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ARTICLE INFO ABSTRACT

Keywords: Traumatic brain injury (TBI) is a pathology of great social impact, affecting millions of people worldwide.
Traumatic brain injury Despite the scientific advances to improve the management of TBI in recent years, we still do not have a specific
Tib"lo“e . treatment that controls the inflammatory process after mechanical trauma. The discovery and implementation of
;Li‘::;;;?abomes new treatments is a long and expensive process, making the repurpose of approved drugs for other pathologies a

clinical interest. Tibolone is a drug in use for the treatment of symptoms associated with menopause and has been
shown to have a broad spectrum of actions by regulating estrogen, androgen and progesterone receptors, whose
activation exerts potent anti-inflammatory and antioxidant effects. In the present study, we aimed to investigate
the therapeutic potential of the tibolone metabolites 3a-Hydroxytibolone, 3p-Hydroxytibolone, and A4-Tibolone
as a possible therapy in TBI using network pharmacology and network topology analysis. Our results demon-
strate that the estrogenic component mediated by the a and p metabolites can regulate synaptic transmission and
cell metabolism, while the A metabolite may be involved in modulating the post-TBI inflammatory process. We
identified several molecular targets, including KDR, ESR2, AR, NR3C1, PPARD, and PPARA, which are known to
play critical roles in the pathogenesis of TBI. Tibolone metabolites were predicted to regulate the expression of
key genes involved in oxidative stress, inflammation, and apoptosis. Overall, the repurposing of tibolone as a
neuroprotective treatment for TBI holds promise for future clinical trials. However, further studies are needed to
confirm its efficacy and safety in TBI patients.

Network pharmacology

TBI cellular repair, associated with an imbalance of calcium flux and
oxidative stress after the initial trauma [5-8], leads to massive mito-

1. Introduction

Traumatic brain injury (TBI) is one of the leading causes of death
worldwide, being drug-drink-driving one of the main fatalities in
Ireland. Despite being a pathology that mainly affects young people,
children and people aged over 70 also have a high risk of suffering some
type of accident (i.e falls) that can affect brain structures by causing a
mechanical impact leading to the activation of various inflammatory
and oxidative pathways during the secondary injury. Furthermore, in
more chronic periods, TBI is also considered a risk factor for the
development of neurodegenerative pathologies, including Alzheimer’s
disease and other dementias [1-4].

The main hallmark of TBI is the activation of multiple inflammatory
pathways, which makes the implementation of more specific treatments
particularly complex and difficult to control or mitigate the secondary
damage. A high demand for energetic substrates (i.e. glucose) for post-
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chondrial dysfunction resulting in cell death not only of neurons but also
of astrocytes, which are cells that provide vital support to neurons in
pathological conditions.

Because of the trauma affecting various cerebral structures, hor-
monal dysregulation is often observed in patients within the first days of
the injury [9-11]. This significant reduction of hormones in the blood
and the brain (hypogonadism) is particularly critical for brain remod-
eling, as emerging evidence suggests the vast neuroreparative effects of
sex hormones [12], such as estrogens, androgens and progesterone. For
instance, animals treated with estradiol can release less
pro-inflammatory cytokines (i.e. TNF-a and IL-6) [13], whose increase is
more pronounced in the chronic period of the lesion [7,14]. Although
these hormones exert their actions by binding to their respective re-
ceptors, which are widely distributed in the brain, their therapeutic
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potential in TBI is still under-explored, especially considering their
inherent risks associated with long-term use.

Tibolone is a synthetic steroid that is currently used by post-
menopausal women to alleviate symptoms of osteoporosis and meno-
pause. Once metabolized to 3a-Hydroxytibolone, 3p-Hydroxytibolone,
and A4-Tibolone, it acts on estrogen (ER), androgen (AR), and proges-
terone (PGR) receptors. While the first two metabolites bind to the alpha
(ERa) and beta (ERp) estrogen receptors, the latter binds with the
androgen and progesterone receptors, making tibolone a multitarget
prodrug with a broad spectrum of anti-inflammatory actions that may
stimulate several neurotherapeutic pathways dependent on the activa-
tion of these receptors. In previous studies by our group, we demon-
strated that tibolone has protective properties in both astrocytes and
neurons, reducing oxidative stress and improving mitochondrial func-
tion after metabolic damage and lipotoxicity [15-24]. Using network
pharmacology we also previously showed that IL6 might be a pharma-
cological target of tibolone in TBI [17]. Since there is currently no cure
for the sequelae and motor consequences of TBI, future therapeutic
approaches must target multiple pathways to alleviate primary brain
injury and reduce secondary oxidative damage. The present study builds
up on a previous study from our group showing the molecular mecha-
nisms of tibolone in TBI [17]. In here, we used an in-depth topological
approach to investigate the benefits of using tibolone metabolites as a
possible multitarget therapy for TBI, which in the future could be
translated to clinical trials to repurpose this drug that can be adminis-
tered or included in treatment plans more efficiently and quickly.

2. Materials and methods
2.1. Lists of genes regulated by tibolone metabolites and TBI-related genes

As a first approach, we used gene databases that may have some
involvement in the pathology based on experimental and validated data.
The CTD database (Comparative Toxigenomics Database, accessed on 28
November 2022), publicly available at www.ctdbase.org, is integrated
with curated information on pathways and how they are influenced by
drugs in various pathologies. To retrieve TBI-related genes, we used the
keywords "traumatic brain injury” and "brain contusion" in humans
(Homo Sapiens). Out of a total of 2021 genes, 1626 were selected for TBI
and 395 for contusion.

Although CTD has a high reliability index, as it is based on experi-
mental data, it is still possible to have a certain level of false positive
ratio. To confirm and validate the previously obtained list, we used other
databases such as Open Targets Platform (https://platform.opentargets.
org), using the search terms "brain injury" and "brain concussion" we
obtained 1259 and 49 genes, respectively. Finally, we used OMIM
(https://www.omim.org, accessed on 28 November 2022) with 11
genes, and Malacards (1742 genes) using "traumatic brain injury" in
humans as keyword.

To retrieve the molecular targets of tibolone metabolites, we first
considered the SMILES (Simplified Molecular Input Line Entry System)
of each molecule obtained from PubMed (https://pubmed.ncbi.nlm.nih.
gov), 3a-Hydroxytibolone (a-tibo, PubChem CID 10087021), 3p-
Hydroxytibolone (p-tibo, PubChem CID 9839851), and A4-Tibolone
(A-tibo, PubChem CID 22814761) and searched for related genes using
Similarity Ensemble Approach (SEA, https://sea.bkslab.org/), Swis-
sprediction (http://www.swisstargetprediction.ch/?), TargetNet (htt
p://targetnet.scbdd.com/) and BindingDB (https://www.bindingdb.
org/bind/index.jsp). For a-tibo, SEA (4 genes), SwissPrediction (100
genes), Targetnet (618 genes), and BindingDB (4 genes) were obtained,
while for p-tibo, SEA (4), SwissPrediction (100), Targetnet (618), and
BindingDB (4) were obtained. For the A-tibo metabolite, SEA (16),
SwissPrediction (100), Targetnet (618), and BindingDB (10) were
obtained.
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2.2. Gene functional enrichment

The analysis of functional enrichment (GO — Gene Ontology) and
biological processes and pathways (KEGG - Kyoto Encyclopedia of
Genes and Genomes) [25] was performed using two servers. One of
them, Enrichr (https://maayanlab.cloud/Enrichr/enrich) [26] is one of
the classical tools for annotating gene classes to certain enriched func-
tional terms related to biological processes, cell compartment, and
molecular function. Additionally, we used ShinyGO (v.0.76, http://
bioinformatics.sdstate.edu/go) and KEGG to explore those high-level
GO terms and pathways in common between these web servers with
the aim of validating the results found in Enrichr.

2.3. Meta-analysis of clustered biological terms

For the genes in common across all lists (TBI, a-tibo, p-tibo, and
A-tibo), we performed a meta-analysis of enriched terms to determine
the integration of the most important and critical ones using Metascape
(version 3.5) [27]. This online server makes use of KEGG, Reactome [28]
among others, and automatically clusters enriched terms into groups
that are non-redundant, a similar approach used in DAVID [29]. The
results obtained are processed based on Kappa-test score [30], where the
enriched terms are computed and hierarchically classified into clusters
of similar terms with a 0.3 similarity threshold and with the most sig-
nificant p-value within each cluster. Finally, in this study, a functional
list of clustered genes was generated to identify the most significant
terms that may determine the impact of tibolone and its metabolites on
those genes related to TBI.

2.4. Protein-protein interaction (PPI) network

We created a PPI network in Cytoscape (version 3.9) [31] using the
final list of genes obtained from databases with the aim of identifying
those genes that are essential for network stability (hubs) and building
subclusters through Molecular Complex Detection (MCODE) [32] to find
closely connected components in the PPI network. Initially, we used the
STRING built-in plugin with a confidence cutoff of 0.4 and zero addi-
tional interactors, considering Homo sapiens as the organism. Being one
of the most reliable meta databases that integrates validated data and
predictions of gene/gene, protein/protein interactions, STRING associ-
ates the functionality of each element with its sub-localization in tissues
and cell types, thus being an important resource to determine at the
molecular level the impact of the network on a particular cellular
compartment.

To explore other parameters of PPI that allow us to identify cellular
hubs, we used Cytoscape built-in Network analysis tool, which provides
topological analyses such as degree (DG), betweenness (BS), and close-
ness centrality. In general terms, degree refers to the number of in-
teractions between different nodes and edges of the network, while
betweenness is defined as the flow of information through a particular
node in the network [33,34]. Therefore, nodes with high degree and
betweenness can be considered critical hubs in the PPI. Closeness cen-
trality (CS) refers to the distance of the flow of information between
these two nodes, and the smaller this distance, the better the interaction
[35]. To determine the hubs, we used MCODE in Cytoscape, which
generates a subcluster using several algorithms and identifies the seed (i.
e., the most critical node) and the clustered genes.

