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ARTICLE INFO ABSTRACT
Keywords: Glioblastoma is the most aggressive primary brain tumor in adults. Androgens are reported to influence the
Oxysterol development of glioblastoma. Dihydrotestosterone (DHT) is formed from testosterone by action of the enzyme

Cholesterol homeostasis
Androgen metabolism
Sa-reductase
Dihydrotestosterone
Glioblastoma

steroid 5a-reductase and is the most potent growth-inducing androgen metabolite.

24-Hydroxycholesterol, another steroid in the brain, is pivotal for brain cholesterol homeostasis and has been
suggested to influence glioblastoma cells. However, a connection between 24-hydroxycholesterol and androgen
metabolism related to glioblastoma has not previously been reported. The present study reports that human
T98G glioblastoma cells metabolize testosterone into DHT, 3a-androstanediol and androstenedione. The 5a-
reductase pathway converted testosterone to DHT and further to 3a-androstanediol. The 17p-hydroxysteroid
dehydrogenase pathway metabolized testosterone to androstenedione. Results indicated that the 5a-reductase
pathway is the major pathway for testosterone metabolism in this cell line. 24-Hydroxycholesterol significantly
suppressed the conversion of testosterone to DHT and 3a-androstanediol, to a similar degree as the synthetic 5a-
reductase inhibitor finasteride. Suppression of DHT formation resulted in increased metabolism to androstene-
dione. Similar effects on DHT formation were observed with the LXR agonist T0901317 as with 24-hydroxycho-
lesterol. In addition, 24-hydroxycholesterol suppressed DHT formation in patient-derived primary GB cell lines
U3009 and U3013, indicating that the observed connection between 24-hydroxycholesterol and androgen
metabolism is not unique for T98G cells. Furthermore, 24-hydroxycholesterol-mediated suppression of DHT
formation was also observed in human neuroblastoma SH-SY5Y cells.

To summarize, the present data provide information on androgen metabolism in glioblastoma cells and
indicate a previously unknown link between cholesterol homeostasis and growth-inducing androgens in glio-
blastoma and potentially other cell types.

steroids can be formed within the brain but neuroactive steroids are also
transported over the blood-brain barrier. The mechanisms for actions by
steroids in the CNS are however in many cases unknown or insufficiently
investigated.

Altered levels of steroid hormones in the CNS have been linked to
various dysfunctions (Igbal et al., 2024; Kabat et al., 2010; Sodero,

1. Introduction

Endogenous steroids play numerous roles in the brain (Baulieu,
1998; Ostatnikova et al., 2021; Igbal et al., 2024). For instance, andro-
gens and estrogens, well known for their role in development and con- ’ .
trol of reproductive function, can also affect e.g. neurogenesis, immune .2021; Ya.gue et al, 2094; Mond.rago? et al, 292]): Thus., proteins
function, and survival of neuronal cells and glia (Pillerova et al., 2021; involved in the metabolism and signaling of steroids, including andro-
Proafio et al., 2024; Hogan and Mut, 2024; Yin et al, 2024). Many gens, have been suggested as potential targets to treat disease. Disorders

* Corresponding author. Department of Pharmaceutical Biosciences, Uppsala University Uppsala Biomedical Centre, Husargatan 3, Box 591, S-751 24 Uppsala,
Sweden.
E-mail address: Maria.Norlin@uu.se (M. Norlin).

https://doi.org/10.1016/j.neuint.2026.106116

Received 12 May 2025; Received in revised form 19 December 2025; Accepted 5 January 2026

Available online 6 January 2026

0197-0186/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-4348-6269
https://orcid.org/0000-0003-4348-6269
mailto:Maria.Norlin@uu.se
www.sciencedirect.com/science/journal/01970186
https://www.elsevier.com/locate/neuint
https://doi.org/10.1016/j.neuint.2026.106116
https://doi.org/10.1016/j.neuint.2026.106116
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuint.2026.106116&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Wikvall et al.

Abbreviations and chemical names

3a-Androstanediol (5a-androstane-3a,17-diol; 17-
dihydroandrosterone)

Androstanedione (5a-androstanedione; Sa-androstane-3,17-
dione)

Androstenedione (4-androstenedione; androst-4-ene-3,17-dione)

Androsterone (3a-hydroxy-5a-androstane-17-one)

Testosterone (17p-hydroxyandrost-4-ene-3-one)

DHT (dihydrotestosterone; 5a-dihydrotestosterone; 17§-
hydroxy-5a-androstane-3-one)

APCI atmospheric pressure chemical ionization

AR androgen receptor

CYP cytochrome P450

GABA  gamma-aminobutyric acid

HSD hydroxysteroid dehydrogenase

LXR liver X receptor

NMDA  N-methyl-p-aspartate

TLC thin layer chromatography

UPSFC  ultra performance supercritical fluid chromatography

where androgen signaling is of relevance include for instance multiple
sclerosis, Alzheimer's disease and glioblastoma tumor development
(Ostatnikova et al., 2021; Hussain et al., 2013; Gan et al., 2023).

