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A B S T R A C T   

Background: Traumatic Brain Injury (TBI) has long-term devastating effects for which there is no accurate and 
effective treatment for inflammation and chronic oxidative stress. As a disease that affects multiple signalling 
pathways, the search for a drug with a broader spectrum of pharmacological action is of clinical interest. The fact 
that endocrine disruption (e.g hypogonadism) has been observed in TBI patients suggests that endogenous 
therapy with testosterone, or its more androgenic derivative, dihydrotestosterone (DHT), may attenuate, at least 
in part, the TBI-induced inflammation, but the underlying molecular mechanisms by which this occurs are still 
not completely clear. 
Aims and methods: In this study, the main aim was to investigate proteins that may be related to the patho-
physiological mechanism of TBI and also be pharmacological targets of DHT in order to explore a possible 
therapy with this androgen using network pharmacology. 
Results and conclusions: We identified 2.700 proteins related to TBI and 1.567 that are potentially molecular 
targets of DHT. Functional enrichment analysis showed that steroid (p-value: 2.1–22), lipid metabolism (p-value: 
2.8–21) and apoptotic processes (p-value: 5.2–21) are mainly altered in TBI. Furthermore, being mitochondrion 
an organelle involved on these molecular processes we next identified that out of 32 mitochondrial-related 
proteins 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR), peroxisome proliferator activated re-
ceptor gamma (PPGARG) and prohibitin are those found highly regulated in the network and potential targets of 
DHT in TBI. In conclusion, the identification of these cellular nodes may prove to be essential as targets of DHT 
for therapy against post-TBI inflammation.   

1. Introduction 

Traumatic brain injury (TBI) is a debilitating, complex, and hetero-
geneous pathology, affecting mostly young people at full productive age. 
The causes of brain trauma are diverse, but most are related to drug- and 
alcohol-driving, cell phone use whilst driving, and accidental falls. 
There is still no precise treatment that can effectively protect the brain 
following initial trauma nor from the secondary damage caused by 
persistent and chronic inflammation. This demonstrates the urgent need 
to investigate new treatments to improve patient outcomes, specifically 
to reduce motor and cognitive damage in the chronic period of the 
pathology. 

One of the major features of TBI pathology is endocrine disruption. 

This affects the levels of hormones in the blood and brain and has 
positively been correlated with worse outcome and prognosis in TBI 
patients [1–4]. One of the clinical findings that can explain this hor-
monal dysregulation is the hypopituitarism observed in post-TBI pa-
tients. For instance, TBI patients report having altered blood levels of 
testosterone (T). Testosterone, when metabolized by the enzyme 5α- 
reductase, is converted to dihydrotestosterone (DHT) and, similarly to T, 
DHT is also reduced in patients suffering from TBI [4,5]. This significant 
reduction of DHT in both blood and brain may be related to the wors-
ening of clinical symptoms, with severe consequences for the develop-
ment of brain processes such as cognition and learning, in addition to 
generating important motor sequelae. To reduce most of these detri-
mental effects due to androgenic dysfunction, treatment with DHT has 
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been shown to exert neuroprotection [6–9], thus improving brain 
functions and limiting motor and cognitive damage by ameliorating 
inflammation and preserving mitochondrial function [10–12]. 

Mitochondria are both responsive to androgens and severely 
impacted by TBI. An increase in cellular calcium concentration due to 
TBI (in vitro and in vivo) contributes to mitochondrial dysfunction 
[13–17] which may be related to a significant increase in the generation 
of reactive oxygen species (ROS), which if not neutralized, may initiate 
cell death mechanisms [18]. This oxidative stress can be generated by an 
imbalance in endogenous concentrations of cellular antioxidants and 
oxidants after a TBI, leading to damage to the mitochondrial membrane, 
thus increasing the permeability of the mitochondrial transition pore 
increasing the generation of ROS, which is one of the major contributors 
to DNA damage and cell apoptosis [12,19]. During this phase, cyto-
chrome C oxidizes and migrates to the cytosol following an increased 
permeability of voltage-dependent anion channel (VDAC) located in the 
outer mitochondrial membrane, promptly activating the apoptotic 
protease activating factor 1 (APAF-1)-mediated intrinsic apoptotic 
pathway, thus triggering the initiation of other apoptotic factors such as 
caspases 3, 7 and 9. Mitochondria-dependent ROS also lead to an 
imbalance of intracellular cholesterol and lipids metabolism which may 
provoke lipotoxicity by aberrant accumulation of oxidized fatty acids 
and lipid droplets dysregulation [20]. One of the proteins significantly 
altered in TBI and that may participate in disease progression is neu-
roglobin, a hormonal regulated protein considered to be utterly critical 
for mitochondria integrity and dynamics due to its ability to interact 
with mitochondrial respiratory complexes, boost oxidative phosphory-
lation, reduce oxygen and nitrogen reactive species, and inhibit 
apoptosis by retaining cytochrome C within this organelle [15,21–24]. 
Considering the androgenic alterations in TBI and how supplemental 
treatment with DHT may be of clinical interest, in this paper we aimed to 
investigating how DHT regulates proteins involved in the pathology of 
TBI at the mitochondrial level using system pharmacology. 

2. Materials and methods 

2.1. Identification of DHT-regulated proteins involved in TBI pathology 

The first step was to collect the list of proteins that are regulated by 
DHT using the databases DrugBank (https://go.drugbank.com/), Simi-
larity Emseable Approach (SEA, https://sea.bkslab.org), Comparative 
Toxigenomic database (CTD, http://ctdbase.org) and SwissPrediction 
(http://swisstargetprediction.ch), whose algorithms use the SMILES 
code of each drug and, according to the degree of similarity, predict 
which proteins can be considered as its targets. As inclusion criteria, we 
limited our search to words like “DHT, “dihydrotestorone” and “Homo 
sapiens”. A total of 1,600 DHT-regulated proteins were predicted across 
the four databases. 

To identify proteins that are altered or likely participate in TBI pa-
thology, we used the search terms “Traumatic brain injury”, “Homo sa-
piens”, and “human” in the CTD database, Genecard/Malacards (https:// 
www.Malacards.org/) and OMIM (https://omim.org/). A total of 3,522 
proteins were collected. 

Bearing in mind that this mining process from those databases might 
lead to repeated proteins and false positives, after collating all lists, these 
were combined. Then we proceeded to eliminate the duplicated proteins 
and using the Uniprot ID of each protein we assured to unify the terms to 
standardize names and avoid redundancy. 

