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Glioblastoma multiforme (GBM), is a rapidly growing and aggressive brain tumor that can arise de 
novo in the brain or evolve from lower-grade astrocytoma. This malignancy represents a medical 
challenge due to the tumor´s localization in the brain, high rates of Temozolomide (TMZ) resistance, 
and extensive malignant cell parenchymal infiltration, among other factors. Consequently, new 
drug discovery efforts have focused on targeting pivotal pharmacological targets such as GPER and 
Bcl-2, presenting a promising strategy for developing new GBM treatments. Herein, we present 
the results of an improved structure guided design of anti-glioblastoma compounds, L-06 and L-37, 
both containing the tetrahydroquinoline scaffold and a sulfonamide moiety recognized by GPER and 
Bcl-2 binding sites, respectively. Both compounds were evaluated in a battery of in vitro assays to 
measure their anti-glioblastoma activity. L-06 and L-37 were subjected to chemical stability testing 
under forced degradation conditions indicated minimal degradation from 0.15 to 13.6%. Additionally, 
antiproliferative evaluation in 2D cell culture yielded IC50 values between 39 and 67 µM in GBM cell 
lines LN18 and U373, consistent with Gossypol, a well-known Bcl-2 inhibitor. G-15 and L-37 to a 
greater extent than L-06, inhibit neurospheres formation in glioblastoma stem cells (Gli4) cultured 
in a proliferation medium. Moreover, in 3D antiproliferative assays using glioblastoma stem cells 
on non-aligned nanofibers L-37 showed better inhibitory effect than L-06. Interestingly, L-06 than 
L-37 exhibited an antimigratory effect on glioblastoma stem cells loaded onto aligned nanofibers at 
concentrations where no antiproliferative activity were observed, unlike G-15, a poorly water soluble 
GPER antagonist. Collectively, these findings establish a preclinical foundation for L-37 and L-06 as 
potential anti-glioblastoma agents and support their further investigation as therapeutic candidates.

GBM, a grade IV astrocytoma, is the most common malignant and deadly primary brain tumor according 
to the World Health Organization (WHO), accounting for ~ 60% of total brain tumor in adults, with a global 
incidence of < 10 per 100,000 individuals and 5.9 individuals just for North America1,2. The standard of care 
(SoC) involves a multimodal approach, including surgery, radiation, and chemotherapy employing TMZ3–5 
reaching a median survival of ~ 15 months6–8. However, tumor progression and recurrence are inevitable 
because malignant cells develop TMZ and radiotherapy resistance and cancer cells invade parenchyma limiting 
the therapeutic options for patients9–13. Due to GBM is a highly heterogeneous neoplasm, a large-scale analysis 
of genetic aberrations occurring in tumor cells identified three main signaling pathways deregulated: activation 
of the receptor tyrosine kinase (RTK)/Ras/phosphoinositide 3-kinase (PI3K) pathway (~ 88%), inhibition of 
p53 (~ 87%), and retinoblastoma protein (Rb) signaling pathways (~ 78%), delimiting the strategies for drug 
targeting on many of these commonly observed alterations14,15. Regarding kinase pathways, recent data points to 
activation of c-Met in GBM leading to an increased levels of the anti-apoptotic Bcl-2 family members16. Indeed, 
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Bcl-2, Bcl-xL and Mcl-1 have arisen as viable targets for glioblastoma treatment according to the up-regulated 
expression analyzed in these tumors17. Specifically, the Bcl-2 protein has been interesting as a biological target 
due to their BH3 domain, which is an orchestrator into the suppression of its activity and expression18. In the 
same way, estrogen activity has been analyzed in GBM tumor cells, defining aromatase and classic estrogen 
receptors α and β (ERα and ERβ) expression, in addition to local estrogen production which promotes tumor 
growth19,20. Besides, fast, or non‑genomic effects of estrogens have been studied in GBM, attributed this estrogen 
rapid-signaling to a transmembrane G-protein coupled estrogen receptor (GPER). In this context, epidermal 
growth factor receptor (EGFR), triggering the mitogen‑activated protein kinase/extracellular signal‑regulated 
kinase pathway and, activation of the phospholipase C (PLC) and phosphatidylinositol 3‑kinase (PI3K) 
pathways, promoting the transcription of genes related to cell survival, proliferation, and apoptosis, have been 
demonstrated being triggered by the activation of GPER in several cell models21–23. Taken together, the recent 
data about promissory pharmacological targets for GMB therapy, points to the feasibility of apply the multitarget 
inhibition as a strategy to face-off this disease, indicating that simultaneous modulation of multiple targets may 
improve both therapeutic safety and efficacy, compared with single-target drugs, leading to a better prognosis 
and an increase in survival of the individuals affected by this disease24,25. Indeed, the dual-inhibition approach 
targeting the aberrant activity of GPER and Bcl-2 becomes evident when analyzing the crosstalk between these 
pharmacological targets. Inhibition of GPER downregulates the GPER/ERK signaling pathway, which promotes 
cell growth and survival by increasing Bcl-2 levels, with EGFR activity acting as the primary orchestrator. 
Consequently, the inhibition of GPER activity is likely to lead to EGFR inactivation, resulting in a reduction 
of Bcl-2 anti-apoptotic activity, presumably due to a negative feedback mechanism. This multitarget approach 
offers several advantages, including the mitigation of clonal heterogeneity, a reduced risk of multi-drug resistance 
(MDR), decreased drug toxicity due to the use of more than one drug, and, ultimately, fewer side effects26,27. In 
this way, our research group, applying a protocol of computational rational design of multi-target new drugs, we 
selected as the most promising two compounds targeting the binding sites on GPER and Bcl-228. Thus, herein we 
show the results of an improved chemical synthesis, and the preclinical evaluation on a cluster of GBM cancer 
cells including functional 2D and 3D cell cultures and anti-migratory assays, of the compounds named L-06 
and L-37. Remarkably, both compounds depicted better performance (IC50 values) on the assayed cell lines than 
Gossypol (Bcl-2 inhibitor), and G-15 (GPER antagonist). Besides, it is worth noting that LN18 and U373 cell 
lines expressing GPER were more sensitive to L-37 than L-06, moreover, such compound interestingly showed a 
lesser cytotoxic effect on BJ cell line (non-transformed cell line). Furthermore, G-15 and L-37 to a greater extent 
than L-06, inhibit neurospheres formation in glioblastoma stem cells (Gli4) cultured in a proliferation medium. 
Besides, in 3D antiproliferative assays using glioblastoma stem cells on non-aligned nanofibers, cultured in 
differentiation medium, L-37 demonstrated a better performance measured as antiproliferative effect than L-06. 
Strikingly, L-06 than L-37 exhibited a better antimigratory effect on glioblastoma stem cells loaded onto aligned 
nanofibers at concentrations where no antiproliferative activity was observed, unlike to G-15, a poorly water 
soluble GPER antagonist. Altogether, these findings denote the safety and potential druggability of L-37 and 
L-06 as agents against GBM disease.