Glioblastoma is the most common malignancy of the brain (Omuro
and DeAngelis, 2013). This invasive, fast-growing, and unfortunately
incurable brain tumor, accounts for about 50 % of primary brain ma-
lignancies. For these reasons, factors influencing growth and survival of
glioblastoma cells are of considerable interest and have been explored in
a number of studies (Omuro and DeAngelis, 2013; Tang et al., 2025; An
and Weiss, 2016; Estrada-Bernal et al., 2011; Proserpio et al., 2022;
Rodriguez-Lozano et al., 2020).

The androgen receptor (AR) is reported to be expressed in many
glioblastoma samples (Hussain et al., 2013; Gan et al., 2023; Carroll
et al., 1995) and high androgen receptor expression has been linked to
increased malignancy (Gan et al., 2023). Higher androgen receptor ac-
tivity in glioblastoma patients has also been associated with a worse
prognosis (Farina-Jeronimo et al., 2022). In many tissues outside the
brain, pro-proliferative effects of androgens such as testosterone, dihy-
drotestosterone (DHT), and similar molecules, are well known
(Rodriguez-Lozano et al., 2020; Luu-The et al., 2008; Pinacho-Garcia
et al., 2020). For instance, AR antagonists have long been used in the
treatment of prostate cancer. The potential role(s) of androgen signaling
in glioblastoma are however poorly understood.

Another steroid known to be important in the brain is 24-hydroxy-
cholesterol. This cholesterol derivative is enzymatically formed in the
brain from cholesterol by CYP46A1 and plays an important role in brain
cholesterol homeostasis and elimination, since it can easily cross the
blood-brain barrier which cholesterol itself cannot (Liitjohann et al.,
1996; Pikuleva and Cartier, 2021). In addition, 24-hydroxycholesterol is
also reported to act locally on CNS cells in various ways, affecting e.g.
cell viability, neurotransmission and amyloid p production (Sodero,
2021; Emanuelsson and Norlin, 2012; Cigliano et al., 2019; Han et al.,
2020).

In glioblastoma, as well as in many other malignancies, disrupted
cholesterol homeostasis has been linked to cancer development.
Cholesterol synthesis in glioblastoma cells is dysfunctional and some
studies suggest they may require external cholesterol to survive (Guo
et al., 2022). In order to reduce availability of cholesterol for the tumor,
inhibition of cholesterol synthesis and/or cholesterol uptake has been
suggested as therapeutic options (Han et al., 2020; Pirmoradi et al.,
2019).

The current investigation explores androgen metabolism in human
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glioblastoma cell lines. In the course of these studies, we found a sur-
prising link between 24-hydroxycholesterol and metabolic activity of
critical importance for androgenic action.

2. Materials and methods
2.1. Culturing of cell lines T98G, U251 and SH-SY5Y

T98G cells (Sigma-Aldrich, 92090213) were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) + Glutamax (31966, Thermo Scien-
tific). U251 cells, kindly provided by Dr. Natalia Papadopoulos, Dept. of
Medical Biochemistry and Microbiology, Uppsala university, were
cultured in RPMI 1640 + Glutamax (61870, Thermo Scientific). SH-
SY5Y cells (Sigma-Aldrich, 94030304) were cultured in DMEM/F-12
+ Glutamax (31331, Thermo Scientific). In most experiments, culture
media for the cell lines above were supplemented with 1 % antibiotics/
antimycotics and 10 % v/v fetal bovine serum (FBS). However,
considering that the FBS commonly used for cell culturing may itself
contain some level of steroids, we also carried out experiments with
T98G cells cultured in charcoal-stripped serum, to check for potential
confounding effects of the serum. Observed effects on metabolism in the
cell cultures were, however, the same with charcoal-stripped serum as
with normal FBS. The cells were cultured in standard conditions (37 °C,
5% v/v CO3) on 100 mm- or 60 mm-tissue culture dishes in a humidified
incubator. For experiments, cells were seeded in 6-well plates (in 1.5 ml
medium per well) and cultured in the absence or presence of 24-hydrox-
ycholesterol, finasteride, T0901317 or vehicle (dimethyl sulfoxide,
DMSO) for 8-48 h. Culture media and supplements for cell culturing
were purchased from Thermo Scientific. The experiments were carried
out with confluent or near overconfluent cells in order to assay meta-
bolism during conditions where 24-hydroxycholesterol could not affect
proliferation and this was confirmed by counting the cells before and
after incubation, using a Countess II Automated Cell Counter (Thermo
Scientific). Cells were counted at seeding, and then again after treat-
ment. For counting after 24-hydroxycholesterol treatment, cells from
each well were trypsinized and resuspended in medium and a small
amount was pipetted onto the cell counting chamber slide, which was
then loaded in the instrument for counting, according to the manufac-
turers' instructions. Measurements were conducted at least twice for
each well. An example with data on cell numbers is shown in Supple-
mentary Fig. 1.