2.2. Protein-Protein interaction (PPI) network 

After eliminating the repeated proteins and unifying the names, the 
protein list for DHT contained a total of 1,567 targets, while that for TBI 
was 2,700. First, the proteins in common between the two lists were 
identified in a Venn diagram, then imported into Cytoscape (version 
3.8.2) for a more detailed analysis of the topology of the network and 

how the interaction among proteins takes place for a more in-depth 
study of those that are key in the cellular mechanism. Second, we 
used the Genemania plugin with a confidence ratio of 0.5 followed by 
“Analyze network” to calculate the degree of confidentiality and sig-
nificance of each protein within the network taking into account the 
number of interactions (degree), closeness (the shortest path from a 
protein to all the others) and betweenness (the number of paths crossing 
through a protein). In other words, betweenness values are key to 
identifying proteins with high level of interactions and interconnections 
where the flux of information across this node (protein) is significative, 
making this protein a druggable target within the network. By evalu-
ating these parameters our main goal was to explore potential hubs 
within the network that, in principle, may be pharmacological and 
therapeutic targets for DHT, and with involvement in TBI. 

To identify subclusters containing mitochondrial-related proteins, 
we used String in cytoscape with a confidence score cut-off of 0.4, those 
proteins with a score of 4 or above in the parameter compartment: 
mitochondria were selected and a new subnetwork was created to 
explore highly connected subclusters using MCODE with a degree cut-off 
of 2, K-core of 2, and node score cut-off of 2. This plugin ranks the top 
clusters, assigns a computed score according to the level of in-
terconnections and importance for further analysis. 

2.3. Functional annotation of proteins and pathways enrichment 

For full functional annotation of proteins according to molecular 
function and biological processes, the DAVID v6.8 (https://david.nci 
fcrf.gov/), Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(https://www.genome.jp/kegg), and Enrich (https://maayanlab.cloud 
/Enrichr/) databases were used. Both the lists containing the proteins 
regulated by DHT and TBI as well as those related to mitochondria were 
submitted to functional analysis, where the top-10 in each category were 
filtered out and selected for further analysis. As inclusion criteria a p- 
value of 0.05 and “Homo Sapiens” was selected. All results were cata-
logued, and graphs were created using Graphpad 9. 

3. Results 

3.1. Exploration of protein targets of DHT and TBI 

One of the first steps in building the protein-protein interaction 
network is to identify which proteins are both DHT-regulated and 
affected by TBI. Using the Drugbank, Swissprediction, SEA and CTD 
databases, for DHT a total of 9 proteins in Drugbank, 101 in Swis-
sPrediction, 37 in SEA and 1,453 in CTD were predicted. On the other 
hand, for TBI, 1,589 in CTD, 191 in OMIM and 1,742 proteins in Gen-
ecards/Malacards. Next we aimed to identify which of these proteins are 
common on both lists (DHT vs TBI). Overlapping proteins are shown in 
circus plot (Fig. 1A), where most are related to cell death, apoptosis, ion 
transport and inflammation (Fig. 1B). A total of 381 proteins (9.8%) are 
shared between the two groups (Fig. 2A), and finally the network 
generated with these common proteins using Genemania in cytoscape 
contained 388 nodes, 18,792 edges with an average number of 79,119 
neighbours. By analyzing the functional categories of these proteins, we 
identified that those with the highest number of proteins are steroid 
metabolic process (41/243; adjusted p-value: 2.1–22) (Fig. 2B), regu-
lation of lipid metabolic process (41/265; adjusted p-value: 2.8–21) 
(Fig. 2C), and regulation of apoptotic signalling (40/255; adjusted p- 
value: 5.2–21) (Fig. 2D). Because all of these cellular processes are 
severely altered in TBI and are regulated by androgens [12], next we 
performed a more in-depth analysis to explore which proteins can be 
considered novel hubs in each category. 

3.2. Steroid metabolic process 

One of the neuropathological aspects observed in TBI patients is a 
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significant decrease in hormone levels in both the blood and brain 
(hypogonadism) with time of injury. Not only are the levels of gonadal 
hormones such as estradiol and testosterone reduced, but cortisol has 
also seen altered in patients suffering from a TBI [25], suggesting serious 
implications in circadian rhythm affecting not only the brain but also 
other organs [26]. Interestingly, exogenous administration of gluco-
corticoids may improve the hypothalamic-pituitaryadrenal axis [27], 
which may prove to be an alternative therapeutic approach. To better 
understand this signalling in our model, next we assessed the proteins 
involved in steroids metabolism that are targets of DHT and involved in 
TBI. Network analyzer results showed that, out of 41 proteins, SREBF1 
(41), HMGCR (37), SREBF2 (32), IDI1 (31), DHCR7 (30), FDPS (29), 
HMGCS1 (29), FDFT1 (28), INSIG1 (25), and MSMO1 (25) are the top- 
10 presenting a higher degree (Table 1), an indication of the number of 
possible interactors within the network. Interestingly, sterol regulatory 
element-binding transcription factor 1 (SREBF1) although presenting 
high degree and closeness, it was not the top protein in betweenness. In 
contrast, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) 
ranked second for degree but is the top protein in betweenness and 
closeness, that is the information flow between proteins considered to be 
central and the number of times the information passes through them 
(betweenness) within a close distance (closeness) make this protein an 
important hub within this network. 

3.3. Regulation of lipid metabolic process 

Out of 41 proteins according to the number of degrees SREBF1 (39), 
PPARG (33), SREBF2 (33), HMGCR (32), HMGCS1 (30), ACACA (26), 
FDFT1 (26), DHCR7 (26), FASN (25), and LDLR (24) make up the top-10 
(Table 2). Despite being the second protein on this list in relation to the 
number of degrees, peroxisome proliferator-activated receptor gamma 
(PPARG) presented the highest betweenness and closeness, making it an 
important node in this network. 

3.4. Regulation of apoptotic signalling pathway 

From a list of 30 proteins with functional roles in this category, 
sorting them according to the number of degrees showed that TP53 is by 
far the top protein with 53, followed by HIF1A (37), MCL1 (35), AKT1 
(34), CAV1 (31), TNFAIP3 (28), BCL2L1 (28), AR (27), ICAM1 (26), and 

CSNK2A1 (25) (Table 3). For those proteins presenting higher 
betweenness and closeness, tumor protein p53 (TP53), hypoxia induc-
ible factor 1 subunit alpha (HIF1A), and RAC-alpha serine/threonine- 
protein kinase (AKT1) make most the tops on this list and are key tar-
gets. Caveolin-1 (CAV1) although showing high closeness it does present 
high betweenness in comparison to the ones topping this list. 

