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Abstract

Androgens play a central role in homeostatic and pathological processes of the 

prostate gland. At the cellular level, testosterone activates both the genomic signaling 

pathway, through the intracellular androgen receptor (AR), and membrane-initiated androgen 

signaling (MIAS), by plasma membrane receptors. We have previously shown that the 

activation of MIAS induces uncontrolled proliferation and fails to stimulate the beneficial 

immunomodulatory effects of testosterone in prostatic cells, becoming necessary to 

investigate if genomic signaling mediates homeostatic effects of testosterone. However, the 

lack of specific modulators for genomic androgen signaling has delayed the understanding 

of this mechanism. In this article, we demonstrate that monosialoganglioside (GM1) micelles 

are capable of delivering testosterone into the cytoplasm to specifically activate genomic 

signaling. Stimulation with testosterone-loaded GM1 micelles led to the activation of 

androgen response element (ARE)-regulated genes in vitro as well as to the recovery of 

normal prostate size and histology after castration in mice. In addition, these micelles avoided 

MIAS, as demonstrated by the absence of rapid signaling pathway activation and the inability 

to induce uncontrolled cell proliferation. In conclusion, our results validate a novel tool for 

the specific activation of genomic androgen signaling and demonstrate the importance of 

selective pathway activation in androgen-mediated proliferation.
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1. Introduction 

Androgen signaling plays an important role in all aspects of the prostate gland. Its 

actions include organ development, maintenance of homeostasis during adulthood, and 

activation of proliferative pathways, which are critical for the progression of benign prostatic 

hyperplasia (BPH) and prostate cancer (PCa) [1-3]. Accordingly, there are several 

mechanisms of androgen signaling that can be activated at cellular level; substantial 

differences between them can be found on the type of receptor involved. In one hand, the 

androgen receptor (AR) binds to its ligand in the cytoplasm and subsequently migrates into 

the nucleus to behave as a ligand-activated transcription factor to induce genomic androgen 

signaling [4]. Alternatively, androgens can also bind to different types of plasma membrane 

receptors to activate Membrane-Initiated Androgen Signaling (MIAS), that acts through 

transduction pathways and alternative transcription factors [5,6]. We have previously 

evidenced that MIAS activation induces uncontrolled cell proliferation, which could be 

associated with proliferative prostate malignancies [7]. Moreover, MIAS is unable to 

reproduce the beneficial immunomodulatory effects of testosterone that have been proven 

important in different models of prostatitis and BPH [7-10]. These promising results show 

the potential advantages of agonists that can specifically target genomic androgen signaling. 

Although selective modulators of MIAS have been available for some time [11,12], the 

development of specific activators of intracellular ARs has been an unsuccessful task. 

The precise delivery of substances into the cytosolic compartment of the cell has been 

one of the great accomplishments of nanotechnology [13,14]. Different types of loaded 

nanoparticles can be internalized through endocytic or non-endocytic pathways to 

subsequently release their content into the cytoplasm [15,16]. For instance, 

monosialoganglioside (GM1) micelles are able to encapsulate hydrophobic molecules in their 
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interior to release them inside the cell [17,18]. Many advantages have already been shown 

for this system in the delivery of drugs such as paclitaxel, docetaxel, amphotericin B, and 

doxorubicin [18-20]. GM1 micellar structures show considerable benefits as compared to 

other nanoparticles. Particularly, due to their small size, GM1 micelles avoid a quick removal 

by the reticuloendothelial system, and due to a very low critical micellar concentration 

(CMC), this micelles are stable at very low concentrations [17].

In this article we have validated a novel strategy to specifically activate the 

intracellular AR-mediated genomic signaling, while avoiding the pathogenic effects of MIAS 

by delivering testosterone into the cytoplasm using GM1 micelles.



6

2. Materials and Methods

2.1. Preparation and characterization of testosterone-loaded GM1 micelles

Testosterone-loaded GM1 micelles (GM1-T) were prepared prior to use, 0.1 ml of 

1x10-3M testosterone (Sigma-Aldrich, St. Louis, MO) in DMSO (Sigma-Aldrich) was added 

to 1 ml of 50 mg/ml GM1 (Sinaxial™, TRB Pharma, Buenos Aires, Argentina), slowly mixed 

with gentle agitation and allowed to stand for 2 hours. Then, the preparation was dialyzed 

against PBS to remove the excess of DMSO and free testosterone. 