2.2. Culturing of patient-derived cell lines U3009 and U3013

The glioblastoma cell lines U3009 and U3013 used in this study are
part of the HGCC cell bank (hgcc.se). These cells were established from
fresh tumor samples from adult GB patients at the Uppsala University
Hospital after patient consent and approval by the regional ethical re-
view board. The cells are maintained under serum free stem cell con-
ditions to retain the characteristics of the tumors. Briefly, they were
cultured on laminin coated (10 pg/ml) primaria cell culture plates in
serum-free neural stem cell medium supplemented with FGF2 and EGF
as described previously (Xie et al., 2015).

2.3. Incubation with testosterone or androstenedione

Assay of androgen metabolism in cell cultures was carried out by
incubation of cells for 8, 24 or 48 h either with radiolabeled '“C-
testosterone or '*C-androstenedione or with unlabeled testosterone,
dissolved in DMSO. Radiolabeled steroids were obtained from Perki-
nElmer. In most experiments, cells were incubated with a mixture of
unlabeled and labeled steroid substrate at a concentration of 7 pM,
containing 0.03 pCi of radiolabeled steroid. Some incubations were
carried out with testosterone concentrations of 0.3 pM, containing the
same amount of radiolabeled steroid. Following experimental treatment
and incubation with androstenedione or testosterone, the culture media
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were extracted with ethyl acetate and steroid metabolites were analyzed
by silica gel thin layer chromatography (TLC) and ultra performance
supercritical fluid chromatography combined with tandem mass spec-
trometry using atmospheric  pressure chemical ionization
(UPSFC-APCI-MS/MS) as described below.

2.4. Analysis by thin layer chromatography (TLC)

Thin layer chromatography was performed as previously described
(Lundqvist and Norlin, 2012; Emanuelsson et al., 2018), using a mobile
phase consisting of chloroform/ethyl acetate 80:20 (v/v). The TLC
plates were developed twice and then scanned for localization and
quantitation of the radioactive products using an AR2000 TLC Imaging
Radio scanner (Eckert-Ziegler). Unlabeled or labeled reference com-
pounds (testosterone, dihydrotestosterone, androstenedione,
3a-androstanediol, estradiol, estrone, androsterone and androstane-
dione) were developed together with the samples for identification of
products by comparison of Rf values. The unlabeled reference steroids
were visualized by overnight exposure to iodine vapors.

2.5. Analysis by UPSFC-APCI-MS/MS

The qualitative analysis of DHT, testosterone, 3a-androstanediol,
and androstenedione was performed using ultra-performance super-
critical fluid chromatography-tandem mass spectrometry (UPSFC-MS/
MS) (Jayantha et al., 2023). An Acquity UPC? system (Waters Corpo-
ration, Milford, USA) was coupled to a Xevo TQ-S tandem mass spec-
trometer (Waters, Milford, USA). Chromatographic separation was
achieved using a BEH-2-EP column (3.0 mm x 100 mm, 1.7 pm; Waters,
Milford, USA).

Mass spectrometric detection was carried out using atmospheric
pressure chemical ionization (APCI) in positive ion mode. Standard
reference steroids (1 pg/mL) were directly infused to acquire scan
spectra. Identification of the compounds was performed using multiple
reaction monitoring (MRM) transitions specific to each steroid.

2.6. RNA isolation and real time RT-PCR

Total RNA from T98G cell cultures was isolated using the RNeasy
Mini Kit (Qiagen), followed by reverse transcription with a qPCRBIO
c¢DNA Synthesis Kit (PCR Biosystems Ltd.) according to the manufac-
turers’ instructions. ¢cDNA was then used for real-time PCR with
qPCRBIO SyGreen Mix on a CFX Connect system (Bio-Rad Laboratories
Inc.) to quantitate the mRNA levels for 5a-reductase type 1-3. p-Actin
was used as control (housekeeping) gene and each PCR was done in
triplicate and analyzed using the 2" 22CT method. Sequences of primers
used were: for B-actin, 5-TCTACAATGAGCT-3' (forward) and 5-
AGCCTGGATAGCAACGTACA-3' (reverse); for 5Sa-reductase type 1, 5-
CACTACGGGCATCGGTGCTT-3' (forward) and 5-ACACGCCAA-
CAGTGGCATA-3' (reverse); for 5a-reductase 3, 5-GATGGCAGGAATG-
GAGTGGTC-3' (forward) and 5-AGGCAGACAGGGCCTGATTA-3
(reverse). For 5a-reductase 2 we carried out experiments with two
different primer sets: 5-CTGCCTTCCTTCGCGGT-3' (forward) and 5'-
AGTGAGTACACAAATGTCCTGT-3' (reverse) or 5'-

GCCACCTGGGACGGTACTTC-3' (forward) and 5-CAGTGAGTACA-
CAAATGTCCTGTGG-3' (reverse).