3.5. Subcluster of mitochondrial-related proteins regulated by both DHT 
and TBI 

Androgen receptor is found within mitochondria as it possesses a 
mitochondria internalization sequence [28], making this organelle a 
target of androgens [7,28,29], and likely severely affected upon TBI 
[12,30–32]. Considering the mitochondria as a converging point be-
tween lipid metabolism, steroids and apoptotic mechanisms, using 
String in cytoscape we shortlisted those proteins that either may be 
localized within this organelle or play a biological role involving mito-
chondria to explore which of them have an essential participation in the 
network and be druggable targets of DHT in TBI. 

Of the list of 381 proteins in common between DHT and TBI (Fig. 1), 
32 have some relationship to mitochondria (Suppl Table 1). Overall, this 
mitochondrial cluster has 52 nodes, 459 edges and 11,692 neighbours. 
Using the network analyze tool we calculated which proteins can be 
important nodes in this network according to the number of interactions 
(degree), betweenness and closeness. As expected, amyloid beta pre-
cursor (APP), mitogen-activated protein kinase 3 (MAPK3), and TP53 
form the top 3 with the largest number of interactions (Table 4). How-
ever, considering only the ones with shortest path in the network 
(closeness), prohibitin (PHB) is third on this parameter and fourth on 
betweenness, and despite not having an expressive number of in-
teractions (22) suggests this protein as a central node in the intersection 
of the information flow within the network. 

KEGG pathway analysis using DAVID 6.8 showed a significative 
correlation of -log10(p), the number of mitochondria-related proteins in 
each category, fold enrichment and false discovery ratio (FDR) (Fig. 3A). 
Next, we selected the top-10 categories with lowest FDR and -log10(p) 
versus protein counts (Fig. 3B), and that included therefore those pro-
teins belonging to regulation of apoptotic process (13 proteins; p-value: 
10.38), regulation of release of cytochrome c from mitochondria (6 
proteins; p-value: 10.35), release of cytochrome c from mitochondria (5 

Fig. 1. Circus plot representing how proteins integrate and correlate between TBI and DHT, showing mainly those overlapping between these two lists (A). In TBI a 
total of 2700 proteins were included while in DHT, 1567. Dark orange are those proteins appearing in both lists and those marked with light orange are those present 
only in one list. The purple lines identify those proteins that are shared by both lists. On the other hand, the blue lines represent those proteins that fall within the 
same ontological term, which is found significantly enriched and whose size does not exceed 100. The greater the number of purple lines and the wider the arcs are, 
the greater the overlap between the two lists. (B) Protein enrichment analysis showing how the proteins are differently expressed across ontology terms. 
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proteins; p-value: 10.19), positive regulation of apoptotic process (9 
proteins; p-value: 9.02), apoptotic mitochondrial changes (5 proteins; p- 
value: 8.76), negative regulation of apoptotic process (10 proteins; p- 
value: 8.59), positive regulation of programmed cell death (8 proteins; 
7.90), cellular response to oxidative stress (6 proteins; p-value: 7.37), 
positive regulation of gene expression (9 proteins; p-value: 7.36), and 

positive regulation of macromolecule metabolic process (8 proteins; p- 
value: 6.91) as top biological processes (Fig. 3C). 

Regarding proteins related to molecular function (Fig. 3D), top cat-
egories include protein serine/threonine/tyrosine kinase activity (4 
proteins; p-value: 6.96), MAP kinase activity (3 proteins; p-value: 5.87), 
ubiquitin-like protein kinase binding (6 proteins; p-value: 5.3), protein 

Fig. 2. Identification of common proteins between TBI and DHT and assessment of protein–protein network analysis. Venn diagram showing that approximately 
8.8% of proteins are shared in DHT and TBI list (A). Enrichment of these shared proteins demonstrate that a high percentage is involved in regulation of steroid 
metabolic process (B), lipid metabolic process (C) and apoptotic signalling pathways (D). 

Table 1 
Top 10 proteins related to steroid metabolic process according to the number of 
degrees.  

Name Degree Betweenness Closeness 

SREBF1 41  0.03859  0.689655 
HMGCR 37  0.052024  0.689655 
SREBF2 32  0.015843  0.634921 
IDI1 31  0.016716  0.677966 
DHCR7 30  0.016741  0.666667 
FDPS 29  0.014496  0.655738 
HMGCS1 29  0.007061  0.645161 
FDFT1 28  0.012244  0.645161 
INSIG1 25  0.044904  0.666667 
MSMO1 25  0.039887  0.677966  

Table 2 
Top 10 proteins related to lipid metabolic process according to the number of 
degrees.  

Name Degree Betweenness Closeness 

SREBF1 39  0.030032  0.684210526 
PPARG 33  0.068704  0.684210526 
SREBF2 33  0.041486  0.684210526 
HMGCR 32  0.021403  0.672413793 
HMGCS1 30  0.008624  0.65 
ACACA 26  0.024212  0.639344262 
FDFT1 26  0.012098  0.629032258 
DHCR7 26  0.010928  0.629032258 
FASN 25  0.034154  0.661016949 
LDLR 24  0.028858  0.672413793  
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serine/threonine kinase activity (6 proteins; p-value: 4.81), BH domain 
binding (2 proteins; p-value: 4.43), BH3 domain binding (2 proteins; p- 
value: 4.43), ubiquitin protein ligase binding (5 proteins; p-value: 4.22), 
estrogen 16-alpha-hydroxylase activity (2 proteins; p-value: 4.16), ki-
nase binding (6 proteins; p-value: 4.10), and death domain binding (2 
proteins; p-value: 3.86) (Fig. 3E). 

To identify key mitochondrial subclusters in this network (Fig. 4A), 
we used the MCODE tool in cytoscape. Three subclusters were gener-
ated, the top-one (Fig. 4B) contains 11 nodes with a score of 5.800, 
followed by cluster 2 (18 nodes and score 5.647) and three (5 nodes and 
score 3.000). In relation to subcluster 1 (CLU, SGK1, FOXO3, CCNB1, 
HSPA5, AKT1, APP, MAPK10, MAPK3, PRKCA and MAP2K2), the top 
biological processes with 20.4% of participation are cellular and meta-
bolic process as well as biological regulation, followed by response to 
stimulus and signalling with 16.30% participation each, and finally 
developmental process, multicellular organismal process and localiza-
tion with only 2% each (Fig. 4C). 