Materials and methods
Chemical synthesis and characterization
An improved synthetic procedure based on the reaction conditions established by Morelos-Garnica et al.28, 
was developed to increase the yield and avoid the formation of additional byproducts (Fig. 1). Reagent-grade 
chemicals were sourced from commercial suppliers and employed without additional purification. The reaction 
progress was followed using thin-layer chromatography (TLC) on aluminum-backed sheets coated with silica gel 
60 GF254 (HX805651) and a fluorescent indicator, visualizing them under UV light at 254 nm. Melting points 
(mp) were determined on an Electrothermal IA 91,000 apparatus (Electrothermal, Bibby Scientific, Staffordshire, 
ST15 OSA, UK). 1H and13C NMR spectra were acquired employing deuterated chloroform (CDCl3) as the 
solvent and tetramethylsilane (TMS) as the internal reference on a Varian Mercury 300 MHz spectrometer and 
a Bruker Avance III 750 MHz spectrometer, respectively. Chemical shifts (δ) are denoted in ppm relative to the 
TMS standard, while coupling constants are expressed in Hertz (Hz). Agilent 6545 QTOF LC/MS equipment 
(Agilent Technologies, Santa Clara, CA, USA) was used for electrospray ionization mass spectrometry MS/MS 
in positive mode (ESI-MS/MS).

Synthesis of (3aS,4R,9bR)-4-(6-bromobenzo[d][1,3]dioxol-5-yl)-N-tosyl-3a,4,5,9b-
tetrahydro-3 H-cyclopenta[c] quinoline-8-carboxamide (L-06)
Briefly, for L-06 compound, to a well-stirred solution of p-toluenesulfonamide (173  mg, 1.01 mmol, 1.2  eq) 
in dimethylformamide (DMF) (2 mL) was added (3aS,4R,9bR)-4-(6-bromobenzo[d][1,3]dioxol-5-yl)3a,4,5,9b-
tetrahydro-3H-cyclopenta[c] quinoline-8-carboxylic acid (named inhouse G1-PABA) (350  mg, 0.84 mmol, 
1.0  eq), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC∙HCl) (162  mg, 0.84 mmol, 
1.0 eq), hydroxybenzotriazole (HOBt) (11.4 mg, 0.08 mmol, 0.1 eq), and 4-dimethylaminopyridine (DMAP) 
(103 mg, 0.84 mmol, 1.0 eq) previously dissolved in DMF, giving a final volume of 10 mL. The reaction was stirred 
at 45°C for 72 h. The process of the reaction was tracked using TLC with silica gel 60 (230–400 mesh). After the 
reaction elapsed, this was extracted with Ethyl acetate (EtOAc) and washed with distilled H2O (3 X), and a last 
wash with a saturated NaHCO3 solution. The combined organic extracts were dried over anhydrous Na2SO4, 
filtered, and concentrated under reduced pressure. The crude reaction was purified using a mixture of hexane/
EtOAc (4:6) as the eluent, affording 45% yield of compound as a yellow syrup. Rf = 0.52 (Hexane/EtOAc, 5:5), 
mp = 171.3°C (Not corroborated). The high-pressure liquid chromatography (HPLC) Uv/Vis purity obtained 
was 95.63%. ESI-MS (MS/MS) value for C27H23BrN2O5S [M + H] calculated = 566.0511; found = 566.0491. IR 
(KBr) Ʋmax: 3313, 2922, 1655, 1602, 1471, 1223, 1033, 659 cm− 1. 1H NMR (750 MHz, CDCl3) δ 7.28 (s, H-7 ́), 
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δ 7.18 (s, H-9), δ 7.13 (s, H-4’), δ 7.08 (dd, J = 8.2, 1.5 Hz), δ 7.00 (d, J = 2.3 Hz, H-7), δ 6.59 (d, J = 8.2 Hz, H-6), 
δ 5.99–5.98 (d, J = 9.7 Hz, H2’), δ 5.84 (dd, J = 2.7, 1.4 Hz, H-1), δ 5.65 (d, J = 4.8 Hz, H-2), δ 4.89 (D, J = 3.2 Hz, 
H-4), δ 4.11 (d, J = 7.2 Hz, H-9b), δ 3.18 (dd, J = 9.2 Hz, 5.2 Hz, H-3a), δ 2.62 (CH3), δ 1.80 (dd, J = 15.8 Hz, 
9.0 Hz, H-3). 13C NMR (189 MHz, CDCl3), δ 171.93 (CO), δ 147.58 (C-7’a), δ 147.38 (C-3’a), δ 146.00 (C-5’), δ 
134.13 (C-8), δ 133.86 (C-9b, C1’’), δ 130.41 (C-2), δ 129.05 (C-7), δ 126.53 (C-5’’, C-3’’), δ 126.04 (C-2’’, C-6’’), 
δ 125.55 (C-6’, C-4’’), δ 115.30 (C-6), δ 113.05 (C-1), δ 112.91 (C-7’), δ 107.97 (C-4’), δ 101.82 (C-2’), δ 56.52 
(C-4), δ 45.80 (C-9b), δ 42.10 (C-3a), δ 31.42 (C-3), δ 21.04 (CH3).