2.7. Other methods
Statistical significance was analyzed using two-tailed Student's t-test

or Mann-Whitney test. P values < 0.05 were considered statistically
significant.
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3. Results
3.1. Metabolism of testosterone in T98G glioblastoma cells

We analyzed the products enzymatically formed from testosterone in
T98G glioblastoma cells. For information, an overview of potential
steroid metabolites in metabolic pathways involving androgens is shown
in Fig. 1. Our incubations indicate that testosterone is efficiently con-
verted to several metabolites in these cells. The main metabolites
observed in analyses by radio-TLC had Rf values corresponding to DHT,
androstenedione and 3a-androstanediol. In addition, smaller amounts of
other metabolites were also formed, some more polar and some less
polar than testosterone. This pattern of metabolites observed was
essentially the same in all experiments, although the amounts of each
metabolite varied somewhat between different experimental series.
Fig. 2 shows time-dependent testosterone metabolism in T98G cells. The
results indicate two major initial metabolic pathways for testosterone,
the 17p-HSD-dependent pathway producing androstenedione and the
5a-reductase-dependent pathway producing DHT (cf. Fig. 1). We did not
observe formation of metabolites corresponding to estradiol or estrone
in these analyses, indicating low CYP19Al (aromatase)-dependent
testosterone metabolism in T98G cells. As shown in Fig. 2, comparison of
the metabolite patterns obtained with incubations for different periods
of time (8, 24 and 48 h) revealed a time-dependent consumption of
testosterone and formation of three major metabolites (DHT, andro-
stenedione and 3a-androstanediol). A rapid initial 173-HSD-dependent
conversion of testosterone to androstenedione was observed, which then
decreased time dependently with longer incubation times. The 5a-
reductase-dependent conversion to DHT increased with time. Very low
formation of 3ua-androstandiol, which can be formed from DHT, was
detected with short incubation times but then increased time-
dependently. At 48h, 3a-androstanediol was the major metabolite in
several experiments. The results are consistent with a further 3a-HSD-
dependent metabolism of DHT to 3a-androstanediol over time (Fig. 2).

In addition to analysis by radio-TLC, we also analyzed T98G incu-
bation mixtures with UPSFC-APCI-MS/MS, confirming formation of
DHT, androstenedione and 3a-androstanediol from testosterone in these
cells (Fig. 3).

3.2. 24-Hydroxycholesterol markedly affects androgen metabolism in
several glioblastoma cell lines

Metabolism of testosterone was assayed in T98G cells in the presence
or absence of 24-hydroxycholesterol. These experiments revealed a
marked effect by 24-hydroxycholesterol on the testosterone metabolite
pattern. A typical experiment is shown in Fig. 4. Most notably, formation
of DHT was suppressed by about 30-60 % in the presence of 24-hydrox-
ycholesterol, indicating effects by this oxysterol on 5a-reductase-medi-
ated conversion in T98G cells (cf. Fig. 1). Decreased amounts of 3a-
androstanediol were also observed. In contrast, treatment with 24-
hydroxycholesterol increased conversion of testosterone to andro-
stenedione in many of our experiments. The extent of increase in an-
drostenedione formation, however, varied between different
experimental series. Quantitative results on the suppressive effects by
24-hydroxycholesterol on DHT formation in T98G cells are shown in
Fig. 5. In order to further confirm these observations, we performed
incubations with addition of finasteride, a well-known synthetic inhib-
itor of 5a-reductase (Fig. 6). In incubations containing finasteride,
conversion to DHT and 3a-androstanediol was strongly decreased or
absent. On the other hand, addition of finasteride substantially
increased conversion of testosterone to androstenedione (Fig. 6). Thus,
the endogenous brain-specific 24-hydroxycholesterol and the drug fi-
nasteride were found to have similar effects on DHT formation in T98G
glioblastoma cells.

In addition to the experiments on metabolites formed from testos-
terone, we also carried out incubations with radiolabeled
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lC YP19A1
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Fig. 1. Overview of metabolic pathways involving androgens, relevant for the present study.
3a-Androstanediol (5a-androstane-3a,17p-diol) is also called 17-dihydroandrosterone. CYP19A1 is also called aromatase.
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Fig. 2. Time-dependent testosterone metabolism in T98G cells. The experiment shown is a comparison of the metabolite patterns obtained with incubations for
different periods of time (8, 24 and 48 h) revealing a time-dependent consumption of testosterone and formation of three major metabolites (DHT, 3a-androstanediol
and androstenedione). Analysis was carried out by TLC as described in Materials and methods.