The size and morphology of the micelles were analyzed by Transmission Electron 

Microscopy (TEM), using a LEO906E electron microscope (Zeiss, Oberkochen, Germany) 

and photographed with a Megaview III camera (Olympus, Center Valley, PA). Briefly, a 

solution of vehicle- or testosterone-loaded GM1 micelles was diluted 1:100 in PBS. For 

negative staining, 20 µl of the sample were mixed with 20 µl of 2% phosphotungstic acid in 

ultra-pure water. Immediately after, a drop of this mixture was placed on parafilm and a 

formvar-coated grid for TEM was placed on top for 20 minutes. To study the effects of pH 

on micellar size, GM1-T micelles were diluted 1:100 in one of the following buffers: 0.1 M 

Citrate buffer (pH 3), 0.1 M Citrate buffer (pH 5), 0.1 M PBS (pH 7,) or 0.1 M Carbonate 

buffer (pH 10). In this case, 20 µl of the sample were incubated with a formvar-coated grid 

for 20 minutes, washed 5 times for 1 minute each with ultra-pure water and incubated for 8 

minutes with phosphotungstic acid. To determine the size of the particles, 3000 micelles were 

measured per sample using Image J software (NIH, Bethesda, MD).

The average particle size of empty or loaded micelles was also measured by dynamic 

light scattering (DLS) performed on a Delsa™ Nano Submicron Particle Size and Zeta 

Potential Particle Analyzer (Beckman Coulter, Inc., Brea, CA) at a fixed scattering angle of 
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165°. Data were analyzed by Delsa Nano Beckman Coulter software (version 2.2) with 

CONTIN analysis method.

2.2. Size exclusion chromatography 

Micelles were analyzed on an Åkta Explorer 100 FPLC system (GE Healthcare, 

Chicago, IL) fitted with a Superdex 200 column, previously equilibrated with 50 mM 

phosphate buffer (pH 7) and 150 mM NaCl at a rate of 0.4 ml min−1. The elution profile was 

followed using a UV-detector at 227 nm. 

2.3. Preparation of fluorescent testosterone (Tλ600) and GM1-Tλ600

The preparation of Tλ600 was adapted from protocols described elsewhere [21,22]. 

Briefly, 422 µl of sulfuric acid were mixed with 228 µl of ethanol and later added to 8.5 µl 

of testosterone 1x10-3 M previously diluted in DMSO. The solution was heated at 85ºC for 

10 minutes and then cooled on ice for 3 minutes. After this, 325 µl of ethanol were added 

and the solution was again chilled on ice for 10 seconds. Before use, the solution was kept 

protected from light for an extra 30 minutes at 4ºC. The emission spectrum was calculated 

by exciting the sample with 570nm wavelength, with the emission being measured from 570 

to 700 nm in a LV1200 CLSM (Olympus, Tokyo Japan). For GM1-Tλ600 preparation, Tλ600 

was loaded into GM1 micelles using the same procedure used for testosterone.

2.4. Determination of the efficiency of GM1 micelles to retain testosterone

GM1-T or GM1-Tλ600 micelles, prepared as explained in section 2.1 and 2.3 

respectively, were dialyzed with agitation at room temperature against 10 times the volume 

of PBS using a dialysis membrane with a cut-off of 12kDa (Sigma-Aldrich). After 1 or 2 
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hours, samples of the solution were recovered. Testosterone was quantified by 

Electrochemiluminescence immunoassay (ECLIA) using the Elecsys Testosterone II kit and 

analyzed by a Cobas e411 analyzer (Roche Diagnostics, Risch-Rotkreuz, Switzerland), while 

Tλ600 was quantified by fluorescence emission using a Glomax-Multi Detection System 

(Promega, Madison, WI).

2.5. Animals

Male Wistar rats and Albino Swiss mice were housed at the Animal Research Facility 

of the INICSA-CONICET, Córdoba, Argentina. Animal care and procedures were conducted 

following the guidelines of the National Institutes of Health for the care and use of laboratory 

animals and approved by the committee for the care and use of experimental animals of the 

School of Medicine, National University of Córdoba.

2.6. Human samples

Human prostate samples were obtained from four patients with BPH undergoing 

transurethral resection of the prostate (TURP) at the Sanatorio Allende (Córdoba, Argentina). 

All procedures were approved by the Ethics Committee of the Sanatorio Allende and 

performed under informed written consent of the patients.

2.7. Cell cultures and treatments

The human prostatic LNCaP cell line was kindly provided by Dr. Elba Vazquez 

(IQUIBICEN-CONICET) and was used at passage numbers 36-42. Cells were cultured in 

MCDB medium (Sigma-Aldrich) containing 15% of fetal calf serum (FCS) (Internegocios, 

Buenos Aires, Argentina). 
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Primary cultures of rat prostate stromal cells (rPSC) were done as previously 

described [23]. Briefly, ventral prostates from adult (3 months) Wistar rats were removed, 

minced into small fragments, and treated with a digestion solution containing 200 U/ml of 

collagenase type IA (Sigma-Aldrich) in MCDB131 medium (Sigma-Aldrich) for 30 minutes. 