Synthesis of (3aS,4R,9bR)-4-(6-bromobenzo[d][1,3]dioxol-5-yl)-N-((4-chlorophenyl) 
sulfonyl)-3a,4,5,9b-tetrahydro-3 H-cyclopenta[c] quinoline-8-carboxamide (L-37)
For L-37 compound, to a well-stirred solution of 4-chlorobenzenesulfonamide (100  mg, 0.52 mmol, 1.0  eq) 
in DMF (2 mL), was added G1-PABA (259 mg, 0.62 mmol, 1.0 eq), EDC∙HCl (99.8 mg, 0.52 mmol, 1.0 eq), 
HOBt (7 mg, 0.05 mmol, 0.1 eq), and DMAP (63 mg, 0.52 mmol, 1.0 eq) previously dissolved in DMF, giving a 
final volume of 10 mL. The reaction was stirred at 45°C for 48 h. The process of the reaction was tracked using 
TLC with silica gel 60 (230–400 mesh). After completion of the reaction, the reaction mixture was extracted 
with EtOAc and washed with H2O (3 X) and a last wash with a saturated NaHCO3 solution. The combined 
organic extracts were dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The 
crude reaction was purified by flash chromatography silica gel 60 (230–400 mesh), using a mixture of Hexane/
EtOAc (4:6) as the eluent, affording 40% yield of compound as a white powder. Rf = 0.50 (Hexane/EtOAc, 5:5), 
mp = 160.7°C (Not corroborated). The HPLC Uv/Vis purity obtained was 95.30%. ESI-MS (MS/MS) value for 
C26H20BrClN2O5S [M + H] calculated = 585.9965; found = 585.9948. IR (KBr) Ʋmax: 3350, 2914, 1685, 1608, 
1479, 1233, 114, 1037, 831, 704 cm− 1. 1H NMR (750 MHz, CDCl3) δ 7.28 (s, H-7 ́), δ 7.19 (s, H-9), δ 7.13 (s, 
H-4’), δ 7.08 (dd, J = 8.2, 1.9 Hz, H-2’’, H-3’’, H-5’’, H-6’’), δ 7.03 (d, J = 2.3 Hz, H-7), δ 6.59 (d, J = 8.2 Hz, H-6), 
δ 5.99–5.98 (d, J = 9.8 Hz, H2’), δ 5.85 (dd, J = 2.8, 1.4 Hz, H-1), δ 5.65 (d, J = 4.6 Hz, H-2), δ 4.90 (d, J = 3.3 Hz, 
H-4), δ 4.10 (d, J = 8.6 Hz, H-9b), δ 3.18 (dd, J = 9.0 Hz, 3.3 Hz, H-3a), δ 1.80 (dd, J = 15.6 Hz, 8.9 Hz, H-3). 13C 
NMR (189 MHz, CDCl3), δ 171.93 (CO), δ 147.58 (C-7’a), δ 147.38 (C-3’a), δ 146.94 (C-5’), δ 134.13 (C-8), δ 
133.86 (C-9b, C1’’), δ 130.42 (C-2), δ 129.05 (C-7), δ 126.57 (C-5’’, C-3’’), δ 126.05 (C-2’’, C-6’’), δ 125.57 (C-6’, 

Fig. 1.  Synthetic procedure of L-06 and L-37. Reactants and chemical synthesis conditions are listed up – 
down from the arrows for each compound, as appropriate. For L-06 was employed p-toluenesulfonamide and, 
for L-37 was employed 4-chlorobenzenesulfonamide, as p-substituted sulfonamides.
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C-4’’), δ 115.29 (C-6), δ 113.06 (C-1), δ 112.92 (C-7’), δ 107.97 (C-4’), δ 101.82 (C-2’), δ 56.53 (C-4), δ 45.80 
(C-9b), δ 42.10 (C-3a), δ 31.43 (C-3).

Purity analysis by HPLC-Uv/vis
The HPLC purity analysis was performed using an Agilent 1260 infinity series liquid chromatograph (Agilent 
Technologies, Palo Alto, CA, USA) equipped with a quaternary pump delivery system (G1311B), robotic 
autosampler (G1316A), column thermostat (G1316A) and multi wavelength UV detector (G1315C), the 
results were analyzed in OpenLab CDS EZChrom. The employed mobile phase consisted in a gradient of (A) 
water and (B) acetonitrile (MeCN), and the proportions are shown in Table 1. Every day, the mobile phase was 
freshly prepared utilizing deionized water that had been filtered through a 0.22 μm filter and degassed before 
use. The flow rate was set at 0.8 mL/min. The procedure employed a Zorbax Eclipse XDB-C18 column (5 m, 
4.6 × 150 mm) and was conducted 25 °C. Acceptable purity for all compounds was set as a value upper at 95%.

Forced stability test
Synthesized compounds were submitted to a chemical forced stability test to corroborate protecting patient 
safety and validating chemical stability29. Briefly, the stock solution of the compound was of 600 μm/mL, and an 
aliquot of 1 mL was taken and placed on an individual volumetric flask of 5 mL for each forced stress condition. 
For the acid and basic condition, 1 mL of the HCl 0.1 N or NaOH 0.1 N solution were added to the respective 
volumetric flask that already contains 1 mL of the stock solution, allowing to settle for 24 h, then the reactions 
were neutralized with 1 mL of NaOH 0.1 N for the case of the acid condition and with 1 mL of HCl 0.1 N for 
the case of the basic condition. Finally, they were brought to volume with mobile phase (MeCN: Water 60:40 
v/v), to 120 µg/mL. For the oxidative condition, 1 mL of H2O2 3% solution was placed in the volumetric flask 
already containing 1 mL of stock solution, settled for 1 h and after the exposure time, brought to volume with 
mobile phase (MeCN: Water 60:40 v/v), to 120 µg/mL. For the thermal condition, 1 mL of the stock solution 
was brought to volume with mobile phase, placed in a vial with a lid to prevent evaporation of the mobile phase 
solvents, and placed in a lab drying oven at 50 °C for 24 h. Lastly, for the light condition, 1 mL of the stock 
solution was brought to volume with mobile phase, placed in a vial with a lid, and exposed to sunlight for 24 h. 
All solutions were prepared by triplicate, each condition had a blank to rule out peaks related to the mobile phase 
and solutions added. The specific conditions of each environmental stress condition are collected in Table 2.

Cell culture
Anti glioblastoma activity of the synthesized compounds was assayed on two GBM cell lines (LN-18 and U373) 
and the glioblastoma stem cell Gli4, which express several typical markers of neural precursors which are part of a 
multicomponent with potential to generate tumors in vivo30. In detail, LN-18 (ATCC, CRL-2610, Rockville, MD, 
USA) and U-373 were grown in Dulbecco’s Modified Eagle medium (DMEM, (Life Technologies, Gaithersburg, 
MD, USA) phenol-red free, and 1% of streptomycin/penicillin (Gibco), supplemented with amino acids and 
Fetal Bovine Serum (FBS) 5%, at 37 °C and 5% of CO2. For neurospheres formation, Gli4 glioblastoma stem 
cells were cultured in proliferation media on low attachment microplates according to the protocol described 
elsewhere30. Briefly, proliferation medium (DMEM/F12 medium supplemented with glucose, glutamine, 
insulin, N2, Epidermal Growth Factor and Fibroblast Growth Factor). Moreover, for 3D antiproliferative and 
antimigratory assays, Gli4 cells were cultivated in proliferation and differentiation medium (DMEM/F12 
medium supplemented with the same components as for the proliferation medium except the growth factors and 
heparin replaced by Fetal Bovine Serum (0.5%)). Non-aligned nanofibers were used for antiproliferative assays, 
while aligned nanofibers were used for antimigratory assays. Moreover, as control cell lines, the human fibroblast 
cells BJ (ATCC, CRL-2522) and breast epithelial cells MCF-10 A (ATCC, CRL-10317) cell lines were used. BJ 
cells were grown in DMEM medium, 100 U/mL penicillin, 100  mg/mL streptomycin and FBS 5% at 37  °C 
and 5% of CO2. MCF10A cells were grown in DMEM/F12 medium supplemented with 100 U/mL penicillin, 

Type of condition Acid Basic Oxidative Luminous Thermal

Medium conditions HCl 0.1 N NaOH 0.1 N H2O2 3% Sunlight 50 °C

Time of exposition 24 h 24 h 1 h 24 h 24 h

Table 2.  Forced stress conditions.