To further deepen the topological analysis of the network, we used
cytoHubba [36], another plugin in Cytoscape. This tool explores the
interactome and uses additional algorithms to MCODE as a tool to
validate important nodes. Among these algorithms, in the present study
we analyzed Maximal Clique Centrality (MCC), Maximum Neighbor-
hood Component (MNC), clustering coefficient (CC), Density of
Maximum Neighborhood Component (DMNC).


http://www.ctdbase.org
https://platform.opentargets.org
https://platform.opentargets.org
https://www.omim.org
https://pubmed.ncbi.nlm.nih.gov
https://pubmed.ncbi.nlm.nih.gov
pmid:10087021
pmid:22814761
https://sea.bkslab.org/
http://www.swisstargetprediction.ch/?
http://targetnet.scbdd.com/
http://targetnet.scbdd.com/
https://www.bindingdb.org/bind/index.jsp
https://www.bindingdb.org/bind/index.jsp
https://maayanlab.cloud/Enrichr/enrich
http://bioinformatics.sdstate.edu/go
http://bioinformatics.sdstate.edu/go

G.E. Barreto et al.
2.5. Statistical analysis

Graphpad (version 9.0) was used for statistical analysis and graphing
data. Pearson’s Correlation was assessed to elucidate the association
between DG, BS, CS DMNC, MNC, and MCC. For all correlations, the
coefficient of determination (Rz) and p-value were included.

3. Results
3.1. Enriched terms in TBI pathology

One of the most immediate consequences produced by the mechan-
ical damage caused by trauma is persistent inflammation that begins in
the acute phase and persists into the chronic phase, causing massive
death not only of neurons but also of astrocytes and microglia. To better
understand and investigate the molecular signature underlying TBI pa-
thology, and how tibolone and its metabolites can regulate the genes
involved in cell death caused by TBI, a Venn diagram was generated to
identify those genes that are shared in at least two lists, with a total of
860 genes appearing to be related to TBI and were therefore used for
further analysis. Using same approach, 120 genes for a-tibo, 121 for
B-tibo, and 111 for A-tibo had been found shared in at least two lists
(Suppl Fig. 1A-D).

We crossed the final lists of genes that actively participate in the TBI
pathophysiological mechanism, and those that are experimentally vali-
dated to be modulated by a-tibo, p-tibo, and A-tibo (Fig. 1A and
Table 1). The Venn diagram shows that 804 proteins are unique to TBI,
while 2 are unique to a-tibo, 2 to f-tibo, and 32 to A-tibo lists.

Next, we characterized the biological processes in which these 804
unique proteins may participate in the pathology. We hierarchized the
enriched terms according to the Odds ratio, which helps quantify the

C
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strength of the association between all genes and categorized GO terms.
Odds ratio greater than 1 indicates a strong positive association. Our
results show that out of a total of 4585 enriched terms (Fig. 1B), the top
10 include regulation of macrophage proliferation [(GO:0120040),
-log10(p-value) = 5.25], response to lipoteichoic acid [(GO:0070391),
-log10(p-value) = 5.25], positive regulation of interleukin-23 produc-
tion [(GO:0032747), -loglO(p-value) = 6.44], terpenoid metabolic
process [(GO:0006721), -log10(p-value) = 6.44], positive regulation of
glial cell migration [(GO:1903977), -log10(p-value) = 7.65], regulation
of interleukin-23 production [(GO:0032667), -log10(p-value);= 8.86],
peptidyl-cysteine S-nitrosylation [(GO:0018119), -loglO(p-value) =
5.94], regulation of hippocampal neuron apoptotic process
[(GO:0110089), -log10(p-value) = 5.94], positive regulation of micro-
glial cell migration [(GO:1904141), -log10(p-value) = 7.21], and regu-
lation of microglial cell migration [(GO:1904139), -log10(p-value) =
8.471.

To confirm and validate the previous results, we used other data-
bases such as ShinyGO and KEGG to examine those enriched terms that
describe the biological processes carried out by those 804 proteins in the
TBI list. Within the enriched biological processes hierarchized according
to the False Discovery Rate (FDR), response to oxygen-containing
compound [-loglO(FDR) = 171.54], regulation of cell death [-logl0
(FDR) = 164.47], regulation of programmed cell death [-log10(FDR) =
151.591, and apoptotic processes (-log10(FDR) = 149.38) make the top
regulated categories (Fig. 1C). Similar to enriched terms in Fig. 1B-C,
KEGG enrichment results confirm apoptosis [-logl0(FDR) = 48.41],
inflammatory signaling involving TNF pathways [-logl0(FDR) =
47.34], cytokine and interleukins, in particular IL17 [-logl0(FDR) =
41.23], and survival MAPK-PI3K-Akt pathways [-log10(FDR) = 54.44]
within the top 10 terms (Fig. 1D).

The analysis of the top 10 enriched terms (Fig. 1B) reveals the
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Fig. 1. Analysis of biological processes in Traumatic Brain Injury (TBI) that are molecularly regulated by tibolone metabolites. A Venn diagram is presented,
depicting the genes that are present in each list, as well as the intersection between them (A). Enrichr results are also presented, showing the enriched terms, with the
top 10 indicated in red according to the Odds Ratio (B). Functional enrichment using Gene Ontology (GO) (C) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
(D) are shown, presenting the top enriched terms based on the number of genes and fold enrichment.
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Table 1
Top biological enriched terms and genes correlated to TBI pathology.
Enriched terms Log10 Odds ratio Genes
regulation of macrophage 5.258905656  111.9239766  CSF1R;IL33;
proliferation MAPK1;PTK2;
(G0:0120040) MAPK3
response to lipoteichoic 5.258905656  111.9239766  LBP;CD14;
acid (G0:0070391) MAPK14;RELA;
TLR2
positive regulation of 6.441370134 134.4660422 CSF2;IFNG;
interleukin-23 CLEC7A;MYDS8S;
production IL17A;IL17RA
(G0:0032747)
terpenoid metabolic 6.441370134 134.4660422 CYP2C9;CYP2D6;
process (GO:0006721) CYP1A2;CYP2E];
CYP3A4;FDFT1
positive regulation of glial ~ 7.657483307  157.0609613  P2RY12;P2RX4;
cell migration CSF1;CCL3;
(G0:1903977) TREM2;CX3CL1;
CCR2
regulation of interleukin- 8.86956964 179.7089202 CSF2;IENG;
23 production CLEC7A;RAC1;
(G0:0032667) TLR4;MYD88;
IL17A;IL17RA
peptidyl-cysteine S- 5.949997762 95,700 NOS2;NOS1;
nitrosylation S100A9;GAPDH;
(G0:0018119) S100A8
regulation of hippocampal ~ 5.949997762 95,700 CX3CR1;TYROBP;
neuron apoptotic ITGAM;TREM2;
process (GO:0110089) CX3CL1
positive regulation of 7.212642176 114,840 P2RY12;P2RX4;
microglial cell CSF1;CCL3;
migration TREM2;CX3CL1
(G0:1904141)
regulation of microglial 8.47216498 133,980 P2RY12;CX3CR1;

P2RX4;CSF1;CCL3;
TREM2;CX3CL1

cell migration
(G0O:1904139)

presence of several common proteins that are known to participate in
post-TBI inflammation. These proteins include transcription factors
RELA Proto-Oncogene, NF-KB Subunit (RELA), cytokines C-C Motif
Chemokine Ligand 3 (CCL3), C-X3-C Motif Chemokine Ligand 1
(CX3CL1) and C-C Motif Chemokine Receptor 2 (CCR2), interleukins
Interleukin 17A (IL17A) and interleukin 17 Receptor A (IL17RA), re-
ceptors Triggering Receptor Expressed On Myeloid Cells 2 (TREM2),
Toll Like Receptor 4 (TLR4) and Toll Like Receptor 2 (TLR2), and cell
survival pathways such as Mitogen-Activated Protein Kinase 1 (MAPK1)
and 14 (MAPK14) (Table 1).

3.2. Estrogenic regulatory mechanisms of TBI pathology

Hypogonadism is a common feature in TBI patients [9-11], with
some studies showing that it can be a key factor in increasing inflam-
mation and cell death [37]. The stimulation of pathways regulated by
estrogen receptors has a broad neuroprotective spectrum in various
central nervous system pathologies (for full review please see [12,38,
39]), including TBI [7]. In the present study, we focused on tibolone, a
drug used to alleviate symptoms associated with menopause and which
has been shown by our group to have extensive anti-inflammatory and
antioxidant properties [15,40], as a candidate for drug repurposing in
TBI. On the other hand, although tibolone protects neurons and reduces
astrocyte activation by alleviating inflammation after TBI in mice [41],
it is still unknown which of its metabolites, «, p, or A, may exert such
protective effects on this pathology.

Regarding the shared genes in a-p-tibo/TBI lists, the top 10 enriched
terms (Fig. 2A) include negative regulation of voltage-gated calcium
channel activity [(GO:1901386), -loglO(p-value) = 5.61], negative
regulation of cytosolic calcium ion concentration [(GO:0051481),
-log10(p-value) = 3.82], monoterpenoid metabolic process
[(GO:0016098), -loglO(p-value) = 3.82], response to cocaine
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[(GO:0042220), -loglO(p-value) =3.97], response to morphine
[(GO:0043278), -loglO(p-value) = 3.97], response to alkaloid
[(GO:0043279), -logl0(p-value) = 5.98], phospholipase C-activating
dopamine receptor signaling pathway [(GO:0060158), -logl0(p-val-
ue) = 5.98], prepulse inhibition [(GO:0060134), -loglO(p-value) =
6.13], regulation of dopamine uptake involved in synaptic transmission
[(GO:0051584), -logl0(p-value) = 8.20] and regulation of catechol-
amine uptake involved in synaptic transmission [(GO:0051940), -log10
(p-value) = 6.40].