In subcluster 2 (TP53, HDAC4, PHB, CDK2, NAE1, GLUD1, SOD2, 
BRAF, KSR1, ATM, GSTK1, BAX, PRNP, BCL2L1, NR3C1, DNM1L, 
HNRNPU, and BCL2L11) (Fig. 4D), 27.70% proteins are involved in 
cellular process, 21.3% in biological regulation, 17% in metabolic pro-
cess, 12.8% in signalling, 10.60% in response to stimulus, 4.30% in 
localization, and finally 2.10% proteins in processes such as biological 
phase, and reproduction (Fig. 4E). Finally, with the participation of only 
5 proteins (SETD7, MAPK1, HSPD1, CASP3, and BAD), the top biological 
processes in subcluster 3 (Fig. 4F) are cellular process, biological regu-
lation, response to stimulus and metabolic process with 15.40% each, 
followed by localization, signalling, multicellular organismal process 
and immune system with 7.70% each (Fig. 4G). 

4. Discussion 

Perhaps the greatest challenge nowadays is the discovery of potential 
cellular targets involved in mediating the metabolic syndrome in TBI in 
order to establish a more precise treatment that may not only control the 
further development of this pathology but also promote a mitigation or 

resolution of clinical symptoms. Considering that the disruption of 
hormonal signalling has been observed in post-TBI patients [33–35], 
greatly affecting how cells regulate homeostatic processes at the mito-
chondrial level, this suggests that an exogenous supplementation with 
DHT, one of the most potent androgens, may have enormous potential as 
a therapy in TBI. Prospective therapeutic strategies aimed at reducing 
the impairment of ATP production, the dysregulation of cell metabolism 
and the activation of apoptotic mechanisms are of clinical interest and 
have been the focus of numerous studies in recent years [8,9,15–17,32]. 
In this present study, we aimed to identify these proteins and evaluate by 
system pharmacology those regulated by DHT and that can be druggable 
targets of this hormone to counteract the cell damage observed during 
the acute and chronic phases of TBI. Overall, our results demonstrated 
that HMGCR, PPGARG, and prohibitin are proteins highly regulated by 
this androgen and that they may play a crucial role on this pathology. 

4.1. Steroid metabolic process and regulation of lipid process by DHT 

In the present study we found that steroid and lipid metabolism are 
two of the top ontology categories that can be modulated by DHT and 
are seen altered due to TBI (Fig. 2, Tables 1 and 2). It is quite known that 
TBI affects the metabolism of cholesterol and impairs the lipid homeo-
stasis within the brain [20]. One of the most striking features of the 
pathophysiological mechanism of TBI at the molecular level is the 
disruption of cholesterol-rich membranes such as plasmatic and mito-
chondrial not only from the plasma membrane but also from the mito-
chondrial membranes. The brain is capable of synthesizing cholesterol 
for its own use and, due of TBI it loses its ability to control the efflux 
mechanism of excess cholesterol causing it to accumulate significantly in 
this organ, instead of being exported to the liver via bloodstream to be 
excreted or eliminated in the form of bile salts. Oxidized by-products of 
this altered brain metabolism include increased levels of 24S-hydroxy-
cholesterol [36,37], an indicative of cholesterol efflux and the main 
cholesterol derivatives in the brain, 25-hydroxycholesterol (25HC), 
which have been seen involved in local inflammation that can lead to 
more severe secondary damage [38–40]. 

We report that both HMGCR (HMG-CoA reductase) and PPARG are 
cellular hubs involved in TBI and potential targets of DHT (Tables 1 and 
2). HMGCR is the limiting enzyme of the mevalonate pathway respon-
sible for de novo cholesterol synthesis. In TBI lipid metabolism dysre-
gulation due to membrane disruption augments inflammation [20], 
possibly via activation of TLR4 (toll-like receptor 4) [41,42], and leads 
to aberrant levels of 25HC, an oxidized form of cholesterol with multiple 
immune, metabolic and apoptotic properties [43]. Although there are no 
studies reporting the benefits of DHT on the regulation of lipid meta-
bolism by HMGCR in the brain after a TBI, other studies suggest its lipid- 
lowering actions in other diseases. For example, DHT at 3.0 mg/kg/ 
d reduces body weight, total cholesterol, cholesterol ester, triglycerides, 
and LDL levels and increases HDL levels in animals after a diet rich in 
fatty acids [44]. Taking into account that neuroinflammation by itself 
can favour the accumulation of lipids [45] and provoke a dysfunction of 
cholesterol metabolism in the brain and that DHT has broad anti- 
inflammatory effects, it is feasible to hypothesize that this potent 
androgen may mitigate in part the dysregulation of cholesterol and lipid 
metabolism by acting on HMGCR. Due to the accumulation of choles-
terol and other lipids in TBI, which can lead to lipotoxicity, not only 
HMGCR but also PPARG may play a key role in the regulation of 
inflammation induced by this intracellular rise of fatty acids. Together 
with SREBF1 and SREBF2, PPARGs are master regulators of lipid 
metabolism in cells. For example, transcriptional activation of PPARG 
leads to a rise on IkBα, a protein that maintains NF-kB inactive in the 
cytosol, avoiding its nucleus translocation and hence inducing the 
activation of pro-inflammatory signalling with consequent release of 
cytokines and chemokines [46,47]. On the other hand, it has been 
shown that increased 25HC decreases PPARG levels, which may 
contribute to neuroinflammation in TBI [46]. Furthermore, AR 

Table 3 
Top 10 proteins related to apoptotic signalling according to the number of 
degrees.  

Name Degree Betweenness Closeness 

TP53 53  0.071211083  0.735849057 
HIF1A 37  0.055643111  0.709090909 
MCL1 35  0.024442865  0.661016949 
AKT1 34  0.058131462  0.672413793 
CAV1 31  0.021315137  0.661016949 
TNFAIP3 28  0.024447502  0.661016949 
BCL2L1 28  0.01758909  0.609375 
AR 27  0.026381118  0.609375 
ICAM1 26  0.023608825  0.65 
CSNK2A1 25  0.034967115  0.65  

Table 4 
Top 10 proteins from mitochondrial-related subclusters according to the number 
of degrees.  

Name Degree Betweenness Closeness 

APP 37  0.097480748  0.64556962 
MAPK3 46  0.070126255  0.671052632 
TP53 45  0.063221589  0.614457831 
PHB 22  0.05570298  0.62195122 
MAPK1 36  0.045991504  0.62195122 
BCL2L1 35  0.039251703  0.593023256 
CASP3 27  0.037625591  0.607142857 
AKT1 34  0.031587165  0.62195122 
FOXO3 27  0.030974662  0.586206897 
HSPA5 24  0.02920137  0.614457831  
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activation by DHT downregulates PPARG mRNA and protein levels in 
mesenchymal cells [48], thus inhibiting adipogenesis on these cells, 
suggesting a crosstalk between androgenic and PPARG signalling on the 
regulation of lipid metabolism. 