 

Mobile Phase

Time (min) A (water) % B (MeCN) %

0 40 60

8 10 90

10 10 90

15 40 60

Table 1.  Mobile phase proportions of the purity analysis methodology.
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100 mg/mL streptomycin, horse serum (5%), insulin, Epidermal Growth Factor (EGF), and hydrocortisone at 
37 °C and 5% of CO2.

Antiproliferative assay based on 2D cell culture
The anti-glioblastoma activity of the synthesized compounds on 2D cell cultures was carried out with an MTT 
[3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide] assay. Thus, for LN-18, U373, as well as on BJ 
and MCF-10 A when cells reach confluence, a density of 1 × 103 cells were seeded in 96-well plates, and after 24 h 
to allow adherence to the plate, cells were exposed to 0 µM to 140 µM of the tested compounds and control drugs 
(Gossypol, a Bcl-2 inhibitor) using DMSO 0.1% as vehicle control. Time exposure was set at 24 h (data not shown) 
or 48 h. The assay was conducted by adding 100 µL of MTT (Sigma, St Louis, MO, USA) (2.5 mg/mL in clear 
medium without phenol red) to each well, and incubating for 1 h at 37 °C, 5% CO2. Once the time concluded, 
the medium of each well was replaced by 200 µL of DMSO (reagent grade). Subsequently, absorbance, which acts 
as an indicator of cellular metabolic activity was measured at 540 nm in a Mark™ Microplate Absorbance Reader 
(Bio-Rad Laboratories, Hercules, CA, USA). One-way ANOVA was used to determine statistical significance 
(P ≤ 0.05) between each treatment and the DMSO control. Group means were compared using Tukey’s post 
hoc comparison if significant. P-values were used to establish statistical significance, with p > 0.05 indicating 
statistical significance. Plots were built with GraphPad Prism 8.0 through a logarithmic analysis of variable 
scope. A two-way ANOVA was used to determine statistical significance (P ≤ 0.05) between treatments. Group 
means were compared using Tukey’s post hoc comparison if significant. P-values were used to establish statistical 
significance, with p > 0.05 indicating statistical significance. Concerning Gli4 cells, a density of 4 × 103 were 
dissociated and transferred in each well of a 96-well plate pre-coated with poly-2-hydroxyethyl methacrylate. 
Follow the addition of the corresponding volume of the stock solutions of L-06, L-37 and G15 in DMSO to 
obtain a final concentration of 0, 1 and 10 µM. The plates were incubated for 4 days and when the time elapsed 
the cells were dissociated and counted. The cell counting was performed with a Neubauer chamber taking an 
aliquot of 10 µL of each well plus 10 µL of Trypan blue as dye.

Neurospheres formation assays
Regarding Gli4 cells for neurospheres (NS) formation, we replicated the method described by our research 
group and published elsewhere31. Briefly, a density of 4 × 103 cells were dissociated and transferred in each well 
of a 96-well plate round-bottom ultra-low attachment microplate coated with a covalently non-bonded hydrogel 
(Corning 7007) pre-coated with poly-2-hydroxyethyl methacrylate. Follow the addition of the corresponding 
volume of the stock solutions of L-06, L-37 and G15 in DMSO to obtain a final concentration of 0, 1 and 10 µM. 
The plates were incubated for 4 days and when the time elapsed the cells were dissociated and counted. The cell 
counting was performed with a Neubauer chamber taking an aliquot of 10 µL of each well plus 10 µL of Trypan 
blue as dye.

3D nanofiber matrix
Polyacrylonitrile nanofibers (NFS) were produced by electrospinning in either a non-aligned or aligned pattern, 
as described previously31. The NFSs were cut into pieces and sterilized using standard autoclave procedures 
before their biological application. For further information about NS scaffold synthesis see Supplementary 
Material.

Antiproliferative assay based on 3D cell culture models
The 3D antiproliferative assay consisted of neurospheres (NS) loaded and placed on non-aligned NFS to analyze 
the compound’s effect on a tumor-like environment. In detail, Gli4 cells were first cultured in a proliferation 
medium to form NS in anti-adherent flasks then were dissociated in Hanks’ Balanced Salt Solution (HBSS) 
and seeded into a 96-well microplate containing pieces of non-aligned NFSs at a density of 4 × 103 cells in 20 
µL per well. Drugs were added along with either proliferation or differentiation medium, bringing the total 
volume to 200 µL per well. Cells were cultured for 4 days in differentiation medium, subsequently, an MTT 
assay was performed as described below. The culture medium was discarded and replaced with 90 µL of medium 
containing 10 µL of MTT solution (5 mg/mL in Phosphate-buffered saline (PBS)). The plate was incubated for 
4 h in a CO₂ incubator. After incubation, the supernatant was discarded and replaced with 100 µL of DMSO, 
followed by vigorous shaking for 2  h at room temperature (rt) to dissolve the formazan crystals. The entire 
volume was then transferred to a new microplate for absorbance measurement at 570 nm. A blank control was 
prepared using NFSs incubated in DMSO.

3D anti-migratory assay
Gli4 cells were cultured in proliferation medium to form NS in an anti-adherent round-bottom 96-well microplate 
until the NS reached a diameter of 500 μm. The NS were then transferred with a 20 µL micropipette onto the 
center of disc-shaped patches of aligned NFS in flat-bottom 96-well microplate. After a 30-minute incubation, 
wells were filled with 200 µL of differentiation medium containing different concentrations of drugs. The NS 
were incubated for 6 days before performing fluorescence microscopy analysis. Fixation, permeabilization, 
washing, and staining of cells from 3D anti-migratory assay were performed directly in the microplate. First, the 
culture supernatant was discarded, and the fiber disc patches were washed twice with PBS at 37 °C. Next, 100 
µL of 4% formaldehyde in PBS was added as a fixative. After 15 min of shaking at rt, the fiber disc patches were 
washed 3 X for 5 min each in PBS. Cells were permeabilized by adding 100 µL of a solution containing 5% FBS 
and 0.5% Triton X-100 in PBS. After 30 min of shaking at rt, the fiber disc patches were washed 3 X for 5 min 
each in PBS. Cells were then stained by adding 100 µL of ReadyProbes 488, which targets actin. After 30 min of 
incubation at rt, the fibre disc patches were washed 3 X for 5 min each in PBS. The fibre patches were mounted on 
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glass slides and covered with Fluoromount mounting solution and cover slide. Cells were observed using a Zeiss 
Axio-Observer 7 inverted microscope (Colibri 7 lamp, AxioCam 705 Mono camera), and images were analyzed 
using the Zen Analysis module. Statistical analysis: Migration Surface: Non-parametric Mann-Whitney test - % 
Viability: p-values from one-way repeated ANOVA - n = 3 * p < 0.05 ** p < 0.005. For further information about 
Flow Cytometry see Supplementary Material.