The results of ShinyGO analysis (Fig. 2B) validate trans-synaptic
signaling as top regulated enriched term (-loglO0(FDR) = 16.72), fol-
lowed by synaptic transmission [-logl0(FDR) = 16.68], chemical syn-
aptic transmissions synaptic signaling [-logl0(FDR) = 15.43], and
anterograde trans-synaptic transmission [-log10(FDR) = 15.43]. Similar
findings were obtained when submitting the 20 shared proteins to the
KEGG database (Fig. 2C), with neuroactive ligand-receptor interaction
as the top enriched term [-loglO(FDR) = 18.95], followed by cAMP
signaling [-loglO(FDR) = 7.62], calcium signaling [-logl10(FDR) =
7.52], dopaminergic synapse [-log10(FDR) = 5.66] amongst others. The
comparison of the three databases suggests that the estrogenic metab-
olites of tibolone strongly influence the synaptic component, particu-
larly dopaminergic signaling. DRD1, DRD2, DRD3, and DRD4 dopamine
receptors are the most highly regulated proteins by these metabolites in
the terms (Table 2) and are also implicated in TBI.

3.3. Androgenic and progestogenic modulation of TBI pathology

In addition to exerting estrogenic activity, A-tibo can activate
signaling mediated by androgen and progesterone receptors [42-45]. To
determine the differences in the regulation of protective pathways
mediated by these receptors in TBI, we focused on examining which
biological processes are regulated by A-tibo that can explain, at a mo-
lecular level, the broad neuroprotection mediated by these receptors
[46-49]. Of the 661 biological processes regulated by A-tibo in TBI, the
top 10 (Fig. 3A) are comprised of prostaglandin transport
[(GO:0015732), -log10(p-value) = 1.70], regulation of vascular wound
healing [(GO:0061043), -log10(p-value) = 3.22], negative regulation of
gene silencing by miRNA [(GO:0060965), -loglO(p-value) = 4.83],
negative regulation of catecholamine secretion [(GO:0033604), -log10
(p-value) = 3.30], regulation of norepinephrine  secretion
[(GO:0014061), -logl0(p-value) = 3.30], positive regulation of fever
generation [(GO:0031622), -loglO(p-value) = 3.40], regulation of
epinephrine secretion [(GO:0014060), -log10(p-value) = 3.40], recep-
tor transactivation [(GO:0035624), -logl0(p-value) = 3.50], positive
regulation of heat generation [(GO:0031652), -log10(p-value) = 3.50],
and regulation of fever generation [(GO:0031620), -log10(p-value) =
3.50].

To confirm the results above, ShinyGO’s enrichment depicts,
amongst others, inflammatory response [-loglO(FDR) = 3.46] and
cytokine-mediated signaling pathway [-log10(FDR) = 3.46] within the
top 10 biological enriched terms (Fig. 3B). Similarly, according to KEGG
results IL-17 signaling pathway [-loglO(FDR) = 4.22] is the top
enriched category, in addition to other similar pathways such as TNF-
signaling pathway [-loglO(FDR) =2.83] (Fig. 3C), prostaglandin
transport is included in the top 10 of the 661 biological processes
regulated by A-tibo in TBI (Fig. 3A).

When analyzing which genes appear most frequently in all categories
within the top 10, prostaglandin-Endoperoxide Synthase 2 (PTGS2),
Tumor Necrosis Factor (TNF), Adrenoceptors Alpha 2A (ADRA2A) and C
(ADRA2C) have the strongest evidence and involvement in inflamma-
tion (Table 3).

3.4. Combined effects in TBI

One of the main hypotheses is that tibolone is a multi-target prodrug
with a broad effect in TBI due to the multiple regulatory effects of its
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Fig. 2. Mechanisms of cellular function regulation by a-tibo and p-tibo in Traumatic Brain Injury (TBI). Enrichr database was used to determine the top 10 enriched
terms according to the Odds Ratio, with the results presented in red (B). Functional enrichment using Gene Ontology (GO) (B) and KEGG (C) was performed to

determine the top 10 enriched terms based on the False Discovery Ratio (FDR).

Table 2
Top biological enriched terms and genes predicted to be modulated by a- and
p-tibo in TBI pathology.

Enriched terms Log10 Odds ratio Genes

negative regulation of voltage- 5.61056893 503.5210084  DRD2;
gated calcium channel activity DRD3;DRD4
(G0:1901386)

negative regulation of cytosolic 3.821296203  554.8888889  DRD2;DRD3
calcium ion concentration
(G0O:0051481)

monoterpenoid metabolic 3.821296203  554.8888889  CYP2C9;
process (GO:0016098) CYP2D6

response to cocaine 3.971321442 739.8888889 DRD2;DRD3
(G0:0042220)

response to morphine 3.971321442 739.8888889 DRD2;DRD3
(GO:0043278)

response to alkaloid 5.987251797  881.2941176  TRPVI;
(GO:0043279) DRD2;DRD3

phospholipase C-activating 5.987251797  881.2941176  DRDI;
dopamine receptor signaling DRD2;DRD3

pathway (GO:0060158)

prepulse inhibition 6.139840289 1175.117647 DRDI;
(G0O:0060134) DRD2;DRD3
regulation of dopamine uptake 8.206237351  1248.5 DRD1;

involved in synaptic DRD2;

transmission (GO:0051584) DRD3;DRD4
regulation of catecholamine 6.405836404  1762.764706  DRD1;
uptake involved in synaptic DRD2;DRD3

transmission (GO:0051940)

active metabolites. To investigate this, we selected those genes that are
shared between the a-tibo, p-tibo, and A-tibo lists associated with TBIL. A
total of 16 genes (Fig. 1A) that are modulated by estrogen, androgen and
progesterone receptors and that may have a role in the pathology were

found, including Peroxisome Proliferator Activated Receptor Delta
(PPARD), 3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGCR), Ki-
nase Insert Domain Receptor (KDR), Solute Carrier Family 6 Member 4
(SLC6A4), Peroxisome Proliferator Activated Receptor Alpha (PPARA),
Butyrylcholinesterase (BCHE), Tachykinin Receptor 1 (TACR1), Pro-
gesterone receptor (PGR), Nuclear Receptor Subfamily 3 Group C
Member 1 (NR3C1), Opioid Receptor Mu 1 (OPRM1), Janus Kinase 2
(JAK2), estrogen receptor alpha (ESR1), androgen receptor (AR), es-
trogen receptor beta (ESR2), and Cytochrome P450 Family 3 Subfamily
A Member 4 (CYP3A4) and Family 19 Subfamily A Member 1
(CYP19A1).

The GO enrichment for biological processes indicate the top 10
enriched categories, which include positive regulation of mitochondrial
depolarization [(GO:0051901), -loglO(p-value) =1.63], negative
regulation of response to food [(GO:0032096), -log10(p-value) = 1.63],
serotonin transport [(GO:0006837), -log10(p-value) = 1.63], serotonin
uptake [(GO:0051610), -logl0(p-value) = 1.63], regulation of growth
hormone receptor signaling pathway [(GO:0060398), -logl0(p-val-
ue) = 1.63], cellular response to testosterone stimulus [(GO:0071394),
-log10(p-value) = 1.63], regulation of integrin biosynthetic process
[(GO:0045113), -logl0(p-value) = 1.63], vascular endothelial growth
factor receptor-2 signaling pathway [(GO:0036324), -log10(p-value) =
1.63], negative regulation of cholesterol storage [(GO:0010887), -log10
(p-value) = 2.97], and steroid hormone mediated signaling pathway
[(GO:0043401), -log10(p-value) = 9.63] (Fig. 4A and Table 4).

Using Metascape, enriched terms across the four shared lists pre-
dominantly depict steroid signaling and metabolic processes, particu-
larly how tibolone metabolites may regulate different cellular processes
related to cell growth, apoptosis, development, and cellular metabolism
(Fig. 4B). To understand the relationship between these terms, a subset
of them was generated and shown in the form of a network (Fig. 4C),
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Fig. 3. Androgenic and progestogenic regulation by A-tibo in TBI. Characterization of the enriched biological processes performed using Enrichr (A), followed by GO
(B) and KEGG (C). The red points highlighted in A represent the processes with a high Odds Ratio value.

Table 3
Top biological enriched terms and genes predicted to be modulated by A-tibo in
TBI pathology.

Enriched terms Logl0 Odds ratio Genes

prostaglandin transport 1.707446808  312.171875 NOS2
(G0:0015732)

regulation of vascular wound
healing (GO:0061043)

negative regulation of gene

3.223656975  443.9333333  ALOXS;TNF

4.830816627  475.5714286  TERT;

silencing by miRNA PPARG;TNF
(GO:0060965)

negative regulation of 3.304914125  532.7466667  ADRA2C;
catecholamine secretion ADRA2A
(GO:0033604)

regulation of norepinephrine 3.304914125  532.7466667  ADRA2C;
secretion (GO:0014061) ADRA2A

positive regulation of fever 3.402521847  665.9666667  PTGS2;TNF
generation (G0:0031622)

regulation of epinephrine 3.402521847  665.9666667  ADRA2C;
secretion (GO:0014060) ADRA2A

receptor transactivation 3.505882556 888 ADRA2C;
(GO:0035624) ADRA2A

positive regulation of heat 3.505882556 888 PTGS2;TNF
generation (G0:0031652)

regulation of fever generation 3.505882556 888 PTGS2;TNF

(G0:0031620)

where those with a similarity were prioritized and connected by edges.
The terms with the best p-values were selected, with the restriction that
there are no more than 15 terms per cluster and no more than 250 terms
in general. Each node in this network represents an enriched term and is
colored according to the ID of its respective cluster.

Based on the interaction network of the 16 shared proteins (Fig. 5A),
MCODE analysis revealed that PPARA is the seed with a score of 7
(consisting of 7 nodes, 36 edges, and an average clustering coefficient of

0.664) and plays a critical role in maintaining homeostasis within the
network (Fig. 5B and Table 5). Further analysis of the biological pro-
cesses and molecular functions carried out by this subcluster revealed
that DNA transcription [-log10(FDR) = 10.73] as well as steroid [-log10
(FDR) = 11.70] and lipid signaling [-log10(FDR) = 8.74] are within the
top regulatory terms (Fig. 5C-D), whose cellular compartments where
they occur are in the chromatin [-log10(FDR) = 7.35], in the chromo-
somes [-logl0(FDR) = 6.52], and mitochondria [-logl0(FDR) = 1.33]
(Fig. 5E).