4.2. Participation of mitochondria in lipid metabolism and apoptosis 

Apoptosis is one of the trending ontology categories that has been 
significantly associated to mitochondria subclusters (Fig. 2D and 3). 
Interestingly, a mitochondrial protein identified in our study whose key 
participation in metabolic processes, whilst linked to apoptosis in TBI, is 
prohibitin (Table 4). Importantly, prohibitin seems like to be signifi-
cantly oxidized in TBI, suggesting an altered functional capacity of this 
protein associated with one of the main TBI pathological mechanisms 
[49]. This protein is part of the prohibitin family, composed of two 
subunits – PHB1 and PHB2, and both can be found in the nucleus, 

cytosol and mitochondria [50,51]. Once translocated to mitochondria 
from the cytosol PHB1 is found to a greater extent localized in the inner 
mitochondrial membrane which, upon complexing with PHB2, forms a 
ring-like assembly, playing a crucial role in regulating the dynamics and 
stability of mitochondria and assembly of mitochondrial respiratory 
chain complexes. For instance, previous studies showed that PHB con-
trols OPA1 (optic atrophy 1), which is an essential protein for the for-
mation of mitochondrial cristae and for mitochondrial fission/fusion 
[52,53] and is very much likely found affected in TBI. In this regard, in 
previous studies by our group we identified OPA1 as significantly 
decreased after TBI in vitro, being this in parallel associated to increases 
in reactive oxygen species and alterations in mitochondrial membrane 
potential [15]. In addition to the biological processes mentioned pre-
viously, PHB complex when interacting with the anti-apoptotic HAX-1 
(HCLS1-associated protein X-1) is able to inhibit apoptosis and favour 
mitochondrial homeostasis [54]. This is supported by the fact that 

Fig. 3. Protein enrichment of mitochondria-related targets between TBI and DHT. Correlation between -log (p-value), false discovery rate, fold enrichment, protein 
count and top enriched categories. Enrichment analysis according to biological process (B and C) and molecular function (D and E). 
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Fig. 4. Mitochondrial-related specific subclusters. Cluster 1 containing 11 nodes (B) with a pie chart representing the participation of each ontology term within the 
network (C). Similarly, cluster 2 has 18 nodes (D) showing that 27.7% of proteins fall within the biological process category (E). Lastly, cluster 3 has 5 proteins (F), of 
which 15.4% participate in biological regulation, cellular process, response to stimulus and metabolic process (G). 

A.J. McGovern et al.                                                                                                                                                                                                                           



International Immunopharmacology 108 (2022) 108721

8

inhibition of PHB by siRNA increases apoptosis, and the fact that PHB 
complex co-localizes with caspase 3 and PCNA demonstrates its partic-
ipation in apoptosis [55]. Indeed, in the nucleus, PHB interacts with 
transcription factors p53 and AR [56–58], suggesting the participation 
of androgen signalling in the regulation of apoptosis by PHB. After a TBI 
the levels of PHB complex are significantly elevated in astrocytes and 
neurons [55], which may be correlated to a destabilization of metabolic 
processes occurring inside the mitochondria. However, it has been 
shown that moderate and controlled expression of PHB is neuro-
protective by reducing oxidative damage and inflammation in the 
diseased brain [59]. Considering that by regulating OPA1 prohibitin 
controls apoptosis [53] and inhibits cell proliferation by repressing the 
E2 factor (E2F) [60,61] it can be hypothesized that this protein may play 
a fundamental role in mitigating the pathophysiological mechanism of 
TBI. 

5. Conclusions and perspectives 

Since there is still no effective and long-lasting treatment against TBI 
that can significantly reduce inflammation during the chronic period of 
the disease, studies that aim to explore new therapeutic schemes arise a 
high interest not only from a clinical perspective but do they also open 
new opportunities as a hope to improve the quality of life of those pa-
tients affected by TBI. Considering that these patients suffer from 
hypogonadism, which can generate important hormonal alterations not 
only in the brain but also in the blood, inevitably contributing to the 
pathological mechanism, a therapy with DHT for repurposing in TBI can 
mean less burden when compared to the costly and exhausting process 
of bringing new drugs to market. 

By using system pharmacology and enrichment analysis, we identi-
fied for the first time that HMGCR, PPGARG, and prohibitin are key 
novel proteins whose levels may be modulated by DHT and are involved 
in TBI pathology, hence exerting regulatory functions over mitochondria 
metabolism. Mitochondria-dependent metabolism of lipids play an 
essential role, therefore dysregulation of any of these processes may 
promote mitophagy and/or cytochrome C release into the cytosol, 
leading to the canonical activation of apoptosis. TBI generates profound 
changes in how lipids are controlled and used as a source of energy or 
simply as endogenous signalling mechanisms. The mitochondrion is an 
organelle regulated by hormones, whose levels are altered in TBI, this 
leads us to hypothesize that mitochondria will no longer be able to carry 
out lipid metabolism, thus generating a hostile microenvironment due to 
an intracellular accumulation of lipid intermediates that are highly 
reactive and can endanger cell survival. By replenishing the pool of 
androgenic stimulation at mitochondria upon DHT administration with 
the aim of preserving or maintaining the metabolism, the results of our 
study indicate that this new pharmacological strategy opens new ave-
nues to better treat TBI patients. 
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The first draft of the manuscript was written by George E. Barreto and 
Andrew J. McGovern and all authors commented on previous versions of 

the manuscript. All authors read and approved the final manuscript. 

Ethics approval 

Not applicable. 

Consent to participate 

Not applicable. 

Consent for publication 

All authors read and approved the final manuscript. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

None. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.intimp.2022.108721. 

References 

[1] K.A. Duncan, J. Moon, D. Vartosis, I. Zee, Injury-induced expression of glial 
androgen receptor in the zebra finch brain, J. Neurotrauma 30 (22) (2013) 
1919–1924. 

[2] L.A. Behan, A. Agha, Endocrine consequences of adult traumatic brain injury, 
Horm. Res. 68 (Suppl. 5) (2007) 18–21. 

[3] A.K. Wagner, E.H. McCullough, C. Niyonkuru, H. Ozawa, T.L. Loucks, J.A. Dobos, 
C.A. Brett, M. Santarsieri, C.E. Dixon, S.L. Berga, A. Fabio, Acute serum hormone 
levels: characterization and prognosis after severe traumatic brain injury, 
J. Neurotrauma 28 (6) (2011) 871–888. 