androstenedione. The main metabolites observed in incubations with
androstenedione had Rf values corresponding to testosterone and
androsterone (cf. Fig. 1). Small amounts of a metabolite corresponding
to androstanedione were also observed. Addition of finasteride to these
incubations suppressed formation of the metabolites corresponding to
androstanedione and androsterone (data not shown), thus supporting a
5a-reductase-mediated metabolic pathway also from androstenedione
to androsterone in T98G cells. Addition of finasteride to incubations
with radiolabeled androstenedione increased conversion of andro-
stenedione to testosterone (data not shown). Potential effects of 24-
hydroxycholesterol on the 5a-reductase-mediated conversion of andro-
stenedione to androstanedione were difficult to measure due to the low

amounts of androstanedione formed. However, 24-hydroxycholesterol
decreased the conversion into androsterone by 20-40 % (data not
shown). Thus, the results suggest that 24-hydroxycholesterol and fi-
nasteride have similar suppressing effects also on 5a-reductase-medi-
ated androstenedione metabolism in T98G glioblastoma cells.

To broaden our analysis beyond T98G cells, we examined testos-
terone metabolism in U251 cells as well as in two patient-derived glio-
blastoma lines, U3009 and U3013. In U251, we detected products
corresponding to DHT and 3a-androstanediol, whereas androstenedione
formation was minimal and close to the detection limit. Notably,
treatment with 24-hydroxycholesterol resulted in a modest reduction of
DHT formation by approximately 20 % compared to vehicle-treated cells
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2. testosterone, 3. DHT, 4. androstenedione.

(data not shown). We then turned to the patient-derived U3009 and
U3013 lines to assess whether similar effects could be observed in
clinically relevant models. Indeed, both lines exhibited a metabolite
profile comparable to that of T98G cells, although the overall metabolic
rate was lower. Importantly, 24-hydroxycholesterol consistently sup-
pressed DHT formation in these cells by approximately 30-60 %, mir-
roring the effect observed in T98G cells (Fig. 7). The results indicate that
the inhibitory influence of 24-hydroxycholesterol on DHT formation is
not restricted to a single glioblastoma cell line.

carried out by TLC as described in Materials and methods. 1. 3a-androstanediol,

3.3. Assay of 5a-reductase mRNA levels in T98G cells treated with 24-
hydroxycholesterol

In order to examine potential effect of 24-hydroxycholesterol on 5a-
reductase mRNA levels, we isolated RNA from T98G cells treated with
24-hydroxycholesterol or vehicle and measured the mRNA levels of 5a-
reductase type 1, 2 and 3. mRNA for 5a-reductase 2 could not be
detected in the T98G cells. The results of analyses of 5a-reductase mRNA
1 and 3 levels in incubations with 24-hydroxycholesterol for 48 h are
shown in Fig. 8. The levels of 5a-reductase mRNA were not significantly
altered by treatment with 24-hydroxycholesterol. Analyses of cells
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Fig. 5. Effect of 24-hydroxycholesterol (10 uM) on the conversion of testosterone to DHT in T98G cells incubated for 48 h with 3 g of *C-testosterone. The data are
shown as relative conversion to DHT (-fold change), with the result for vehicle-treated cells set to 1. Analysis was carried out by TLC as described in Materials and
methods. Error bars represent the standard deviation of the means of five independent experiments. *Statistically significant difference compared to vehicle-treated
control, p < 0.001.
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Fig. 6. Conversion of testosterone to DHT, 3a-androstanediol and androstenedione in T98G cells with and without the presence of 3 pM of finasteride (a synthetic 5a-
reductase inhibitor). Cells were incubated with 3 pg of 1*C-testosterone for 48 h and analysis was carried out by TLC as described in Materials and methods.The figure
shows a typical experiment, performed in triplicate, with error bars representing the standard deviation of the means. The experiments were repeated independently
three times with similar results.
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treated for 24 h were also performed but did not show any significant
changes in 5a-reductase expression.

3.4. DHT formation is the predominant metabolic pathway in incubations
with small amounts of testosterone

In assays of metabolism in vitro it is customary to carry out experi-
ments with excess amounts of substrate in order to ascertain that
enzymatic conversion is analyzed at substrate saturation. Thus, the
amounts of substrate in some of our experiments may be considered as
rather high compared to the normal physiological concentrations. In
order to analyze metabolism with amounts of substrate closer to phys-
iological levels, we carried out a separate set of experiments with
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incubation of testosterone in concentrations of 100 ng/ml (0.3 pM).
Although the tissue levels of testosterone are difficult to determine, the
plasma levels of testosterone are in the ng/ml range (Mulchahey et al.,
2001). In incubations with 0.3 pM of testosterone for 48 h, the majority
of the substrate was metabolized to DHT and 3a-androstanediol, sug-
gesting that this metabolic pathway might predominate during physio-
logical conditions. During these kinetic conditions we did not observe
any effects of treatment with 24-hydroxycholesterol on formation of
DHT and 3a-androstanediol. However, when we decreased the incuba-
tion time to 8 h to limit the rapid metabolic elimination of substrate, we
observed significant suppression by 24-hydroxycholesterol also during
conditions with this lower amount of testosterone, to a similar degree as
in our other experiments (Fig. 9).