To elucidate which other transcription factors may be involved in
mediating the biological processes regulated by tibolone, we utilized
TRRUST, a database that identifies TF-target regulatory relationships.
As shown in Fig. 5F, RELA (-loglO(FDR) = 4.69) and Jun (-logl0
(FDR) = 5.37) are the top two regulators in terms of the number of genes
they target. PGR, PPARD, AR, and PPARA are among their main co-
transcriptional targets.

Finally, using Cytohubba, we determined the number of times that
the genes shown in Fig. 5A appear among the top 10 parameters such as
degree, betweenness, closeness, DMNC, MCC, and MNC (Fig. 6A). These
results show that KDR, ESR2, AR, NR3C1, PPARD, and PPARA are the
most important genes within the network. To confirm this, we per-
formed a correlation analysis between these different parameters. The
coefficient of determination for the relationship between betweenness
and degree is found to be low ®R? = 0.3155, p-value = 0.0236) as
depicted in Fig. 5B. However, a markedly higher R? value of 0.8161 is
observed when predicting the interaction between degree and closeness
(p-value < 0.0001, Fig. 5C). Similarly, Fig. 5D shows a weak correlation
between degree and DMNC with an R? value of 0.3821, whereas a
stronger correlation is observed between degree and MCC with an R?
value of 0.7775 as depicted in Fig. 5E.
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Fig. 4. Modulation of biological processes by the a, , or A metabolites of tibolone in TBI. Enrichr (A) was used to explore highly enriched terms and ranked them
according to the Odds Ratio, highlighting the top 10 in red. Using Metascape, the 16 genes common to all lists was submitted, and the top terms are shown in (B). To
explore how these functional terms are interrelated, a PPI network was created with the aim of identifying highly connected terms that could be considered essential

biological networks (C).

Table 4
Top biological enriched terms and genes shared in a-tibo, B-tibo, and A-tibo lists
with potential involvement in TBI pathology.

Enriched terms Logl0 Odds ratio Genes

positive regulation of 1.630515016 333 KDR
mitochondrial depolarization

(G0:0051901)

negative regulation of response 1.630515016 333 PPARA
to food (GO:0032096)

serotonin transport 1.630515016 333 SLC6A4
(G0:0006837)

serotonin uptake (GO:0051610) 1.630515016 333 SLC6A4

regulation of growth hormone 1.630515016 333 JAK2
receptor signaling pathway
(G0:0060398)

cellular response to testosterone 1.630515016 333 AR
stimulus (GO:0071394)

regulation of integrin 1.630515016 333 AR
biosynthetic process
(G0:0045113)

vascular endothelial growth 1.630515016 333 KDR
factor receptor-2 signaling
pathway (GO:0036324)

negative regulation of 2.97826772 356.7142857  PPARA;
cholesterol storage PPARD
(G0:0010887)

steroid hormone mediated 9.638898978 907.9090909 AR;PGR;
signaling pathway NR3C1;
(G0O:0043401) ESR1;ESR2

4. Discussion

The outcomes of the present study serve to complement our prior
findings [17] that exclusively examined the effects of tibolone in the TBI
model. The current results provide significant support to our previous
findings by predicting the actions of specific tibolone metabolites in
modulating various physiological processes, such as metabolism,
inflammation, and synaptic mechanisms. Additionally, we conducted a
more comprehensive and rigorous topological analysis of the networks,
which enhances the understanding of the underlying mechanisms of
tibolone.

4.1. a-tibo and p-tibo may modulate synaptic transmission while A-tibo
inflammation post-TBI

One of the main questions of the present study was to elucidate
which of the tibolone metabolites, a, p, or A, can regulate survival and
cellular viability pathways upon TBI. Given that tibolone exerts its ef-
fects through estrogen, androgen, and progestogen receptors, we
explored how each one, separately and together, can or may have an
effect on inflammatory pathways modulated by TBI.

The o-tibo and f-tibo metabolites of tibolone appear to be involved in
synaptic regulation and dopaminergic transmission, which play a
fundamental role in inflammatory mechanisms after TBI (Fig. 2 and
Table 2). It is widely known that estrogen receptors regulate several
inflammation-related pathways and exert much of their protective ef-
fects on them in TBI (for a full review, please see [7,12,38]). What is not
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Fig. 5. Interaction network of genes in common between TBI and tibolone metabolites. A total of 16 genes were analyzed using Cytoscape to create a network, with
the aim of identifying those with a high number of interactions, which can be considered biological hubs, showing ESR1 as a potential cellular node (A). MCODE
analysis results show PPARA as the seed in the network (B). These proteins were then submitted to the ShinyGO server to determine the highly enriched biological
processes (C), molecular function (D), and cell compartment (E) terms according to the FDR value. Lastly, the TRRUST database was used to explore other tran-

scription factors that may be involved in regulating these biological networks (F).

yet clear is whether, similarly to the endogenous ligand, estradiol,
tibolone via its estrogen metabolites may exert this same function by
activating both the ERa and ER. As seen in Fig. 5, the cellular hubs are
ESR2, ESR1, and KDR, suggesting an almost direct joint action of tibo-
lone metabolites on both receptors and VEGF signaling (KDR), as
possible neuroprotective mechanisms in TBI. Although much of the es-
trogenic actions of tibolone are mediated by the ERp [12,20,21], with
some studies showing an effect mediated by ERa [50], there is still no
clear mechanism of tibolone on VEGF in the brain. For example, it has
been reported that either tibolone or a-tibo and p-tibo metabolites have
no clear effect on VEGF in breast cells [51,52], but increase signaling in
adenocarcinoma cells [53], urinary tract [54], and serum [55], sug-
gesting that this effect may be tissue- and cell-dependent.

Thinking about how tibolone may regulate mechanisms of synaptic
plasticity, this area is still completely unclear, with some studies
showing a positive effect of the compound [56], while others have gone
further and shown that the effects of tibolone on synaptic efficacy may

be dependent on the G(q) protein [57]. Finally, considering that other
hubs observed in the present study relate to dopamine receptors
(Table 2), it is evident that TBI greatly affects the signaling mediated by
them [58], with serious consequences for synaptic transmission and
plasticity during the post-TBI remodelling period. To our knowledge,
there are no studies demonstrating the effectiveness of tibolone or any of
its metabolites on dopamine signaling, but we can hypothesize that
finding the presence of both estrogen receptors in axons and axon ter-
minals in catecholaminergic and GABAergic neurons suggests a positive
regulation of catecholamines, including dopamine [59,60]. If this can be
taken into account, this same correlation could be applied to the case of
tibolone, but additional studies are necessary to confirm this hypothesis.

The A-tibo metabolite has a joint action on androgenic and proges-
togenic receptors and appears to be related to alleviating the inflam-
matory signaling in TBI. As observed in Fig. 3 and Table 3, the
inflammatory response is one of the top GO categories, and PTGS2, TNF,
ADRA2A, and C are the genes with the highest evidence in enriched
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Top hubs shared in a-tibo, p-tibo, A-tibo lists and TBI lists. Using MCODE, PPARA is the seed within the PPI network, demonstrating a key contribution to lipid

metabolism and survival pathways.

Genes Full name MCODE Pathcards
Status Log score Clustering Topological Superpathway
coefficient coefficient
ESR1 Estrogen Receptor Alpha Clustered  -0.50753749 0.5 0.468253968 Apoptosis and survival_Anti-apoptotic action, transcription
Ligand-dependent activation of the ESR1/SP pathway, ERK
Signaling
PPARA  Peroxisome Proliferator Seed -0.54360745  0.571428571 0.480769231 MAPK-Erk Pathway, Nuclear receptors in lipid metabolism and
Activated Receptor Alpha toxicity, energy metabolism
NR3C1 Nuclear Receptor Subfamily Clustered  -0.66735101  0.607142857 0.466666667 Circadian Clock, Immune response_IL-6 signaling pathway,
3 Group C Member 1 Adipogenesis
PPARD  Peroxisome Proliferator Clustered  -0.31564152  0.642857143 0.458333333 Fatty acid metabolism, Nuclear receptors in lipid metabolism
Activated Receptor Delta and toxicity, Energy metabolism
AR Androgen receptor Clustered  -0.528913 0.761904762 0.520408163 TGF-beta Signaling Pathways, Akt Signaling, Regulation of
nuclear SMAD2/3 signaling
ESR2 Estrogen Receptor Beta Clustered  -0.39676949  0.761904762 0.510204082 Apoptosis and survival_Anti-apoptotic action of nuclear ESR1
and ESR2, ERK Signaling, MAPK-Erk Pathway
PGR Progesterone Receptor Clustered  -0.34429506  0.80952381 0.530612245 Signaling by ERBB4, Gene expression (Transcription), Cell cycle
Regulation of G1/S transition
A B c
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Fig. 6. Correlation between the different topological parameters of the network of 16 genes in common between TBI and tibolone metabolites. For each analyzed
parameter, the number of times a gene appears within the top 10 is considered and shown in the form of a heatmap (A). Pearson’s correlation was performed between
degree and betweenness (B), degree and closeness (C), degree and DMNC (D), and degree and MCC (E), where the coefficient of determination and p-value are

presented for each analysis.

terms. One of the studies on how androgen activation may regulate brain
inflammation after a TBI came from our group when determining the
actions of testosterone or its more potent metabolite, DHT, on reactive
glia [47]. When administered both early (0-2 days after injury) and late
(on days 5-7), both molecules reduce the number and area of immu-
noreactive cells for GFAP; on the other hand, only testosterone, and not
DHT, is able to regulate MHC-II-labeled microglia when treatment is
administered late, suggesting that the treatment window is critical to
exert neuroprotection after TBI. Very similar results were observed in
animals treated with 0.04 mg/Kg tibolone, where the compound also
decreased the number of GFAP" astrocytes and Ibalt microglia, asso-
ciated with a lower neuronal loss around the lesion 7 days after pene-
trating brain injury in mice [41]. Similar effects have been observed
when progesterone is administered in TBI animals, and that possible
effect may also be mediated by the progesterone receptor [61,62]. This

androgens/progesterone protection in TBI seems to be correlated with
an improvement of mitochondrial function, mainly with an increase in
oxygen consumption and oxidative phosphorylation [63], which is
associated with a significant decrease of hydrogen peroxide levels and
increase of antioxidant proteins such as superoxide dismutase (SOD).
Confirming the results in Fig. 5, previous studies from our group also
show that by regulating the inflammatory pathway mediated by the
NF-kB transcription factor, tibolone protects mitochondrial membrane
potential, observing an improvement in cell survival and induces a
positive effect on metabolic regulation in astrocytes and microglia
subjected to metabolic syndrome [16,18-20,40,64,65]. In addition, the
anti-inflammatory actions of A-tibo supports the results of our previous
paper showing IL6 as a key molecular target of tibolone [17]. How the
A-tibo influences protective mechanisms is still totally unknown, but it
can be hypothesized that by promoting its effects through androgenic
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and progestogenic receptors, especially considering that their activation
is neuroprotective in various CNS pathologies [12,38,66,67], its pre-
cursor (tibolone) has been found to regulate IL6-dependent pathways
[17,19,20] and TNF-alpha and improve antioxidant capacity in animal
[50] and in vitro models [19,20].