[4] 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. (Oxf) 60 (5) (2004) 584–591. 

[5] A.B. Lopez-Rodriguez, E. Acaz-Fonseca, R. Spezzano, S. Giatti, D. Caruso, M. 
P. Viveros, R.C. Melcangi, L.M. Garcia-Segura, Profiling neuroactive steroid levels 
after traumatic brain injury in male mice, Endocrinology 157 (10) (2016) 
3983–3993. 

[6] R.B. Carteri, A. Kopczynski, M.S. Rodolphi, N.R. Strogulski, M. Sartor, 
M. Feldmann, M.A. De Bastiani, C.M. Duval Wannmacher, I.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. 

[7] 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. 

[8] 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. 

[9] 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. 

[10] L. Yang, R. Zhou, Y. Tong, P. Chen, Y. Shen, S. Miao, X. Liu, Neuroprotection by 
dihydrotestosterone in LPS-induced neuroinflammation, Neurobiol. Dis. 140 
(2020), 104814. 

[11] L. Yang, Y. Tong, P.F. Chen, S. Miao, R.Y. Zhou, Neuroprotection of 
dihydrotestosterone via suppression of the toll-like receptor 4/nuclear factor-kappa 
B signaling pathway in high glucose-induced BV-2 microglia inflammatory 
responses, NeuroReport 31 (2) (2020) 139–147. 

[12] A.J. McGovern, G.E. Barreto, Mitochondria dysfunction and inflammation in 
traumatic brain injury: androgens to the battlefront, Androgens: Clinical Research 
and Therapeutics 2 (1) (2021) 1–12. 

[13] A. O’Leary R, A.D. Nichol, Pathophysiology of severe traumatic brain injury, 
J. Neurosurg. Sci. 62 (5) (2018) 542–548. 

[14] L. Zhang, H. Wang, X. Zhou, L. Mao, K. Ding, Z. Hu, Role of mitochondrial calcium 
uniporter-mediated Ca(2+) and iron accumulation in traumatic brain injury, J. Cell 
Mol. Med. 23 (4) (2019) 2995–3009. 

A.J. McGovern et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.intimp.2022.108721
https://doi.org/10.1016/j.intimp.2022.108721
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0005
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0005
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0005
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0010
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0010
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0015
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0015
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0015
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0015
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0020
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0020
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0020
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0025
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0025
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0025
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0025
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0030
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0030
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0030
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0030
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0030
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0035
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0035
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0035
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0040
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0040
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0040
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0045
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0045
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0045
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0045
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0050
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0050
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0050
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0055
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0055
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0055
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0055
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0060
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0060
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0060
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0065
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0065
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0070
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0070
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0070


International Immunopharmacology 108 (2022) 108721

9

[15] E. Baez-Jurado, G. Guio-Vega, O. Hidalgo-Lanussa, J. Gonzalez, V. Echeverria, G. 
M. Ashraf, A. Sahebkar, G.E. Barreto, Mitochondrial neuroglobin is necessary for 
protection induced by conditioned medium from human adipose-derived 
mesenchymal stem cells in astrocytic cells subjected to scratch and metabolic 
injury, Mol. Neurobiol. 56 (7) (2019) 5167–5187. 

[16] E. Baez-Jurado, O. Hidalgo-Lanussa, G. Guio-Vega, G.M. Ashraf, V. Echeverria, 
G. Aliev, G.E. Barreto, Conditioned medium of human adipose mesenchymal stem 
cells increases wound closure and protects human astrocytes following scratch 
assay in vitro, Mol. Neurobiol. 55 (6) (2018) 5377–5392. 

[17] E. Baez-Jurado, G.G. Vega, G. Aliev, V.V. Tarasov, P. Esquinas, V. Echeverria, G. 
E. Barreto, Blockade of neuroglobin reduces protection of conditioned medium 
from human mesenchymal stem cells in human astrocyte model (T98G) under a 
scratch assay, Mol. Neurobiol. 55 (3) (2018) 2285–2300. 

[18] J. Chitturi, V. Santhakumar, S.S. Kannurpatti, Traumatic brain injury metabolome 
and mitochondrial impact after early stage Ru360 treatment, Mitochondrion 57 
(2021) 192–204. 

[19] Y. Wu, M. Chen, J. Jiang, Mitochondrial dysfunction in neurodegenerative diseases 
and drug targets via apoptotic signaling, Mitochondrion 49 (2019) 35–45. 

[20] A.M. Lamade, T.S. Anthonymuthu, Z.E. Hier, Y. Gao, V.E. Kagan, H. Bayir, 
Mitochondrial damage & lipid signaling in traumatic brain injury, Exp. Neurol. 329 
(2020), 113307. 

[21] A.M. Gorabi, S. Aslani, G.E. Barreto, E. Baez-Jurado, N. Kiaie, T. Jamialahmadi, 
A. Sahebkar, The potential of mitochondrial modulation by neuroglobin in 
treatment of neurological disorders, Free Radic. Biol. Med. 162 (2021) 471–477. 

[22] 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) 
1907. 

[23] R. Cabezas, E. Baez-Jurado, O. Hidalgo-Lanussa, V. Echeverria, G.M. Ashrad, 
A. Sahebkar, G.E. Barreto, Growth factors and neuroglobin in astrocyte protection 
against neurodegeneration and oxidative stress, Mol. Neurobiol. 56 (4) (2019) 
2339–2351. 

[24] E. Baez, V. Echeverria, R. Cabezas, M. Avila-Rodriguez, L.M. Garcia-Segura, G. 
E. Barreto, Protection by neuroglobin expression in brain pathologies, Front. 
Neurol. 7 (2016) 146. 

[25] J.A. Llompart-Pou, G. Perez, J.M. Raurich, M. Riesco, M. Brell, J. Ibanez, J. Perez- 
Barcena, J.M. Abadal, J. Homar, B. Burguera, Loss of cortisol circadian rhythm in 
patients with traumatic brain injury: a microdialysis evaluation, Neurocrit. Care 13 
(2) (2010) 211–216. 

[26] N.A.S. Mohd Azmi, N. Juliana, S. Azmani, N. Mohd Effendy, I.F. Abu, N.I. Mohd 
Fahmi Teng, S. Das, Cortisol on circadian rhythm and its effect on cardiovascular 
system, Int. J. Environ. Res. Public Health 18 (2) (2021) 676. 