Western blot analysis
Analysis of the GPER expression was corroborated through western blot. Hence, cells grown in culture were 
subjected to homogenization using RIPA (Radioimmunoprecipitation assay) buffer and protease inhibitors. 
Protein concentration was measured using a Bradford protein assay. Electrophoresis of proteins was conducted 
as follows: the protein extract was heated for 5 min, subsequently, protein samples containing 100 µg of total 
crude protein underwent electrophoresis using a 12% SDS-polyacrylamide gel. The resulting gel was then 
transferred onto a nitrocellulose membrane. A solution of 5% nonfat dry milk in Tris-buffered saline was used 
to block the membranes to avoid the noise presence. Afterwards, the primary antibody was incubated overnight 
with the appropriate dilutions, being the antibody used for GPER (Antibodies, A12843). Following treatment, 
the membranes were washed with Tris-buffered saline (3X) before being incubated for 1 h at rt with a secondary 
antibody, specifically the horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody proper for 
GPER expression.

Results and discussion
L-06 compound shows enantiomeric excess by HPLC UV/Vis
Chemical purity is essential for developing safe medicines and for conducting research to obtain reliable results, 
while also adhering to the guidelines of the International Council for Harmonization. In this context, one of the 
most used methods to identify substances and ensure their purity is the HPLC, which allows impurity quantity 
detection and pharmaceutical formula clarification. Thus, once obtained the chromatograms corresponding to 
the purity analysis of the synthesized compounds (Fig.  2), the yielded results for L-06 compound gave two 
peaks (Fig.  2A), peak 1 with a Retention Time (RT) of 5.76  min and peak 2 with a RT of 7.84  min, which 
were subsequently separated employing a fraction collector coupled to the HPLC, and then analyzed with the 
mass spectrometer to determine the molecular mass of both peaks. Interestingly, both peaks showed the same 
observed mass and isotopic distribution pattern corresponding to a compound with a bromine atom in their 
structure (Fig. 3A - B). Therefore, the result yielded by the purity analysis showed the presence of enantiomeric 
excess for L-06 compound may be due to an electronic rearrangement that has direct influence in the stereo 
genic center corresponding to the benzylic proton of the piperidine ring triggering the presence of two probable 
enantiomers without being able in this work to delimit the type of enantiomer that each peak corresponds. 
Whilst, for L-37 the purity analysis was able to detect only a peak for the compound (Fig. 2B), denoting the 
stability that the chlorine atom confers to the structure avoiding the probable electronic rearrangement that L-06 
presents. Nevertheless, further improvement in the chemical synthesis of both analyzed compounds is further 
required, with particular emphasis on L-06, to achieve complete structural elucidation using more sophisticated 
methods. These methods may include chiral gas chromatography (GC), primarily performed on chiral stationary 
phases (CSPs), or supercritical fluid extraction (SFE), which utilizes solvents at conditions above both the critical 
temperature and pressure to conduct finally, X-ray diffraction. Notably, SFE has previously been used to separate 
the enantiomers of 6-Fluoro-2-methyl-1,2,3,4-tetrahydroquinoline (FTHQ)32, a compound with structural 
similarities to those analyzed in this study.

L-06 and L-37 are safe compounds with neglectable values of degradation
Forced stress tests are a critical part of the drug development process, which provides insight into the inherent 
stability of synthesized compounds with high druggability properties to the development and validation of 
stability-indicating analytical methods. In this sense, chromatograms yielded by HPLC Uv-vis corresponding 
to each condition assayed for L-06 (Fig. 4) as part of the forced stress assay, depicts that L-06 is slightly more 
sensitive for acid and basic conditions (7.2% and 9.8% of degradation, respectively) than the others assayed. 
Furthermore, L-37 was the less sensitive compound for most of the conditions assayed, with only a special 
sensitivity for basic and luminous conditions depicting a 13.6% and 3.5% of degradation, respectively (Fig. 5). 
Notably, although the degradation values of both compounds indicate suitable chemical stability, further research 
is required to identify optimal pharmaceutical vehicles or nanocarriers that ensure effective drug delivery to the 
central nervous system (CNS). This research should focus on conditions inherent to the human body, such as 
plasma pH, the blood-brain barrier (BBB), and plasma-protein interactions, which can hinder the achievement 
of accurate drug concentrations at the target site. In this regard, our research group is currently using PAMAM 
dendrimers (promising nanocarriers that have been detected elsewhere in the brain under ischemic conditions 
24  h after administration33) demonstrating their potential as delivery vectors for therapeutic applications in 
glioblastoma (GBM) treatment29–34. All the percentage degradation values obtained in each assayed condition 
for both compounds are collected in Table 3.

L-06 and L-37 are potential anti glioblastoma compounds by 2D cell-based evaluations
Synthesized compounds were subjected to an anti-proliferative evaluation in 2D cell cultures to analyze their 
potential anti glioblastoma activity in two different cancer cell lines characterized by an overexpression of Bcl-2 
protein35,36. Detailing, the compounds were tested on two human cancerous cell lines of GBM, LN-18 and U373 
yielding promising IC50 values by conducting an MTT assay (IC50 values are collected in Table 4). In addition, when 
compared to the reference compounds (Gossypol, a naturally occurring polyphenolic compound identified as a 
small-molecule inhibitor of the anti-apoptotic Bcl-2 protein, and G15, a GPER antagonist with selective activity 
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Fig. 2.  Purity chromatogram of L-06 and L-37 by HPLC UV/vis. (A) L-06 chromatogram indicating two peaks 
that subsequently were separated. (B) L-37 chromatogram. All the areas under the curve (AUC) percentages 
for each peak were integrated for calculation of the total purity percentage.
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over classical estrogen receptors α and β) the tested compounds exhibited slightly higher IC₅₀ values. However, 
they demonstrated an increased ability to simultaneously block both pharmacological targets, suggesting a 
promising dual-inhibition strategy that may reduce the polypharmacology-related side effects commonly 
associated with first-line therapies for GBM. Nevertheless, the water solubility was improved, considering the 
inability of G15 to dissolve into medium culture, which formed crystals during the antiproliferative assay at 
20 µM, therefore, G15 was not able to reach IC50 values in the cells assayed (data not shown). Noteworthy, 
both cell lines (LN-18 and U373) were more sensitive to L-37 compound than L-06 (Figs.  6 and 7), owing 
probably to the chlorine atom in the sulfonamide moiety of the ligand which confers a better interaction with the 
residues forming the binding site for Bcl-2 protein, whose overexpression has been demonstrated elsewhere35,36. 
On the other hand, experimental assays conducted on healthy cells to demonstrate the harmless ability of the 
synthesized compounds towards no-cancerous cells, showed that both compounds have a higher IC50 in human 
fibroblast cells (BJ) than in the MCF-10 A epithelial cells. Indeed, IC50 values obtained for BJ cell line for both 