4.2. Modulatory actions of tibolone metabolites on cell metabolism

The implication of tibolone metabolites on cell metabolism is a new
finding, and for the first time we suggest that PPARD and PPARA may be
its potential pharmacological targets in TBI. PPAR is a group of nuclear
receptors involved mainly in the regulation of cellular metabolism [68],
but has also been seen to actively participate in other processes such as
dopaminergic signaling, differentiation, and cell development [69,70].
Interestingly, our results show that all three metabolites (a-tibo, p-tibo,
or A-tibo) can exert their effects on this protein (Fig. 5), which seems to
play a critical role in the post-TBI period [71-73]. PPARA agonists in-
crease the transcription of mitochondrial enzymes, mainly those that are
part of the pathway regulating fatty acid metabolism (for full review,
please see [74]), besides potentiating biogenesis and mitochondrial as-
sembly [75-77]. One may speculate that due to the presence of estrogen
receptors in the mitochondria [78], and the participation of both re-
ceptors in mitochondrial metabolism and function, it is possible that
there is a co-regulation of estrogen receptors and PPAR, since the former
is involved in the regulation of fatty acid levels in the body [79,80].
Considering that tibolone modulates oxidative phosphorylation and
metabolic processes occurring at the mitochondrial level in a
sex-dependent manner in animals [15] and in cells after fatty acids
lipotoxicity [16,18,64], we may hypothesize that it is possible also able
to regulate PPAR-mediated pathways. However, further studies are
needed on how tibolone or any of its metabolites may influence PPAR
expression, and subtypes, in a specific way in each brain region and
whether it is cell type dependent.

5. Conclusions

TBI is a pathology in which there is still no effective pharmacological
treatment to control chronic inflammatory mechanisms, which may
persist years after mechanical trauma and the onset of neurological
symptoms. Although there are palliative therapeutic options to treat TBI
patients, they only have specificity by having a single molecular target,
whereas the pathology per se is characterized by triggering multiple
oxidative mechanisms leading to a massive death of neurons and as-
trocytes. Therefore, it is imperative to start implementing treatments
that are broader from a pharmacological point of view where they can
affect several pathways that are considered critical in TBI.

In the present study, we focused on tibolone metabolites, which has
been seen to have a broad spectrum of anti-inflammatory and antioxi-
dant activity, and which can be an excellent therapeutic alternative for
repurposing in TBI. We evidenced that they could regulate mitochon-
drial metabolism and synaptic signaling pathways and have PPARA,
PPARD, and KDR as predictable molecular targets in TBI, whose effects
are possibly mediated by both ERa and ERf. With their activation, a
plethora of neurochemical actions are triggered, ranging from oxidation
of metabolic substrates in glycolysis and oxidative phosphorylation,
mechanisms of synaptic plasticity, increase of antioxidant defense while
reducing the transcription of pro-inflammatory and pro-apoptotic mol-
ecules, among others. On the other hand, we cannot rule out the
participation of the androgen or progesterone receptor as part of the
neuroprotective action of tibolone since they also have broad anti-
inflammatory effects and may be of interest to investigate further.

The present results advance our knowledge and validate the findings
and methodology employed in our previous paper by utilizing multiple
topological parameters to investigate how a-tibo, p-tibo, and A-tibo can
regulate several distinct signaling pathways that are inherently inter-
connected. In conclusion, tibolone metabolites possess protective
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properties that deserve to be further addressed as a possible therapy in
TBI, due to their flexibility and specificity in stimulating biological
processes mediated by ERa, ERB, AR, and PGR whose neurotherapeutic
effects actions are widely reported.

CRediT authorship contribution statement

GEB: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration, Re-
sources, Software, Supervision, Validation, Visualization, Writing —
original draft, Writing — review & editing. JG: Formal analysis, Writing —
original draft, Resources. DR: Data curation, Formal analysis, Method-
ology, Writing — original draft, Writing — review & editing.

Funding

This work was in part supported by Science Foundation Ireland
under the Frontiers for the Future Programme (Grant #20/FFP-P/8649)
to GEB and Agencia Nacional de Investigacion y Desarrollo (ANID),
Fondecyt regular #1220656 to DR.

Declaration of Competing Interest
None.
Acknowledgments

None.

Consent to publish

The authors approve the final manuscript and submission.
Competing interests

The authors have no relevant financial or non-financial interests to
disclose.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.biopha.2023.115089.

References

[1] A. Nordstrom, P. Nordstrom, Traumatic brain injury and the risk of dementia
diagnosis: a nationwide cohort study, PLoS Med. 15 (1) (2018), €1002496, https://
doi.org/10.1371/journal.pmed.1002496.

M.F. Mendez, What is the relationship of traumatic brain injury to dementia,

J. Alzheimers Dis. 57 (3) (2017) 667-681, https://doi.org/10.3233/JAD-161002.
V.E. Johnson, J.E. Stewart, F.D. Begbie, J.Q. Trojanowski, D.H. Smith, W. Stewart,
Inflammation and white matter degeneration persist for years after a single
traumatic brain injury, Brain 136 (Pt 1) (2013) 28-42, https://doi.org/10.1093/
brain/aws322.

S.L. Aungst, S.V. Kabadi, S.M. Thompson, B.A. Stoica, A.I. Faden, Repeated mild
traumatic brain injury causes chronic neuroinflammation, changes in hippocampal
synaptic plasticity, and associated cognitive deficits, J. Cereb. Blood Flow Metab.
34 (7) (2014) 1223-1232, https://doi.org/10.1038/jcbfm.2014.75.

Z.M. Weil, K.R. Gaier, K. Karelina, Injury timing alters metabolic, inflammatory
and functional outcomes following repeated mild traumatic brain injury,
Neurobiol. Dis. 70 (2014) 108-116, https://doi.org/10.1016/j.nbd.2014.06.016.
G.E. Barreto, J. Gonzalez, Y. Torres, L. Morales, Astrocytic-neuronal crosstalk:
implications for neuroprotection from brain injury, Neurosci. Res. 71 (2) (2011)
107-113, https://doi.org/10.1016/j.neures.2011.06.004.

C. Martin-Jimenez, D.M. Gaitan-Vaca, N. Areiza, V. Echeverria, G.M. Ashraf,

J. Gonzalez, A. Sahebkar, L.M. Garcia-Segura, G.E. Barreto, Astrocytes mediate
protective actions of estrogenic compounds after traumatic brain injury,
Neuroendocrinology 108 (2) (2019) 142-160, https://doi.org/10.1159/
000495078.

K.M. O’Connell, M.T. Littleton-Kearney, The role of free radicals in traumatic brain
injury, Biol. Res. Nurs. 15 (3) (2013) 253-263, https://doi.org/10.1177/
1099800411431823.

[2]
[3]

[4]

[5]

(6]

[7]

(8]


https://doi.org/10.1016/j.biopha.2023.115089
https://doi.org/10.1371/journal.pmed.1002496
https://doi.org/10.1371/journal.pmed.1002496
https://doi.org/10.3233/JAD-161002
https://doi.org/10.1093/brain/aws322
https://doi.org/10.1093/brain/aws322
https://doi.org/10.1038/jcbfm.2014.75
https://doi.org/10.1016/j.nbd.2014.06.016
https://doi.org/10.1016/j.neures.2011.06.004
https://doi.org/10.1159/000495078
https://doi.org/10.1159/000495078
https://doi.org/10.1177/1099800411431823
https://doi.org/10.1177/1099800411431823

G.E. Barreto et al.

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

A. Agha, B. Rogers, D. Mylotte, F. Taleb, W. Tormey, J. Phillips, C.J. Thompson,
Neuroendocrine dysfunction in the acute phase of traumatic brain injury, Clin.
Endocrinol. 60 (5) (2004) 584-591, https://doi.org/10.1111/j.1365-
2265.2004.02023.x.

M. Klose, A. Juul, J. Struck, N.G. Morgenthaler, M. Kosteljanetz, U. Feldt-
Rasmussen, Acute and long-term pituitary insufficiency in traumatic brain injury: a
prospective single-centre study, Clin. Endocrinol. 67 (4) (2007) 598-606, https://
doi.org/10.1111/j.1365-2265.2007.02931.x.

V. Gasco, V. Cambria, F. Bioletto, E. Ghigo, S. Grottoli, Traumatic brain injury as
frequent cause of hypopituitarism and growth hormone deficiency: epidemiology,
diagnosis, and treatment, Front. Endocrinol. 12 (2021), 634415, https://doi.org/
10.3389/fendo.2021.634415.

E. Acaz-Fonseca, M. Avila-Rodriguez, L.M. Garcia-Segura, G.E. Barreto, Regulation
of astroglia by gonadal steroid hormones under physiological and pathological
conditions, Prog. Neurobiol. 144 (2016) 5-26, https://doi.org/10.1016/j.
pneurobio.2016.06.002.