[27] G.U. Meduri, D. Annane, M. Confalonieri, G.P. Chrousos, B. Rochwerg, A. Busby, 
B. Ruaro, B. Meibohm, Pharmacological principles guiding prolonged 
glucocorticoid treatment in ARDS, Intensive Care Med. 46 (12) (2020) 2284–2296. 

[28] P. Bajpai, E. Koc, G. Sonpavde, R. Singh, K.K. Singh, Mitochondrial localization, 
import, and mitochondrial function of the androgen receptor, J. Biol. Chem. 294 
(16) (2019) 6621–6634. 

[29] S. Giatti, L.M. Garcia-Segura, G.E. Barreto, R.C. Melcangi, Neuroactive steroids, 
neurosteroidogenesis and sex, Prog. Neurobiol. 176 (2019) 1–17. 

[30] 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. 

[31] 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. 

[32] 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. 

[33] 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. (Lausanne) 12 (2021), 634415. 

[34] S.A. Alavi, C.L. Tan, D.K. Menon, H.L. Simpson, P.J. Hutchinson, Incidence of 
pituitary dysfunction following traumatic brain injury: a prospective study from a 
regional neurosurgical centre, Br. J. Neurosurg. 30 (3) (2016) 302–306. 

[35] D.J. Barton, R.G. Kumar, E.H. McCullough, G. Galang, P.M. Arenth, S.L. Berga, A. 
K. Wagner, Persistent hypogonadotropic hypogonadism in men after severe 
traumatic brain injury: temporal hormone profiles and outcome prediction, J. Head 
Trauma Rehabil. 31 (4) (2016) 277–287. 

[36] C.M. Cartagena, F. Ahmed, M.P. Burns, A. Pajoohesh-Ganji, D.T. Pak, A.I. Faden, G. 
W. Rebeck, Cortical injury increases cholesterol 24S hydroxylase (Cyp46) levels in 
the rat brain, J. Neurotrauma 25 (9) (2008) 1087–1098. 

[37] C.M. Cartagena, M.P. Burns, G.W. Rebeck, 24S-hydroxycholesterol effects on lipid 
metabolism genes are modeled in traumatic brain injury, Brain Res. 1319 (2010) 
1–12. 

[38] J. Jang, S. Park, H. Jin Hur, H.J. Cho, I. Hwang, Y. Pyo Kang, I. Im, H. Lee, E. Lee, 
W. Yang, H.C. Kang, S. Won Kwon, J.W. Yu, D.W. Kim, 25-hydroxycholesterol 
contributes to cerebral inflammation of X-linked adrenoleukodystrophy through 
activation of the NLRP3 inflammasome, Nat. Commun. 7 (2016) 13129. 

[39] M.Y. Wong, M. Lewis, J.J. Doherty, Y. Shi, A.G. Cashikar, A. Amelianchik, 
S. Tymchuk, P.M. Sullivan, M. Qian, D.F. Covey, G.A. Petsko, D.M. Holtzman, S. 
M. Paul, W. Luo, 25-Hydroxycholesterol amplifies microglial IL-1beta production 
in an apoE isoform-dependent manner, J. Neuroinflammation 17 (1) (2020) 192. 

[40] S.M. Pokharel, N.K. Shil, J.B. Gc, Z.T. Colburn, S.Y. Tsai, J.A. Segovia, T.H. Chang, 
S. Bandyopadhyay, S. Natesan, J.C.R. Jones, S. Bose, Integrin activation by the 
lipid molecule 25-hydroxycholesterol induces a proinflammatory response, Nat. 
Commun. 10 (1) (2019) 1482. 

[41] M.D. Laird, J.S. Shields, S. Sukumari-Ramesh, D.E. Kimbler, R.D. Fessler, B. Shakir, 
P. Youssef, N. Yanasak, J.R. Vender, K.M. Dhandapani, High mobility group box 
protein-1 promotes cerebral edema after traumatic brain injury via activation of 
toll-like receptor 4, Glia 62 (1) (2014) 26–38. 

[42] I. Balan, M.C. Beattie, T.K. O’Buckley, L. Aurelian, A.L. Morrow, Endogenous 
Neurosteroid (3alpha,5alpha)3-Hydroxypregnan-20-one Inhibits Toll-like-4 
Receptor Activation and Pro-inflammatory Signaling in Macrophages and Brain, 
Sci. Rep. 9 (1) (2019) 1220. 

[43] J.G. Cyster, E.V. Dang, A. Reboldi, T. Yi, 25-Hydroxycholesterols in innate and 
adaptive immunity, Nat. Rev. Immunol. 14 (11) (2014) 731–743. 

[44] H. Zhang, Y. Liu, L. Wang, Z. Li, H. Zhang, J. Wu, N. Rahman, Y. Guo, D. Li, N. Li, 
I. Huhtaniemi, S.Y. Tsang, G.F. Gao, X. Li, Differential effects of estrogen/androgen 
on the prevention of nonalcoholic fatty liver disease in the male rat, J. Lipid Res. 54 
(2) (2013) 345–357. 

[45] J. Marschallinger, T. Iram, M. Zardeneta, S.E. Lee, B. Lehallier, M.S. Haney, J. 
V. Pluvinage, V. Mathur, O. Hahn, D.W. Morgens, J. Kim, J. Tevini, T.K. Felder, 
H. Wolinski, C.R. Bertozzi, M.C. Bassik, L. Aigner, T. Wyss-Coray, Lipid-droplet- 
accumulating microglia represent a dysfunctional and proinflammatory state in the 
aging brain, Nat. Neurosci. 23 (2) (2020) 194–208. 

[46] L. Xu, Q. Bai, D. Rodriguez-Agudo, P.B. Hylemon, D.M. Heuman, W.M. Pandak, 
S. Ren, Regulation of hepatocyte lipid metabolism and inflammatory response by 
25-hydroxycholesterol and 25-hydroxycholesterol-3-sulfate, Lipids 45 (9) (2010) 
821–832. 

[47] W. Vanden Berghe, L. Vermeulen, P. Delerive, K. De Bosscher, B. Staels, 
G. Haegeman, A paradigm for gene regulation: inflammation, NF-kappaB and 
PPAR, Adv. Exp. Med. Biol. 544 (2003) 181–196. 

[48] R. Singh, J.N. Artaza, W.E. Taylor, N.F. Gonzalez-Cadavid, S. Bhasin, Androgens 
stimulate myogenic differentiation and inhibit adipogenesis in C3H 10T1/2 
pluripotent cells through an androgen receptor-mediated pathway, Endocrinology 
144 (11) (2003) 5081–5088. 