Fig. 4.  Chromatograms of L-06 corresponding to Forced Stress assays. (A) Acid degradation with 0.1 N 
HCl condition, (B) Basic degradation with 0.1 N NaOH condition, (C) Oxidative degradation with 3.0% 
H2O2 condition, (D) Luminous degradation with natural light condition and, (E) Heat degradation at 50 °C 
condition.

 

Fig. 3.  HPCL-MS/MS chromatograms of the separated peaks of L-06. (A) Chromatogram of peak 1 and (B) 
Chromatogram of peak 2. According to the intensity of each peak, for peak 2 is considered as enantiomeric 
excess.
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compounds were slightly higher than the half of the IC50 values reached on the GBM cell lines, whereas, for 
MCF-10  A the values were strikingly more significant than those reached in both cancer cell lines (Figs.  8 
and 9). This can be related to the fact that MCF-10 A has a higher expression of GPER than BJ, as well as the 
absence of ERα37. This difference in expression of the receptor between these two cell lines yields plenty of 
information about the compound’s affinity to GPER. Moreover, the possible interaction of the compounds to 
GPER may be leading to a probable calcium deregulation in the cell that leads to apoptosis or cell senescence by 
an additional synergism resulting per se from blocking Bcl-2 activity by the assayed compounds and triggering 
apoptosis38–40. The aforementioned evidence supports the dual-inhibition strategy employed in this study, 
which targets the aberrant activity of GPER and Bcl-2 in this highly heterogeneous neoplasm. This approach 
represents a promising alternative to current treatments, which are often limited by high rates of Temozolomide 
(TMZ) resistance. In contrast, L-06 and L-37 may offer several therapeutic advantages, including the potential 
to overcome clonal heterogeneity, a reduced risk of MDR, lower drug toxicity, and consequently, fewer side 
effects. These properties highlight the potential of L-06 and L-37 as effective agents in addressing the challenges 
posed by this complex and heterogeneous cancer type. Nevertheless, although these results suggest that L-06 and 
L-37 are cognate ligands of GPER and Bcl-2, further specialized assays are required (such as surface plasmon 
resonance (SPR), isothermal titration calorimetry (ITC), and high-performance liquid chromatography-mass 

Compounds

IC50 (µΜ)

LN-18 U373 BJ MCF-10 A

L-06 67.66 67.73 102.4 33.78

L-37 40.72 39.78 109.7 23.86

Gossypol 25.26 33.77 N.A. N.A.

Table 4.  IC50 values of the assayed compounds on the different cell lines.

 

Compound

Condition

Acid Basic Oxidative Luminous Thermal

L-06 7.2% 9.8% 2.95% 0.15% 1.36%

L-37 0.65% 13.6% 0.5% 3.5% 0.75%

Table 3.  Percentage degradation values in each of the assayed conditions of the forced stress assay.

 

Fig. 5.  Chromatograms of L-37 corresponding to Forced Stress assays. (A) Acid degradation with 0.1 N 
HCl condition, (B) Basic degradation with 0.1 N NaOH condition, (C) Oxidative degradation with 3.0% 
H2O2 condition, (D) Luminous degradation with natural light condition and, (E) Heat degradation at 50 °C 
condition.
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Fig. 8.  Concentration-response curve for BJ cell line treated with compounds (A) L-06 and (B) L-37. BJ cell 
line was treated with increasing concentrations of the compounds, solubilized in DMSO, ranging from 0 to 140 
µΜ for a duration of 48 h. Cell proliferation was assessed using the MTT assay. Data is presented as mean ± SD 
(n = 6) and has been normalized to 100% relative to the vehicle control for each assay. Statistically significant 
differences are denoted by different letters (p < 0.05).

 

Fig. 7.  Concentration-response curve for cell line U373 treated with compounds (A) L-06, (B) L-37 and (C) 
Gossypol. LN-18 cell line was treated with increasing concentrations of the compounds, solubilized in DMSO, 
ranging from 0 to 140 µΜ for a duration of 48 h. Cell proliferation was assessed using the MTT assay. Data is 
presented as mean ± SD (n = 6) and has been normalized to 100% relative to the vehicle control for each assay. 
Statistically significant differences are denoted by different letters (p < 0.05).

 

Fig. 6.  Concentration-response curve for cell line LN-18 treated with compounds (A) L-06, (B) L-37 and (C) 
Gossypol. LN-18 cell line was treated with increasing concentrations of the compounds, solubilized in DMSO, 
ranging from 0 to 140 µΜ for a duration of 48 h. Cell proliferation was assessed using the MTT assay. Data is 
presented as mean ± SD (n = 6) and has been normalized to 100% relative to the vehicle control for each assay. 
Statistically significant differences are denoted by different letters (p < 0.05).

 

Scientific Reports |        (2025) 15:17710 10| https://doi.org/10.1038/s41598-025-02186-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


spectrometry (HPLC-MS)) to conclusively determine the affinity of these compounds for the pharmacological 
targets evaluated in this study. However, G protein–coupled receptors (GPCRs) and intrinsically disordered 
proteins like Bcl-2 continue to pose significant challenges in the field of protein crystallization41–43. Overcoming 
these challenges will be crucial for the next stage of assays aimed at evaluating the efficacy of the synthesized 
compounds against glioblastoma multiforme.