M.X. Pan, J. Li, C. Ma, K. Fu, Z.Q. Li, Z.F. Wang, Sex-dependent effects of GPER
activation on neuroinflammation in a rat model of traumatic brain injury, Brain
Behav. Immun. 88 (2020) 421-431, https://doi.org/10.1016/j.bbi.2020.04.005.
C.B. Spani, D.J. Braun, L.J. Van Eldik, Sex-related responses after traumatic brain
injury: considerations for preclinical modeling, Front. Neuroendocr. 50 (2018)
52-66, https://doi.org/10.1016/j.yfrne.2018.03.006.

A.J. McGovern, M.A. Arevalo, S. Ciordia, L.M. Garcia-Segura, G.E. Barreto,
Respirasome proteins are regulated by sex-hormone interactions in the brain, Int. J.
Mol. Sci. 23 (23) (2022), https://doi.org/10.3390/ijms232314754.

D.J. Vesga-Jimenez, C.A. Martin-Jimenez, A. Grismaldo Rodriguez, A.

F. Aristizabal-Pachon, A. Pinzon, G.E. Barreto, D. Ramirez, J. Gonzalez, Tibolone
pre-treatment ameliorates the dysregulation of protein translation and transport
generated by palmitic acid-induced lipotoxicity in human astrocytes: a label-free
MS-based proteomics and network analysis, Int. J. Mol. Sci. 23 (12) (2022),
https://doi.org/10.3390/ijms23126454.

A.J. McGovern, G.E. Barreto, Network pharmacology identifies IL6 as an important
hub and target of tibolone for drug repurposing in traumatic brain injury, Biomed.
Pharmacother. 140 (2021), 111769, https://doi.org/10.1016/j.
biopha.2021.111769.

C. Martin-Jimenez, J. Gonzalez, D. Vesga, A. Aristizabal, G.E. Barreto, Tibolone
ameliorates the lipotoxic effect of palmitic acid in normal human astrocytes,
Neurotox. Res. 38 (3) (2020) 585-595, https://doi.org/10.1007/512640-020-
00247-4.

Y. Gonzalez-Giraldo, A.V. Garzon-Benitez, D.A. Forero, G.E. Barreto, TERT
inhibition leads to reduction of IL-6 expression induced by palmitic acid and
interferes with the protective effects of tibolone in an astrocytic cell model,

J. Neuroendocr. 31 (8) (2019), e12768, https://doi.org/10.1111/jne.12768.

Y. Gonzalez-Giraldo, D.A. Forero, V. Echeverria, L.M. Garcia-Segura, G.E. Barreto,
Tibolone attenuates inflammatory response by palmitic acid and preserves
mitochondrial membrane potential in astrocytic cells through estrogen receptor
beta, Mol. Cell. Endocrinol. 486 (2019) 65-78, https://doi.org/10.1016/j.
mce.2019.02.017.

O. Hidalgo-Lanussa, M. Avila-Rodriguez, E. Baez-Jurado, J. Zamudio,

V. Echeverria, L.M. Garcia-Segura, G.E. Barreto, Tibolone reduces oxidative
damage and inflammation in microglia stimulated with palmitic acid through
mechanisms involving estrogen receptor beta, Mol. Neurobiol. 55 (7) (2018)
5462-5477, https://doi.org/10.1007/s12035-017-0777-y.

Y. Gonzalez-Giraldo, L.M. Garcia-Segura, V. Echeverria, G.E. Barreto, Tibolone
preserves mitochondrial functionality and cell morphology in astrocytic cells
treated with palmitic acid, Mol. Neurobiol. 55 (5) (2018) 4453-4462, https://doi.
org/10.1007/s12035-017-0667-3.

M. Avila-Rodriguez, L.M. Garcia-Segura, O. Hidalgo-Lanussa, E. Baez, J. Gonzalez,
G.E. Barreto, Tibolone protects astrocytic cells from glucose deprivation through a
mechanism involving estrogen receptor beta and the upregulation of neuroglobin
expression, Mol. Cell. Endocrinol. 433 (2016) 35-46, https://doi.org/10.1016/j.
mce.2016.05.024.

M. Avila Rodriguez, L.M. Garcia-Segura, R. Cabezas, D. Torrente, F. Capani,

J. Gonzalez, G.E. Barreto, Tibolone protects T98G cells from glucose deprivation,
J. Steroid Biochem. Mol. Biol. 144 (Pt B) (2014) 294-303, https://doi.org/
10.1016/j.jsbmb.2014.07.009.

M. Kanehisa, S. Goto, KEGG: kyoto encyclopedia of genes and genomes, Nucleic
Acids Res. 28 (1) (2000) 27-30, https://doi.org/10.1093/nar/28.1.27.

M.V. Kuleshov, M.R. Jones, A.D. Rouillard, N.F. Fernandez, Q. Duan, Z. Wang,

S. Koplev, S.L. Jenkins, K.M. Jagodnik, A. Lachmann, M.G. McDermott, C.

D. Monteiro, G.W. Gundersen, A. Ma’ayan, Enrichr: a comprehensive gene set
enrichment analysis web server 2016 update, Nucleic Acids Res. 44 (W1) (2016)
W90-W97, https://doi.org/10.1093/nar/gkw377.

Y. Zhou, B. Zhou, L. Pache, M. Chang, A.H. Khodabakhshi, O. Tanaseichuk,

C. Benner, S.K. Chanda, Metascape provides a biologist-oriented resource for the
analysis of systems-level datasets, Nat. Commun. 10 (1) (2019) 1523, https://doi.
org/10.1038/541467-019-09234-6.

A. Fabregat, K. Sidiropoulos, P. Garapati, M. Gillespie, K. Hausmann, R. Haw,

B. Jassal, S. Jupe, F. Korninger, S. McKay, L. Matthews, B. May, M. Milacic,

K. Rothfels, V. Shamovsky, M. Webber, J. Weiser, M. Williams, G. Wu, L. Stein,
H. Hermjakob, P. D’Eustachio, The reactome pathway knowledgebase, Nucleic
Acids Res. 44 (D1) (2016) D481-D487, https://doi.org/10.1093/nar/gkv1351.
W. Huang da, B.T. Sherman, R.A. Lempicki, Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources, Nat. Protoc. 4 (1) (2009)
44-57, https://doi.org/10.1038/nprot.2008.211.

11

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Biomedicine & Pharmacotherapy 165 (2023) 115089

A. De Raadt, M.J. Warrens, R.J. Bosker, H.A.L. Kiers, Kappa coefficients for missing
data, Educ. Psychol. Meas. 79 (3) (2019) 558-576, https://doi.org/10.1177/
0013164418823249.

P. Shannon, A. Markiel, O. Ozier, N.S. Baliga, J.T. Wang, D. Ramage, N. Amin,
B. Schwikowski, T. Ideker, Cytoscape: a software environment for integrated
models of biomolecular interaction networks, Genome Res. 13 (11) (2003)
2498-2504, https://doi.org/10.1101/gr.1239303.

G.D. Bader, C.W. Hogue, An automated method for finding molecular complexes in
large protein interaction networks, BMC Bioinform. 4 (2003) 2, https://doi.org/
10.1186/1471-2105-4-2.

H. Yu, P.M. Kim, E. Sprecher, V. Trifonov, M. Gerstein, The importance of
bottlenecks in protein networks: correlation with gene essentiality and expression
dynamics, PLoS Comput. Biol. 3 (4) (2007), €59, https://doi.org/10.1371/journal.
pcbi.0030059.

S. Derrible, Network centrality of metro systems, PLoS One 7 (7) (2012), e40575,
https://doi.org/10.1371/journal.pone.0040575.

M.E.J. Newman, A measure of betweenness centrality based on random walks, Soc.
Netw. 27 (1) (2005) 39-54, https://doi.org/10.1016/j.socnet.2004.11.009.

C.H. Chin, S.H. Chen, H.H. Wu, C.W. Ho, M.T. Ko, C.Y. Lin, cytoHubba: identifying
hub objects and sub-networks from complex interactome, BMC Syst. Biol. 8 Suppl.
4 (Suppl. 4) (2014) S11, https://doi.org/10.1186/1752-0509-8-54-S11.

A. Atallah, S. Mhaouty-Kodja, V. Grange-Messent, Chronic depletion of gonadal
testosterone leads to blood-brain barrier dysfunction and inflammation in male
mice, J. Cereb. Blood Flow Metab. 37 (9) (2017) 3161-3175, https://doi.org/
10.1177/0271678X16683961.

M. Mohajeri, C. Martin-Jimenez, G.E. Barreto, A. Sahebkar, Effects of estrogens and
androgens on mitochondria under normal and pathological conditions, Prog.
Neurobiol. 176 (2019) 54-72, https://doi.org/10.1016/j.pneurobio.2019.03.001.
G.E. Barreto, A.J. McGovern, L.M. Garcia-Segura, Role of neuroglobin in the
neuroprotective actions of estradiol and estrogenic compounds, Cells 10 (8)
(2021), https://doi.org/10.3390/cells10081907.

J.P. Del Rio, S. Molina, O. Hidalgo-Lanussa, L.M. Garcia-Segura, G.E. Barreto,
Tibolone as hormonal therapy and neuroprotective agent, Trends Endocrinol.
Metab. 31 (10) (2020) 742-759, https://doi.org/10.1016/j.tem.2020.04.007.

A. Crespo-Castrillo, N. Yanguas-Casas, M.A. Arevalo, 1. Azcoitia, G.E. Barreto, L.
M. Garcia-Segura, The synthetic steroid tibolone decreases reactive gliosis and
neuronal death in the cerebral cortex of female mice after a stab wound injury,
Mol. Neurobiol. 55 (11) (2018) 8651-8667, https://doi.org/10.1007/s12035-018-
1008-x.

C.B. Guzman, C. Zhao, S. Deighton-Collins, M. Kleerekoper, J.A. Benjamins, D.

F. Skafar, 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, J. Neuroendocr. 19 (12) (2007) 958-965, https://doi.org/
10.1111/j.1365-2826.2007.01611.x.

A. Escande, N. Servant, F. Rabenoelina, G. Auzou, H. Kloosterboer, V. Cavailles,
P. Balaguer, T. Maudelonde, Regulation of activities of steroid hormone receptors
by tibolone and its primary metabolites, J. Steroid Biochem. Mol. Biol. 116 (1-2)
(2009) 8-14, https://doi.org/10.1016/j.jsbmb.2009.03.008.