3.5. The LXR agonist T0901317 markedly suppresses formation of DHT
in T98G glioblastoma cells

Since 24-hydroxycholesterol is reported to be a ligand of LXR re-
ceptors we found it of interest to also examine potential effects of the
LXR agonist T0901317 on testosterone metabolism in the T98G cells. In
a similar fashion as for 24-hydroxycholesterol, treatment with
T0901317 significantly suppressed formation of DHT in these cells, by
about 20-50 % (Fig. 10).

3.6. 24-Hydroxycholesterol suppresses formation of DHT also in
neuroblastoma cells

To determine whether the effect of 24-hydroxycholesterol on
androgen metabolism is specific to glioblastoma cells, we included a cell
line of different origin in our study. For this purpose, we selected the
neuroblastoma cell line SH-SY5Y. The testosterone metabolite profile in
SH-SYS5Y cells closely resembled that observed in T98G cells, with sig-
nificant conversion of testosterone to DHT and androstenedione.
Furthermore, incubations with radiolabeled testosterone, with or
without 24-hydroxycholesterol, revealed that 24-hydroxycholesterol
also suppresses DHT formation in SH-SY5Y cells, to a similar extent as
in T98G cells (Fig. 11).

4. Discussion

Several studies have suggested that steroid hormones, including
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Fig. 8. Analysis of mRNA levels for (A) 5a-reductase type 1 and (B) 5a-reductase type 3 in T98G cells treated with vehicle (DMSO) or 24-hydroxycholesterol (10 pM)
for 48 h. Analysis was carried out with real time RT-PCR as described in Materials and methods. Error bars represent the standard deviation of the means of three

independent experiments.



K. Wikvall et al. Neurochemistry International 193 (2026) 106116

12

0.8 r *

Relative conversion to DHT from
testosterone (-fold change)

0.2

vehicle 24-hydroxycholesterol

Treatment

Fig. 9. Effect of 24-hydroxycholesterol (10 uM) on the conversion of testosterone to DHT in T98G cells incubated for 8 h with 150 ng of “C-testosterone. The data
are shown as relative conversion to DHT (-fold change), with the result for vehicle-treated cells set to 1. Analysis was carried out by TLC as described in Materials and
methods. Error bars represent the standard deviation of the means of four independent experiments. *Statistically significant difference compared to vehicle-treated
control, p < 0.01.
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Fig. 10. Effects of treatment with 24-hydroxycholesterol (10 uM) or the LXR agonist T0901317 (10 pM) on the conversion of testosterone to DHT in T98G cells
incubated for 48 h with 3 g of *C-testosterone. The data are shown as relative conversion to DHT (-fold change) with the result for vehicle-treated cells set to 1.
Analysis was carried out by TLC as described in Materials and methods. Error bars represent the standard deviation of the means of three independent experiments.
*Statistically significant difference compared to vehicle-treated control, p < 0.05.

androgens, can influence the development of glioblastoma and similar receptors and/or enzymes has been proposed as a potential option for
tumors (Kabat et al., 2010; Gan et al., 2023; Pinacho-Garcia et al., 2020; glioblastoma therapy. The incidence of glioblastoma is higher in males,
Orozco et al., 2020). For this reason, targeting sex hormone-related similarly as for other malignant brain tumors, and females are reported
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Fig. 11. Effect of 24-hydroxycholesterol (10 M) on the conversion of testosterone to DHT in SH-SY5Y cells incubated for 48 h with 3 pg of 1*C-testosterone. The data
are shown as relative conversion to DHT (-fold change) with the result for vehicle-treated cells set to 1. Analysis was carried out by TLC as described in Materials and
methods. Error bars represent the standard deviation of the means of three independent experiments. *Statistically significant difference compared to vehicle-treated

control, p < 0.05.

to have longer survival times (Gan et al., 2023). The role(s) of androgens
in brain malignancies are not as well understood as in prostate, where
suppression of androgen signaling and/or metabolism has been used for
many years in the treatment of prostate cancer and benign prostate
hyperplasia. However, both testosterone and DHT increase proliferation
of glioblastoma cell lines in vitro (Rodriguez-Lozano et al., 2020; Orozco
et al., 2020). Furthermore, inhibitors of 5a-reductase, which convert
testosterone to DHT, the most potent AR agonist, have been shown to
suppress glioblastoma proliferation and invasion (Gan et al., 2023;
Orozco et al., 2020).