[49] W.O. Opii, V.N. Nukala, R. Sultana, J.D. Pandya, K.M. Day, M.L. Merchant, J. 
B. Klein, P.G. Sullivan, D.A. Butterfield, Proteomic identification of oxidized 
mitochondrial proteins following experimental traumatic brain injury, 
J. Neurotrauma 24 (5) (2007) 772–789. 

[50] M. Artal-Sanz, N. Tavernarakis, Opposing function of mitochondrial prohibitin in 
aging, Aging (Albany NY) 2 (12) (2010) 1004–1011. 

[51] M. Artal-Sanz, N. Tavernarakis, Prohibitin and mitochondrial biology, Trends 
Endocrinol. Metab. 20 (8) (2009) 394–401. 

[52] C.J. Anderson, A. Kahl, H. Fruitman, L. Qian, P. Zhou, G. Manfredi, C. Iadecola, 
Prohibitin levels regulate OMA1 activity and turnover in neurons, Cell Death 
Differ. 27 (6) (2020) 1896–1906. 

[53] C. Merkwirth, S. Dargazanli, T. Tatsuta, S. Geimer, B. Lower, F.T. Wunderlich, J. 
C. von Kleist-Retzow, A. Waisman, B. Westermann, T. Langer, Prohibitins control 
cell proliferation and apoptosis by regulating OPA1-dependent cristae 
morphogenesis in mitochondria, Genes Dev. 22 (4) (2008) 476–488. 

[54] K. Kasashima, E. Ohta, Y. Kagawa, H. Endo, Mitochondrial functions and estrogen 
receptor-dependent nuclear translocation of pleiotropic human prohibitin 2, 
J. Biol. Chem. 281 (47) (2006) 36401–36410. 

[55] T. Xu, X. Fan, Y. Tan, Y. Yue, W. Chen, X. Gu, Expression of PHB2 in rat brain 
cortex following traumatic brain injury, Int. J. Mol. Sci. 15 (2) (2014) 3299–3318. 

[56] G. Fusaro, P. Dasgupta, S. Rastogi, B. Joshi, S. Chellappan, Prohibitin induces the 
transcriptional activity of p53 and is exported from the nucleus upon apoptotic 
signaling, J. Biol. Chem. 278 (48) (2003) 47853–47861. 

[57] B. Joshi, S. Rastogi, M. Morris, L.M. Carastro, C. DeCook, E. Seto, S.P. Chellappan, 
Differential regulation of human YY1 and caspase 7 promoters by prohibitin 
through E2F1 and p53 binding sites, Biochem. J. 401 (1) (2007) 155–166. 

[58] S.C. Gamble, D. Chotai, M. Odontiadis, D.A. Dart, G.N. Brooke, S.M. Powell, 
V. Reebye, A. Varela-Carver, Y. Kawano, J. Waxman, C.L. Bevan, Prohibitin, a 
protein downregulated by androgens, represses androgen receptor activity, 
Oncogene 26 (12) (2007) 1757–1768. 

[59] A. Kahl, C.J. Anderson, L. Qian, H. Voss, G. Manfredi, C. Iadecola, P. Zhou, 
Neuronal expression of the mitochondrial protein prohibitin confers profound 
neuroprotection in a mouse model of focal cerebral ischemia, J. Cereb. Blood Flow 
Metab. 38 (6) (2018) 1010–1020. 

[60] S. Wang, N. Nath, M. Adlam, S. Chellappan, Prohibitin, a potential tumor 
suppressor, interacts with RB and regulates E2F function, Oncogene 18 (23) (1999) 
3501–3510. 

[61] S. Wang, G. Fusaro, J. Padmanabhan, S.P. Chellappan, Prohibitin co-localizes with 
Rb in the nucleus and recruits N-CoR and HDAC1 for transcriptional repression, 
Oncogene 21 (55) (2002) 8388–8396. 

A.J. McGovern et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S1567-5769(22)00205-3/h0075
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0075
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0075
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0075
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0075
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0080
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0080
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0080
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0080
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0085
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0085
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0085
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0085
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0090
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0090
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0090
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0095
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0095
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0100
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0100
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0100
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0105
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0105
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0105
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0110
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0110
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0110
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0115
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0115
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0115
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0115
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0120
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0120
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0120
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0125
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0125
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0125
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0125
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0130
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0130
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0130
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0135
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0135
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0135
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0140
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0140
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0140
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0145
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0145
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0150
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0150
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0150
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0155
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0155
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0155
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0155
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0160
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0160
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0160
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0165
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0165
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0165
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0170
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0170
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0170
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0175
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0175
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0175
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0175
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0180
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0180
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0180
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0185
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0185
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0185
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0190
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0190
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0190
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0190
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0195
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0195
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0195
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0195
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0200
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0200
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0200
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0200
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0205
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0205
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0205
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0205
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0210
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0210
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0210
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0210
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0215
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0215
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0220
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0220
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0220
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0220
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0225
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0225
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0225
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0225
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0225
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0230
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0230
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0230
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0230
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0235
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0235
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0235
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0240
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0240
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0240
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0240
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0245
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0245
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0245
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0245
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0250
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0250
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0255
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0255
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0260
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0260
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0260
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0265
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0265
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0265
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0265
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0270
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0270
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0270
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0275
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0275
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0280
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0280
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0280
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0285
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0285
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0285
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0290
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0290
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0290
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0290
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0295
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0295
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0295
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0295
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0300
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0300
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0300
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0305
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0305
http://refhub.elsevier.com/S1567-5769(22)00205-3/h0305

	Identification of HMGCR, PPGARG and prohibitin as potential druggable targets of dihydrotestosterone for treatment against  ...
	1 Introduction
	2 Materials and methods
	2.1 Identification of DHT-regulated proteins involved in TBI pathology
	2.2 Protein-Protein interaction (PPI) network
	2.3 Functional annotation of proteins and pathways enrichment

	3 Results
	3.1 Exploration of protein targets of DHT and TBI
	3.2 Steroid metabolic process
	3.3 Regulation of lipid metabolic process
	3.4 Regulation of apoptotic signalling pathway
	3.5 Subcluster of mitochondrial-related proteins regulated by both DHT and TBI

	4 Discussion
	4.1 Steroid metabolic process and regulation of lipid process by DHT
	4.2 Participation of mitochondria in lipid metabolism and apoptosis

	5 Conclusions and perspectives
	Funding
	Data availability
	Author contributions
	Ethics approval
	Consent to participate
	Consent for publication
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