S. Steckelbroeck, B. Oyesanmi, Y. Jin, S.H. Lee, H.J. Kloosterboer, T.M. Penning,
Tibolone metabolism in human liver is catalyzed by 3alpha/3beta-hydroxysteroid
dehydrogenase activities of the four isoforms of the aldo-keto reductase (AKR)1C
subfamily, J. Pharm. Exp. Ther. 316 (3) (2006) 1300-1309, https://doi.org/
10.1124/jpet.105.091587.

H.J. Kloosterboer, Tissue-selectivity: the mechanism of action of tibolone,
Maturitas 48 Suppl. 1 (2004) S30-S40, https://doi.org/10.1016/j.
maturitas.2004.02.012.

T.B. Bassani, C.S. Bartolomeo, R.B. Oliveira, R.P. Ureshino, Progestogen-mediated
neuroprotection in central nervous system disorders, Neuroendocrinology 113 (1)
(2023) 14-35, https://doi.org/10.1159/000525677.

G. Barreto, S. Veiga, I. Azcoitia, L.M. Garcia-Segura, D. Garcia-Ovejero,
Testosterone decreases reactive astroglia and reactive microglia after brain injury
in male rats: role of its metabolites, oestradiol and dihydrotestosterone, Eur. J.
Neurosci. 25 (10) (2007) 3039-3046, https://doi.org/10.1111/j.1460-
9568.2007.05563.x.

A.J. McGovern, J. Gonzalez, D. Ramirez, G.E. Barreto, Identification of HMGCR,
PPGARG and prohibitin as potential druggable targets of dihydrotestosterone for
treatment against traumatic brain injury using system pharmacology, Int.
Immunopharmacol. 108 (2022), 108721, https://doi.org/10.1016/j.
intimp.2022.108721.

A.J. McGovern, G.E. Barreto, Mitochondria dysfunction and inflammation in
traumatic brain injury: androgens to the battlefront, Androg.: Clin. Res. Ther. 2 (1)
(2021) 2304-2315, https://doi.org/10.1089/andro.2021.0017.

N.A. Estrada-Cruz, L. Manuel-Apolinar, J.J. Segura-Uribe, J.C. Almanza-Perez,

A. Fortis-Barrera, S. Orozco-Suarez, G. Bautista-Poblet, A. Coyoy-Salgado,

C. Guerra-Araiza, Short-term administration of tibolone reduces inflammation and
oxidative stress in the hippocampus of ovariectomized rats fed high-fat and high-
fructose, Nutr. Neurosci. 26 (4) (2023) 275-289, https://doi.org/10.1080/
1028415X.2022.2046964.

S. Mirkin, B.C. Wong, D.F. Archer, Effect of 17 beta-estradiol, progesterone,
synthetic progestins, tibolone, and tibolone metabolites on vascular endothelial
growth factor mRNA in breast cancer cells, Fertil. Steril. 84 (2) (2005) 485-491,
https://doi.org/10.1016/j.fertnstert.2005.01.129.

S. Mirkin, B.C. Wong, D.F. Archer, Effects of 17beta-estradiol, progesterone,
synthetic progestins, tibolone, and raloxifene on vascular endothelial growth factor
and Thrombospondin-1 messenger RNA in breast cancer cells, Int. J. Gynecol.


https://doi.org/10.1111/j.1365-2265.2004.02023.x
https://doi.org/10.1111/j.1365-2265.2004.02023.x
https://doi.org/10.1111/j.1365-2265.2007.02931.x
https://doi.org/10.1111/j.1365-2265.2007.02931.x
https://doi.org/10.3389/fendo.2021.634415
https://doi.org/10.3389/fendo.2021.634415
https://doi.org/10.1016/j.pneurobio.2016.06.002
https://doi.org/10.1016/j.pneurobio.2016.06.002
https://doi.org/10.1016/j.bbi.2020.04.005
https://doi.org/10.1016/j.yfrne.2018.03.006
https://doi.org/10.3390/ijms232314754
https://doi.org/10.3390/ijms23126454
https://doi.org/10.1016/j.biopha.2021.111769
https://doi.org/10.1016/j.biopha.2021.111769
https://doi.org/10.1007/s12640-020-00247-4
https://doi.org/10.1007/s12640-020-00247-4
https://doi.org/10.1111/jne.12768
https://doi.org/10.1016/j.mce.2019.02.017
https://doi.org/10.1016/j.mce.2019.02.017
https://doi.org/10.1007/s12035-017-0777-y
https://doi.org/10.1007/s12035-017-0667-3
https://doi.org/10.1007/s12035-017-0667-3
https://doi.org/10.1016/j.mce.2016.05.024
https://doi.org/10.1016/j.mce.2016.05.024
https://doi.org/10.1016/j.jsbmb.2014.07.009
https://doi.org/10.1016/j.jsbmb.2014.07.009
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1093/nar/gkv1351
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1177/0013164418823249
https://doi.org/10.1177/0013164418823249
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.1371/journal.pcbi.0030059
https://doi.org/10.1371/journal.pcbi.0030059
https://doi.org/10.1371/journal.pone.0040575
https://doi.org/10.1016/j.socnet.2004.11.009
https://doi.org/10.1186/1752-0509-8-S4-S11
https://doi.org/10.1177/0271678X16683961
https://doi.org/10.1177/0271678X16683961
https://doi.org/10.1016/j.pneurobio.2019.03.001
https://doi.org/10.3390/cells10081907
https://doi.org/10.1016/j.tem.2020.04.007
https://doi.org/10.1007/s12035-018-1008-x
https://doi.org/10.1007/s12035-018-1008-x
https://doi.org/10.1111/j.1365-2826.2007.01611.x
https://doi.org/10.1111/j.1365-2826.2007.01611.x
https://doi.org/10.1016/j.jsbmb.2009.03.008
https://doi.org/10.1124/jpet.105.091587
https://doi.org/10.1124/jpet.105.091587
https://doi.org/10.1016/j.maturitas.2004.02.012
https://doi.org/10.1016/j.maturitas.2004.02.012
https://doi.org/10.1159/000525677
https://doi.org/10.1111/j.1460-9568.2007.05563.x
https://doi.org/10.1111/j.1460-9568.2007.05563.x
https://doi.org/10.1016/j.intimp.2022.108721
https://doi.org/10.1016/j.intimp.2022.108721
https://doi.org/10.1089/andro.2021.0017
https://doi.org/10.1080/1028415X.2022.2046964
https://doi.org/10.1080/1028415X.2022.2046964
https://doi.org/10.1016/j.fertnstert.2005.01.129

G.E. Barreto et al.

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Cancer 16 Suppl. 2 (2006) 560-563, https://doi.org/10.1111/j.1525-
1438.2006.00696.x.

S. Mirkin, M.C. Mahony, D.F. Archer, Effect of tibolone and its metabolites on
vascular endothelial growth factor isoforms 121 and 165 and thrombospondin-1
mRNA in Ishikawa cells, Menopause 11 (1) (2004) 82-88, https://doi.org/
10.1097/01.GME.0000074101.35126.7A.

M.G. Hamerski, M.A. Bortolini, I.D. Da Silva, R.A. Castro, M.G. Sartori, G.R. De
Lima, M.J. Girao, Effect of tibolone on cytochrome c oxidase I, beta-2-
microglobulin and vascular endothelial growth factor gene expression in the lower
urinary tract of castrated rats, Clin. Exp. Obstet. Gynecol. 33 (4) (2006) 233-237.
R. Agrawal, G. Prelevic, G.S. Conway, N.N. Payne, J. Ginsburg, H.S. Jacobs, Serum
vascular endothelial growth factor concentrations in postmenopausal women: the
effect of hormone replacement therapy, Fertil. Steril. 73 (1) (2000) 56-60, https://
doi.org/10.1016/50015-0282(99)00476-8.

V. Beltran-Campos, A. Diaz-Ruiz, E. Padilla-Gomez, H. Aguilar Zavala, C. Rios,

S. Diaz Cintra, Effect of tibolone on dendritic spine density in the rat hippocampus,
Neurologia 30 (7) (2015) 401-406, https://doi.org/10.1016/j.nrl.2014.03.002.
J. Qiu, M.A. Bosch, O.K. Ronnekleiv, H.J. Kloosterboer, M.J. Kelly, Tibolone
rapidly attenuates the GABAB response in hypothalamic neurones, J. Neuroendocr.
20 (12) (2008) 1310-1318, https://doi.org/10.1111/j.1365-2826.2008.01789.x.
K.G. Witcher, C.E. Bray, T. Chunchai, F. Zhao, S.M. O’Neil, A.J. Gordillo, W.

A. Campbell, D.B. McKim, X. Liu, J.E. Dziabis, N. Quan, D.S. Eiferman, A.J. Fischer,
O.N. Kokiko-Cochran, C. Askwith, J.P. Godbout, Traumatic brain injury causes
chronic cortical inflammation and neuronal dysfunction mediated by microglia,
J. Neurosci. 41 (7) (2021) 1597-1616, https://doi.org/10.1523/
JNEUROSCI.2469-20.2020.

A. Almey, T.A. Milner, W.G. Brake, Estrogen receptors observed at extranuclear
neuronal sites and in glia in the nucleus accumbens core and shell of the female rat:
evidence for localization to catecholaminergic and GABAergic neurons, J. Comp.
Neurol. 530 (11) (2022) 20562072, https://doi.org/10.1002/cne.25320.

A. Almey, T.A. Milner, W.G. Brake, Estrogen receptor alpha and G-protein coupled
estrogen receptor 1 are localized to GABAergic neurons in the dorsal striatum,
Neurosci. Lett. 622 (2016) 118-123, https://doi.org/10.1016/j.
neulet.2016.04.023.

D. Lengel, J.W. Huh, J.R. Barson, R. Raghupathi, Progesterone treatment following
traumatic brain injury in the 11-day-old rat attenuates cognitive deficits and
neuronal hyperexcitability in adolescence, Exp. Neurol. 330 (2020), 113329,
https://doi.org/10.1016/j.expneurol.2020.113329.