L-37 is a better tumor penetrating compound than L-06 against glioblastoma stem cells
Due to their stem-like characteristics, Gli4 cells are capable of growing as neurospheres (NS), consisting of tightly 
associated clusters of at least several dozen cells. This cell line exhibits high expression of stem cell markers such 
as CD133+, CD15+, nestin, Sox2, and Olig2. Moreover, Gli4 cells retain the ability to form neurospheres in vitro 
under appropriate culture conditions, as previously described for both differentiation and proliferation media. 
Based on these properties, we conducted antiproliferative assays using two distinct cell culture approaches. 
Specifically, these stem cell markers inherent to Gli4 cells are considered to represent, like other GBM stem cells, 
highly relevant cellular models to study human brain tumor initiating cells. Therefore, MTT assay results from 
the flat bottom plates cultured with differentiation medium, shown values in accordance with those yielded 
from 2D cell cultures assays, in this way, it is evident that both compounds slightly decreased cell viability of the 
NS compared to G-15, a poorly solubilized GPER antagonist (Fig. 10). This is suggestive of both compounds 
reaching the binding site described for GPER at lesser degree than G15 deregulating the pathway activated 
by this receptor, which is involved in cancer progression, invasiveness and migration processes on GBM60. 
Strikingly, NS cultured in proliferation media, which is used to study tumor-penetrating activity of a potential 
anti-GBM compound, provides valuable information about the ability of L-37 to mimic the behavior of a drug 
capable of penetrating tumors of central nervous system origin. This is based on their cell anti-proliferation 
pattern, which shows better performance in round bottom than flat bottom (Fig. 11A and B) correlating with 
the highly probable ability of this compound to (1) penetrate CNS encapsulated tumors, and (2) avoid tumor 
size increasing. In detail, NS seeded in round bottom plates were more sensitive to L-37 compounds than L-06 
(Fig. 11B), depicting values closely related to the control compound G-15, yielding insights about the key role 
that GPER leads in promoting tumor formation and growth by GBM stem cells. Altogether, these results point 
to the ability of the tested compounds (L-37 > L-06) to target and penetrate NS from cancer stem cells with 
increased anti-cancer treatments resistance, leading to tumor recurrence, progression and non-responsiveness 
to the current therapies44–46.

L-37 inhibits the malignant GBM dispersion through neural tissue by 3D cell cultures fixed on 
nanofibers
A representative hallmark of the most aggressive brain cancers as GBM, is their ability to invade and migrate 
through neural tissue, driving the failure of the traditional therapies. Thus, an assay conducted with dissociated 
NS placed on NFS showed the ability of L-37 to depict a conscious trend to decrease cell proliferation in both 
cell culture mediums employed (proliferation and differentiation mediums) (Fig.  12A and B, respectively). 
Concisely, Extracellular Matrix (ECM) modifications occurring commonly in first stages of glioma to GMB 
such as stiffness increasing, glioma cell morphology and nuclear volume which are involved into promotion of 
the epithelial to mesenchymal transition (EMT), are linked with GPER and Bcl-2 pathways modulation. The 
probable inhibition of these pharmacological targets in GBM by this type of new dual inhibitors might alter the 
activity of the involved molecular drivers of these modifications such as N-glycan branching and its interaction 

Fig. 9.  Concentration-response curve for MCF-10 A cell line treated with compounds (A) L-06 and (B) 
L-37. MCF-10 A cell line was treated with increasing concentrations of the compounds, solubilized in DMSO, 
ranging from 0 to 140 µΜ for a duration of 48 h. Cell proliferation was assessed using the MTT assay. Data is 
presented as mean ± SD (n = 6) and has been normalized to 100% relative to the vehicle control for each assay. 
Statistically significant differences are denoted by different letters (p < 0.05).
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with galectins, or the activity of MGAT5 whose downregulation has been shown to reduce cell migration47. 
Moreover, the interaction between galectin and branched N-glycans on integrins (proteins of the cell surface) 
have been associated with turnover and maturation of Focal Adhesion (FA), fibronectin fibrillogenesis and actin 
microfilament remodelling. In that way, it is noteworthy that actin microfilaments have been postulated as other 
molecular target of compounds including in their structure the tetrahydroquinoline scaffold (as G1 and G15, 
synthetic ligands of GPER), which might potentiate the anti-migratory effect of the assayed compounds via 
different molecular mechanisms than the RhoA and the subsequent activation of ROCK and phospho-myosin 
light chain 2 (pMLC2) founded in other cancer types as pancreatin and prostate which involves the GPER 
activation48–50. Is important to note that Gli4 cells on NFS were more sensitive to L-37 than L-06, with outstanding 
inhibition values in accordance to depicted by G15 in proliferation medium which is serum-free, supplemented 
with β-FGF and EGF allowing the propagation of multipotent, self-renewing tumor-spheres (NS)51, at the three 
assayed concentrations (0.1, 1, and 10 µM), denoting the pivotal role of GPER into promoting the migration 
mechanism of glioblastomas stem-like cells (GSCs). Furthermore, it is worth mentioning that the non-
antiproliferative activity of L-06 depicts an interesting behavior which tends to show discreet cell proliferation, 
may be due to a poly pharmacology effect in which the compound interacts with different macromolecules than 
GPER, leading to an apparent resistance to the cell treatment (Fig. 12A and B).

Fig. 11.  Neurospheres (NS) 4000 cells per well in proliferation medium, (A) Flat Bottom and (B) Round 
Bottom, (Treated with poly-HEMA), cell count 4 days after incubation. N = 10 (2 individual experiments) Y 
axis is % of cell count. Concentration Range: 0, 1 and 10 µM. Statistically significant differences are indicated 
between treatments by asterisks (p < 0.05).

 

Fig. 10.  4000 cells per well seeded in Differentiation media in a Flat Bottom plate (Treated with Laminin/Lys), 
MTT assay for quantification 5 days after incubation. N = 5 (Y axis is % of viability). Concentration Range: 0, 1 
and 10 µM. Statistically significant differences are indicated between treatments by asterisks (p < 0.05).
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Cell migration is inhibited in a concentration-response fashion at non-cytotoxic 
concentrations range
It is well-known the key role that GPER triggers into preserving cell migration and invasiveness as has been 
described for cancer cell lines52,53 different to GMB. In this sense, for astrocyte enriched culture and astrocyte-
derived C6 clonal cells, GPER activates PI3K/FAK/Akt/RhoA/Rac1/Cdc42 signaling pathway, resulting in 
increased glial cell migration54,55. To analyze these premises, we conducted cell migration inhibitory assays 
in which the concentrations used to inhibit migration varied between compounds, as we specifically selected 
concentrations that did not exhibit cytotoxic effects. The goal was to observe the inhibition of cell migration 
independently of any cytotoxic effects on proliferating cells. This means that migration inhibition occurs within 
a concentration range that does not induce cytotoxicity (Fig. 13). In these conditions L-06 assayed at 10 µM 
but not G-15 nor L-37 at 2 µM, reduces by nearly 50% the migration of Gli4 cells on aligned NFS (Fig. 13A). 
Furthermore, G-15 and L-37 assayed at concentrations in which an antiproliferative effect was observed 
previously, we note a discreet antimigratory effect (data not shown) but, under this condition, it is difficult to 
attribute it to a strictly their antiproliferative ability performed in other assays herein conducted. These findings 
underscore the substantial therapeutic potential of L-06 to a greater extent than G-15 and L-37 compounds, to 
inhibit GPER and Bcl-2, by targeting cell migration, an essential factor in the progression, invasiveness, and poor 
prognosis of GBM. Regarding the molecular mechanisms underlying the inhibition of cell migration, it is highly 
likely that this occurs through a synergistic effect. This effect is mediated by the blockade of Bcl-2, which leads 
to the inhibition of Furin activity and several matrix metalloproteinases (MMPs), including MT1-MMP, MMP-
2/-956,57. Additionally, the inhibition of GPER activity further contributes to this synergism. In that sense, it is 
worth noting that a molecular mediator from the GPER pathway is the activation of EGFR which results from 
the transactivation mediated by the β/γ subunit of the G-protein coupled to the receptor, therefore blocking of 
the GPER activity on Gli4 cells leads to an efficient antimigratory effect instaured up-stream on the pathway 
triggered for the receptor (Fig. 13A and B), as has been analyzed for selective EGFR inhibitors58,59.