Considering the potential role for androgens in the occurrence and
development of glioblastoma, information on the synthesis and meta-
bolism of these hormones in glioblastoma cells is needed. Some previous
studies have reported expression of enzymes of relevance for sex hor-
mone metabolism in glioblastoma cells. For instance, detection of pro-
teins and/or mRNA for CYP17A1, aromatase, 5a-reductase and 3- and
17p-hydroxysteroid dehydrogenases is reported in glioblastoma cell
lines or patient biopsies (Yague et al., 2004; Mondragon et al., 2021;
Pinacho-Garcia et al., 2020; Dave et al., 2015). Pinacho-Garcia et al.
(2020) reported formation of several steroid metabolites in glioblastoma
U87 and C6 cells, including DHT, estradiol, hydroxytestosterone me-
tabolites and androsterone. To our knowledge, metabolism of testos-
terone and androstenedione has not been previously investigated in
T98G cells. As described in the Results section, the main metabolites
formed from testosterone in our T98G cell cultures were DHT, andro-
stenedione and 3a-androstanediol. Our data indicate that the quantita-
tively most important pathway for metabolism of testosterone in T98G
cells is the 5a-reductase-mediated conversion to the potent AR agonist
DHT, which can be further metabolized to 3a-androstanediol by
3a-hydroxysteroid dehydrogenase(s) (cf. Figs. 1 and 2) (Luu-The et al.,
2008; Pinacho-Garcia et al., 2020). Quantitatively important formation
of DHT from testosterone has also been reported for rat glioblastoma C6
cells (Pinacho-Garcia et al., 2020). The efficient conversion of testos-
terone and androstenedione into different metabolites observed in T98G
cells indicate that this cell line may be a useful model to study effects
related to androgen metabolism.

The observed formation of 3a-androstanediol and androsterone in
incubations with testosterone and androstenedione, respectively, both
in our study and in the report by Pinacho-Garcia et al. (2020), indicate
presence of 3a-hydroxysteroid dehydrogenase activity in several types
of glioblastoma cells. 3a-Hydroxysteroid dehydrogenase activity is
known to be required for synthesis of several neurosteroids acting in the
brain, including allopregnanolone, which is a modulator of GABA,
function. Interestingly, allopregnanolone is reported to induce the pro-
gression of several different cancers including glioblastoma
(Zamora-Sanchez and Camacho-Arroyo, 2022).

Cholesterol and cholesterol-derived molecules are essential for cells
in the brain, as well as for cells in other parts of the body. Brain
cholesterol is synthesized locally, mainly in astrocytes, oligodendrocytes
and neurons (Gao et al., 2023). In glioblastoma cells, however, choles-
terol synthesis and uptake tend to be deficient, despite the increased
need for cholesterol in actively proliferating cells (Guo et al., 2022). For
this reason, modulation of cholesterol homeostasis has been suggested
as a strategy to treat glioblastoma (Guo et al., 2022; Pirmoradi et al.,
2019). Efficient therapy targeting cholesterol homeostasis would how-
ever require an improved understanding of cholesterol-dependent
signaling in this type of cells.

As described in the introduction, the conversion of cholesterol into
24-hydroxycholesterol is considered essential for maintenance of brain
cholesterol homeostasis and transport over the blood-brain barrier
(Liitjohann et al., 1996). In addition, 24-hydroxycholesterol is able to
directly act on brain cells, e.g. by affecting growth, neuroprotection and
neurotransmission. Many of these effects may be mediated via the LXR
receptors, for which 24-hydroxycholesterol and other oxysterols are li-
gands (Sodero, 2021; Sassi et al., 2021). LXR-mediated signaling is
important in regulation of the metabolism of cholesterol and other
lipids, in brain as well as in many other tissues (Sassi et al., 2021; Zhang
et al., 2024). Therefore, endogenous and exogenous substances binding
to the LXRs have been investigated for potential benefits in treatment of
a number of disorders, including e.g. atherosclerosis, neurodegenerative
disease, and different types of cancer. Another oxysterol, 27-hydroxy-
cholesterol, which is a ligand of LXRs as well as of estrogen receptors
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(ER) has been implicated in tumor development in several tissues,
including cancers of the breast and prostate (Marwarha et al., 2017).

The possibility to alter 24-hydroxycholesterol levels as a means to
treat disease, e g by modulating the activity of CYP46A1 which forms
24-hydroxycholesterol from cholesterol, has attracted interest from
research groups studying different dysfunctions of the nervous system
(Petrov and Pikuleva, 2019). Suggested disease-modifying treatments
involve both increase and decrease of 24-hydroxycholesterol concen-
trations, depending on the desired effect. In animal models, increased
levels of 24-hydroxycholesterol have been shown to reduce pathology
associated with neurodegenerative disease. On the other hand,
24-hydroxycholesterol is known to be a positive modulator of NMDA
receptors, which mediate excitatory neurotransmission. Overactivation
of these receptors, which is observed in conditions such as epilepsy, can
lead to excitotoxicity. A recent clinical trial on a small number of human
subjects with early Alzheimer's disease employed efavirenz-mediated
induction of 24-hydroxycholesterol levels (Lerner et al., 2022). The
authors of this pilot study concluded that the data obtained support
pursuit of larger trials further investigating induction of 24-hydroxycho-
lesterol levels as a potential treatment option for Alzheimer's disease. No
serious adverse side effects of the pharmacologically increased
24-hydroxycholesterol levels were observed in any of the subjects.