M. Djebaili, Q. Guo, E.H. Pettus, S.W. Hoffman, D.G. Stein, The neurosteroids
progesterone and allopregnanolone reduce cell death, gliosis, and functional
deficits after traumatic brain injury in rats, J. Neurotrauma 22 (1) (2005) 106-118,
https://doi.org/10.1089/neu.2005.22.106.

R.B. Carteri, A. Kopczynski, M.S. Rodolphi, N.R. Strogulski, M. Sartor,

M. Feldmann, M.A. De Bastiani, C.M. Duval Wannmacher, 1.D. de Franceschi,

G. Hansel, D.H. Smith, L.V. Portela, Testosterone administration after traumatic
brain injury reduces mitochondrial dysfunction and neurodegeneration,

J. Neurotrauma 36 (14) (2019) 2246-2259, https://doi.org/10.1089/
neu.2018.6266.

R. Cabezas, C. Martin-Jimenez, M. Zuluaga, A. Pinzon, G.E. Barreto, J. Gonzalez,
Integrated metabolomics and lipidomics reveal high accumulation of
glycerophospholipids in human astrocytes under the lipotoxic effect of palmitic
acid and tibolone protection, Int. J. Mol. Sci. 23 (5) (2022), https://doi.org/
10.3390/ijms23052474.

O. Hidalgo-Lanussa, E. Baez-Jurado, V. Echeverria, G.M. Ashraf, A. Sahebkar, L.
M. Garcia-Segura, R.C. Melcangi, G.E. Barreto, Lipotoxicity, neuroinflammation,

12

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

771

[78]

[79]

[80]

Biomedicine & Pharmacotherapy 165 (2023) 115089

glial cells and oestrogenic compounds, J. Neuroendocr. 32 (1) (2020), e12776,
https://doi.org/10.1111/jne.12776.

M. Schumacher, R. Guennoun, D.G. Stein, A.F. De Nicola, Progesterone:
therapeutic opportunities for neuroprotection and myelin repair, Pharm. Ther. 116
(1) (2007) 77-106, https://doi.org/10.1016/j.pharmthera.2007.06.001.

S.L. Gonzalez, M.F. Coronel, M.C. Raggio, F. Labombarda, Progesterone receptor-
mediated actions and the treatment of central nervous system disorders: an up-date
of the known and the challenge of the unknown, Steroids 153 (2020), 108525,
https://doi.org/10.1016/j.steroids.2019.108525.

S. Wojtowicz, A.K. Strosznajder, M. Jezyna, J.B. Strosznajder, The novel role of
PPAR alpha in the brain: promising target in therapy of Alzheimer’s disease and
other neurodegenerative disorders, Neurochem. Res. 45 (5) (2020) 972-988,
https://doi.org/10.1007/511064-020-02993-5.

S. Scheggi, G. Pinna, G. Braccagni, M.G. De Montis, C. Gambarana, PPARalpha
signaling: a candidate target in psychiatric disorder management, Biomolecules 12
(5) (2022), https://doi.org/10.3390/biom12050723.

T. Sidrat, Z.U. Rehman, M.D. Joo, K.L. Lee, L.K. Kong, Wnt/beta-catenin pathway-
mediated PPARdelta expression during embryonic development differentiation and
disease, Int. J. Mol. Sci. 22 (4) (2021), https://doi.org/10.3390/ijms22041854.
H. Liang, T. Tang, H. Huang, T. Li, C. Gao, Y. Han, B. Yuan, S. Gao, H. Wang, M.
L. Zhou, Peroxisome proliferator-activated receptor-gamma ameliorates neuronal
ferroptosis after traumatic brain injury in mice by inhibiting cyclooxygenase-2,
Exp. Neurol. 354 (2022), 114100, https://doi.org/10.1016/j.
expneurol.2022.114100.

P.F. Stahel, W.R. Smith, J. Bruchis, C.H. Rabb, Peroxisome proliferator-activated
receptors: "key" regulators of neuroinflammation after traumatic brain injury,
PPAR Res. 2008 (2008), 538141, https://doi.org/10.1155/2008/538141.

S. Villapol, Roles of peroxisome proliferator-activated receptor gamma on brain
and peripheral inflammation, Cell. Mol. Neurobiol. 38 (1) (2018) 121-132,
https://doi.org/10.1007/5s10571-017-0554-5.

S. Lamichane, B. Dahal Lamichane, S.M. Kwon, Pivotal roles of peroxisome
proliferator-activated receptors (PPARs) and their signal cascade for cellular and
whole-body energy homeostasis, Int. J. Mol. Sci. 19 (4) (2018), https://doi.org/
10.3390/ijms19040949.

R.C. Scarpulla, R.B. Vega, D.P. Kelly, Transcriptional integration of mitochondrial
biogenesis, Trends Endocrinol. Metab. 23 (9) (2012) 459-466, https://doi.org/
10.1016/j.tem.2012.06.006.

G.Y. Lee, N.H. Kim, Z.S. Zhao, B.S. Cha, Y.S. Kim, Peroxisomal-proliferator-
activated receptor alpha activates transcription of the rat hepatic malonyl-CoA
decarboxylase gene: a key regulation of malonyl-CoA level, Biochem. J. 378 (Pt 3)
(2004) 983-990, https://doi.org/10.1042/BJ20031565.

D.R. Bell, C.R. Elcombe, Induction of acyl-CoA oxidase and cytochrome P450IVA1
RNA in rat primary hepatocyte culture by peroxisome proliferators, Biochem. J.
280 (Pt 1) (1991) 249-253, https://doi.org/10.1042/bj2800249.

S.H. Yang, R. Liu, E.J. Perez, Y. Wen, S.M. Stevens Jr., T. Valencia, A.M. Brun-
Zinkernagel, L. Prokai, Y. Will, J. Dykens, P. Koulen, J.W. Simpkins, Mitochondrial
localization of estrogen receptor beta, Proc. Natl. Acad. Sci. USA 101 (12) (2004)
4130-4135, https://doi.org/10.1073/pnas.0306948101.

N. Geary, L. Asarian, K.S. Korach, D.W. Pfaff, S. Ogawa, Deficits in E2-dependent
control of feeding, weight gain, and cholecystokinin satiation in ER-alpha null
mice, Endocrinology 142 (11) (2001) 4751-4757, https://doi.org/10.1210/
endo.142.11.8504.

K. Saito, X. Cao, Y. He, Y. Xu, Progress in the molecular understanding of central
regulation of body weight by estrogens, Obesity 23 (5) (2015) 919-926, https://
doi.org/10.1002/0by.21099.


https://doi.org/10.1111/j.1525-1438.2006.00696.x
https://doi.org/10.1111/j.1525-1438.2006.00696.x
https://doi.org/10.1097/01.GME.0000074101.35126.7A
https://doi.org/10.1097/01.GME.0000074101.35126.7A
http://refhub.elsevier.com/S0753-3322(23)00880-6/sbref54
http://refhub.elsevier.com/S0753-3322(23)00880-6/sbref54
http://refhub.elsevier.com/S0753-3322(23)00880-6/sbref54
http://refhub.elsevier.com/S0753-3322(23)00880-6/sbref54
https://doi.org/10.1016/s0015-0282(99)00476-8
https://doi.org/10.1016/s0015-0282(99)00476-8
https://doi.org/10.1016/j.nrl.2014.03.002
https://doi.org/10.1111/j.1365-2826.2008.01789.x
https://doi.org/10.1523/JNEUROSCI.2469-20.2020
https://doi.org/10.1523/JNEUROSCI.2469-20.2020
https://doi.org/10.1002/cne.25320
https://doi.org/10.1016/j.neulet.2016.04.023
https://doi.org/10.1016/j.neulet.2016.04.023
https://doi.org/10.1016/j.expneurol.2020.113329
https://doi.org/10.1089/neu.2005.22.106
https://doi.org/10.1089/neu.2018.6266
https://doi.org/10.1089/neu.2018.6266
https://doi.org/10.3390/ijms23052474
https://doi.org/10.3390/ijms23052474
https://doi.org/10.1111/jne.12776
https://doi.org/10.1016/j.pharmthera.2007.06.001
https://doi.org/10.1016/j.steroids.2019.108525
https://doi.org/10.1007/s11064-020-02993-5
https://doi.org/10.3390/biom12050723
https://doi.org/10.3390/ijms22041854
https://doi.org/10.1016/j.expneurol.2022.114100
https://doi.org/10.1016/j.expneurol.2022.114100
https://doi.org/10.1155/2008/538141
https://doi.org/10.1007/s10571-017-0554-5
https://doi.org/10.3390/ijms19040949
https://doi.org/10.3390/ijms19040949
https://doi.org/10.1016/j.tem.2012.06.006
https://doi.org/10.1016/j.tem.2012.06.006
https://doi.org/10.1042/BJ20031565
https://doi.org/10.1042/bj2800249
https://doi.org/10.1073/pnas.0306948101
https://doi.org/10.1210/endo.142.11.8504
https://doi.org/10.1210/endo.142.11.8504
https://doi.org/10.1002/oby.21099
https://doi.org/10.1002/oby.21099

	Network pharmacology and topological analysis on tibolone metabolites and their molecular mechanisms in traumatic brain injury
	1 Introduction
	2 Materials and methods
	2.1 Lists of genes regulated by tibolone metabolites and TBI-related genes
	2.2 Gene functional enrichment
	2.3 Meta-analysis of clustered biological terms
	2.4 Protein-protein interaction (PPI) network
	2.5 Statistical analysis

	3 Results
	3.1 Enriched terms in TBI pathology
	3.2 Estrogenic regulatory mechanisms of TBI pathology
	3.3 Androgenic and progestogenic modulation of TBI pathology
	3.4 Combined effects in TBI

	4 Discussion
	4.1 α-tibo and β-tibo may modulate synaptic transmission while Δ-tibo inflammation post-TBI
	4.2 Modulatory actions of tibolone metabolites on cell metabolism

	5 Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	Acknowledgments
	Consent to publish
	Competing interests
	Appendix A Supporting information
	References