LN-18 and U373 are suitable cell models of GPER expression
Western blot analysis for GPER expression in LN-18 and U373 cell lines revealed an unexpected 25  kDa 
band, contrary to the anticipated 42  kDa molecular weight of GPER. However, according elsewhere, GPER 
has been identified at 70 and 55 kDa associated with receptor maturation through N-glycosylation, moreover, 
diverse isoforms of GPER with weights spanning from 40 to 110 kDa have been detected60. Additionally, GPER 
expression in brain tissue, as evidenced by western blot, displayed a distinct 25 kDa band, noticeably absent in 
vascular smooth muscle cells subjected to identical receptor identification61. Interestingly, this difference suggests 
a potential metabolic divergence in GPER expression between brain tissue and peripheral regions. Another 
plausible explanation may lie in the likelihood of GPER undergoing protein cleavage or degradation processes, 

Fig. 12.  Gli4 cells on non-aligned nanofibers, 4000 cells per well, (A) in Proliferation medium and (B) 
Differentiation medium, 4000 cells per well, with cell counting performed 4 days after incubation. n = 3 
(individual experiments). The Y-axis represents the percentage of cell viability. Concentration range: 0.1, 1, and 
10 µM.
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contributing to the observed molecular weight disparity in GPER expression within LN-18 and U373 cell lines 
(Fig. 14). This phenomenon has been previously reported for GPER expression in several GPER-transfected cell 
lines, including HeLa, HEK, and MDCK, where a lower band ranging between 20 and 30 kDa was observed, 
likely representing degradation products. Additionally, it is highly probable that both N-glycosylation and 
degradation processes are occurring in LN-18 and U373 cell lines, potentially due to the influence of the cancer 
microenvironment. This may explain the appearance of the unexpected 25 kDa band, as reported elsewhere62. 
For further information about WB gel see Fig. S1 in Supplementary Material.

Conclusion
A crucial step into new drug development is to demonstrate all the assays encompassed in preclinical 
pharmacology, aimed to address cost and human issues directly related to a novel drug either through in vitro and 
in vivo evaluations. Thus, in this work we showed the results yielded by a battery of in vitro assays that depicts the 
potential anti glioblastoma activity of two new compounds focused towards GPER and Bcl-2 pharmacological 
targets. Specifically, the purity analysis from HPLC UV/Vis showed the safety and harmlessness of L-06 and L-37 
compounds, which, even submitted to forced degradation assays under several medium conditions, maintain 
a suitable integrity percentage establishing the basis for consequent pharmaceutics evaluations for the search 
of a pharmaceutical formulation. In addition, antiproliferative analysis in classic 2D cell culture conditions 
yield plenty of information about the ability of L-06 and L-37 to decrease cell proliferation of LN-18 and U373 
GBM cell lines with IC50 values closely related to the obtained values for Gossypol (a Bcl-2 inhibitor), with a 
slightly better performance of L-37 than L-06. Besides, as result of 3D cell cultures applying two approaches, 
NS formation on specific cell culture medium conditions and, dissociated glioblastoma stem cells loaded on 
NFS we analyzed their antiproliferative activity on a tumor-like environment of the synthesized compounds. 
Moreover, we were able to analyze that Gli4 NS formation was especially sensitive to L-37 compound whose 
IC50 values were in correlation to those obtained for G-15, while, dissociated Gli4 loaded on NFS only L-37 
yielded the most promissory results to inhibiting the cell viability at almost equal values than G15 ligand in 
both cell medium conditions (differentiation and proliferation). Furthermore, results from the anti-migratory 
assays point out to a synergistic anti migratory effect resulting from a GPER and Bcl-2 inhibition at non-
cytotoxic concentrations. Lastly, we were able to analyze the GPER expression on the cell models employed for 
the 2D antiproliferative assays. Evidently, further specific assays that are currently in development are required 
to fully elucidate the molecular mechanisms modulated by the tested ligands through these pharmacological 
targets. For GPER activity, assays such as Ca²⁺ mobilization and/or cAMP production measurements should 
be conducted, while Bcl-2 activity can be assessed using FRET or competition pull-down assays, all of them in 
in vitro models. Additionally, further preclinical research involving more complex assays, such as testing in in 
vivo models like the murine GBM model and evaluating the local administration of the synthesized compounds 
via intracerebroventricular injection (ICV), will provide valuable insights into the anti-glioblastoma properties 
of the tested compounds. In this context, SPR, ITC, and HPLC-MS assays will be essential to determine the 

Fig. 13.  Migration of Gli4 cells. Neurospheres containing 5000 cells were deposited on aligned fibers in 
proliferation medium. (A) Migration area measurements were performed 5 days after neurospheres deposition. 
(B) Migration surface %. The Y-axis represents the surface area in µm². Concentration range: 0 µM for control 
(Ctrl), 0.5 and 2 µM for G15 and L-37; and 5 and 10 µM for L-37.

 

Scientific Reports |        (2025) 15:17710 14| https://doi.org/10.1038/s41598-025-02186-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


binding affinities of the synthesized compounds to GPER and Bcl-2. However, crystallization of these proteins 
in complex with diffusible ligands remains a significant challenge. Key obstacles include the poor solubility of 
ligand–receptor complexes, limited understanding of protein dynamics and conformational heterogeneity, and 
the difficulty in detecting post-translational modifications. Overcoming these challenges will be crucial for the 
next phase of our research, which is focused on the development of effective anti-glioblastoma compounds. 
Nevertheless, all the data presented above places L-06 and L-37 as two potential candidates to employ as anti-
glioblastoma therapy.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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