Tukey's multiple comparisons test was used for statistical analysis. **** 

represents <0.0001, *** <0.001 and ** < 0.01. TIB: tibolone, PA: Palmitic acid. 

 

Figure 4. Telomerase inhibition leads to a reduction of IL6, and its lower levels are 

beneficial for T98G cells and in turn increase TERT gene expression. T98G cells were 

treated with the BIBR1532 inhibitor for 24 hours alone or with tibolone before adding 1 mM 

PA. (A) Effects of TERT inhibition on IL6 gene expression and (B) IL-6 protein secretion. In 

this graph **** represents a P value <0.0001 in comparison to palmitic acid treatment. #### 

represents a P value <0.0001 in comparison to control. (C) Effect of recombinant IL6 on cell 

death assessed by PI uptake test. Cells were treated with several concentrations of IL6 for 24 

hours followed by 1 mM PA.  (D) TERT gene expression was evaluated in cells treated for 

24 hours with recombinant IL6. For all experiments, control sample consisted in 2.5 % BSA 

and 2mM carnitine. Bar graph represents Mean and ± SEM of at least three independent 

experiments. A one-way ANOVA followed by Tukey's multiple comparisons test was used 

for statistical analysis. TIB: tibolone, PA: Palmitic acid. 

 

Figure 5. Effects of palmitic acid and tibolone on TERT phosphorylation in Tyr-707 

residue in T98G cells. Cells were treated for 24 hours with 70 µM tibolone followed by 24 

hours of 1 mM Palmitic acid stimuli, then cells were fixed and incubated with antibodies for 

flow cytometry analysis. (A) Tyr-707 phosphorylation analysis in cells treated with tibolone 

and PA, and its (B) representative plot of flow cytometry data. (C) Phosphorylation status 

analysis for Tyr-707 in cells treated with DMSO and tibolone, and its (D) representative plots 

of flow cytometry data. For all experiments, control sample consisted in 2.5 % BSA and 

2mM carnitine. Bar graph represents Mean and ± SEM of at least three independent 

experiments. A one-way ANOVA followed by Tukey's multiple comparisons test was used 

for statistical analysis. TIB: tibolone, PA: Palmitic acid. 

 

Figure 6. Effects of palmitic acid and tibolone on TERT phosphorylation in Ser-227 

residue in T98G cells. Cells were treated for 24 hours with 70 µM tibolone followed by 24 

hours of 1 mM Palmitic acid stimuli, then cells were fixed and incubated with antibodies for 

flow cytometry analysis. (A) Ser-227 phosphorylation analysis in cells treated with tibolone 

and PA, and its (B) representative plot of flow cytometry data. (C) Phosphorylation status 
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analysis for Ser-227 in cells treated with DMSO and tibolone, and its (D) representative plots 

of flow cytometry data. For all experiments, control sample consisted in 2.5 % BSA and 

2mM carnitine. Bar graph represents Mean and ± SEM of at least three independent 

experiments. A one-way ANOVA followed by Tukey's multiple comparisons test was used 

for statistical analysis. TIB: tibolone, PA: Palmitic acid. 

 

Figure 7. Telomerase protein expression in normal human astrocytes exposed to 

palmitic acid and tibolone. Cells were treated with 20 µM and 10 nM Tibolone for 24 hours 

followed by 1 mM PA for 48 hours. Next, cells were fixed and incubated with the antibodies 

for flow cytometry analysis. (A) TERT protein expression in cells treated with tibolone (24 

hours) and palmitic acid (48 hours). (B) Representative plot of flow cytometry data for 

tibolone and PA. (C) TERT protein expression in cells treated with DMSO and tibolone, and 

its (D) representative plot of flow cytometry data. For all experiments, control sample 

consisted in 2.5 % BSA and 2mM carnitine. Bar graph represents Mean and ± SEM of at 

least three independent experiments. A one-way ANOVA followed by Tukey's multiple 

comparisons test was used for statistical analysis. TIB: tibolone, PA: Palmitic acid. 

 

Figure 8. Telomerase Tyr-707 phosphorylation status in normal human astrocytes 

exposed to palmitic acid and tibolone. Cells were treated with 20 µM and 10 nM Tibolone 

for 24 hours followed by 1 mM PA for 24 hours. Next, cells were fixed and incubated with 

the antibodies for flow cytometry analysis. (A) Tyr-707 phosphorylation analysis for tibolone 

(24 hours) and palmitic acid (24 hours) treatments, and its (B) representative plot of flow 

cytometry data. (C) Tyr-707 phosphorylation analysis for tibolone vs DMSO, and its (D) 

representative plot for flow cytometry data. For all experiments, control sample consisted in 

2.5 % BSA and 2mM carnitine. Bar graph represents Mean and ± SEM of at least three 

independent experiments. A one-way ANOVA followed by Tukey's multiple comparisons 

test was used for statistical analysis. TIB: tibolone, PA: Palmitic acid.  
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