Although 24-hydroxycholesterol is known to exert several actions on
non-malignant CNS cells, there are few studies on the role of this com-
pound in glioblastoma (Cigliano et al., 2019; Han et al., 2020). Cigliano
et al. (2019) reported effects by 24-hydroxycholesterol on oxidative
stress in glioblastoma U-87MG cells and suggested a complex role for
this oxysterol in maintenance of cellular redox homeostasis in these
cells. Han et al. (2020) reported suppressed proliferation of glioblastoma
by 24-hydroxycholesterol via effects on signaling via LXR and SREBP
(steroid response element binding protein) and proposed that control-
ling cellular 24-hydroxycholesterol levels may provide an opportunity
to develop improved glioblastoma therapy. Furthermore, the levels of
the 24-hydroxycholesterol-forming CYP46A1 enzyme are lower in
glioblastoma compared to normal tissue and decreased expression of
this enzyme has been associated with increasing tumor grade (Pikuleva
and Cartier, 2021; Han et al., 2020).

To the best of our knowledge, the current study is the first to report
effects by 24-hydroxycholesterol on androgen metabolism in glioblas-
toma cell lines.

While the majority of our findings are derived from experiments
using T98G cells, additional data from other glioblastoma cell lines,
U251 and the patient derived primary lines U3009 and U3013, provide
compelling evidence that the inhibitory effect of 24-hydroxycholesterol
on DHT formation is not unique to T98G cells. This broader consistency
across multiple glioblastoma in vitro models strengthens the argument
that modulation of androgen metabolism by 24-hydroxycholesterol may
represent a general feature of glioblastoma biology rather than a cell
line-specific phenomenon. The observations in patient-derived U3009
and U3013 cells are particularly noteworthy. These lines, established
from tumors and maintained under stem cell-like culture conditions,
recapitulate the GB characteristics and heterogeneity and are designed
to mimic the patient variability. Such characteristics make them highly
relevant and physiologically representative in vitro models for studying
glioblastoma. The fact that 24-hydroxycholesterol exerts similar sup-
pressive effects on DHT formation in these cells suggests that this
mechanism could be operative in vivo and may have implications for
tumor progression or therapeutic intervention.

In our experiments, we deliberately chose culture conditions where
cell proliferation was minimized, to be able to assay metabolism without
confounding factors (cf. section 2.1). However, data from previous
studies indicate that increased levels of 24-hydroxycholesterol can lead
to suppression of growth in glioblastoma, probably via different mech-
anisms of action (Han et al., 2020). The conditions used in our investi-
gation of metabolic activities limit the possibilities of simultaneous
investigation of potential effects by 24-hydroxycholesterol on
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proliferation. Therefore, we cannot provide evidence linking our data on
metabolism to potential effect on proliferation. Nevertheless, it is
tempting to speculate that one of the possible mechanisms for growth
suppression by 24-hydroxycholesterol in glioblastoma might be inhibi-
tion of proliferation via decreasing cellular formation of DHT, thus
limiting AR action. In order to expand our studies on oxysterol-mediated
effects in glioblastoma, we have begun investigation of effects by
24-hydroxycholesterol on proliferation and cell morphology, under
appropriate conditions. We aim to present data for such effects in T98G
and other cell lines in a future publication.

The connection observed between 24-hydroxycholesterol and an-
drogens in the present study seems not to be unique for glioblastoma,
since we found similar effects by 24-hydroxycholesterol on DHT for-
mation also in neuroblastoma SH-SY5Y cells. When 5a-reductase ac-
tivity is inhibited, this will limit the formation of DHT and 3u-
androstanediol and thus may alter the metabolic fate of testosterone (cf.
Fig. 1), e.g. by leading to increased conversion into androstenedione as
observed in our experiments with cells treated with finasteride or 24-
hydroxycholesterol. The data showing similar effects on DHT forma-
tion by the LXR agonist T0901317 as by 24-hydroxycholesterol further
indicate that modulation of LXR signaling may result in altered
androgen metabolism in glioblastoma and possibly other cell types.

Taken together, these findings highlight the potential significance of
cholesterol metabolites in regulating androgen signaling within glio-
blastoma. Given the established roles of androgens in cell proliferation
and survival, the ability of 24-hydroxycholesterol to attenuate DHT
formation could influence tumor growth dynamics. Future studies
should aim to elucidate the underlying molecular mechanisms and
assess whether this pathway can be exploited for therapeutic benefit.

In summary, the present data provide information on androgen
metabolism in human glioblastoma cells and reveal a previously un-
known link between cholesterol homeostasis and local synthesis of DHT
in glioblastoma and potentially other cell types.
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