Cells were then seeded in 6-well culture plates at a density of 7.5x105 cells per well and 

cultured in MCDB131 containing 15% FCS. 

For primary cultures of human prostatic stromal cell (HPSC), prostate biopsies were 

placed on ice-cold MCDB131 medium for transportation to the laboratory. Samples were 

then minced into small fragments and treated with digestion solution of 200 U/ml collagenase 

type IA in MCDB131 medium for 3 hours. Cells were seeded in 6 well plates and grown for 

a minimum of 15 days in MCDB131 supplemented with 15% FCS. Then, cells were split for 

at least 6 passages before protocols in order to ensure the stromal purity of the cultures. The 

stromal cell phenotype was checked by immunocytochemistry of calponin, alpha-smooth 

muscle actin, and vimentin as described before (data not shown) [24].

All cells (primary cultures and cell lines) were grown in a humidified incubator at 

37°C supplied with 5% CO2. Culture media were supplemented with penicillin and 

streptomycin and was replaced every two days. Previous to the stimuli, cells were grown in 

serum-free MCDB131 medium supplemented with 5 mg/ml insulin (Sigma-Aldrich), 5 

mg/ml transferrin (Sigma-Aldrich), 5 ng/ml selenite (Sigma-Aldrich) for 24 hours. The 

following drugs and concentrations were used for stimuli: testosterone (1x10-8 M), GM1 

(1x10-6 M)-T (1x10-8 M), testosterone-bovine serum albumin conjugate (T-BSA) (1x10-8 M, 

Sigma-Aldrich) for the specific activation of MIAS, or their vehicles. Cells were stimulated 

for 30 or 60 minutes for phosphorylation assays, 8 hours for qPCR and 24 hours for 

proliferation assays. To determine AR expression, cells were stimulated for 24 hours with 
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different concentrations of testosterone or GM1 (1x10-6 M)-T. For viability assay, cells were 

stimulated with different doses of GM1 (0.005-500 µg/ml) for 24 hours and counted under a 

Neubauer chamber. A 10% v/v Trypan Blue (Sigma-Aldrich) solution was used to discard 

dead cells.

2.8. Confocal Laser Scanning Microscopy Analysis

LNCaP cells grown on coverslips were incubated with Tλ600 or Tλ600-loaded micelles 

for 5 or 60 minutes. Then, the cells were washed 3 times with PBS, fixed with 4% 

formaldehyde and mounted using Flouromount (Sigma-Aldrich). Images were acquired on a 

LV1200 CLSM (Olympus, Tokyo, Japan).

2.9. Flow cytometry

LNCaP cells were detached with TrypLE Express (Thermo Fisher). After 

centrifugation for 2 minutes at 1000g, cells were resuspended with Tλ600, GM1- Tλ600 or 

vehicles and incubated for 5 or 60 minutes at 37ºC. Cells were fixed with Cytofix (BD 

Biosciences Pharmingen, San Diego, CA), resuspended in filtrated PBS and analyzed using 

a FACSCanto II cytometer (Becton Dickinson, San Jose, CA).

2.10. Western blot

The procedure was performed as previously described [25]. Briefly, cells were lysed, 

sonicated and centrifuged for 30 minutes at 16,000g. Protein concentration was quantified 

using Bradford method. Samples were denatured, separated on 10% SDS–polyacrylamide 

gels and blotted onto Hybond-C membrane (Amersham Pharmacia, Buckinghamshire, UK). 

Membranes were incubated overnight at 4ºC with primary antibodies against pERK1/2 
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(1:1000, cell signaling, Danvers, MA), ERK1/2 (1:500, Santa Cruz Biotechnology, Santa 

Cruz, CA), pAkt (1:700, cell signaling), AR (1:500, Abcam, Cambridge, UK), ACTB 

(1:10000, Sigma-Aldrich) or PARP1 (1:100, Santa Cruz Biotechnology) washed and 

incubated with secondary antibodies conjugated to horseradish peroxidase (Jackson 

Immunoresearch Labs Inc., West Grove, PA) for 1 hour at room temperature. Membranes 

were revealed with luminol (Sigma-Aldrich) and emitted light was captured on hyperfilm 

(Amersham Pharmacia). 

In order to obtain cytosolic and nuclear fractions, homogenates were first incubated 

with 1mM HEPES (pH 7,5), 60 mM KCl, 1 mM DTT, 0.045 v/v NP-40 and 1mM EDTA. 

Cells were scrapped and centrifuged for 10 minutes at 10,000g. The supernatant was then 

recovered as the cytoplasmic fraction while the pellet was resuspended in 20 mM Tris (pH 

8), 420 mM NaCl, 60 mM KCl, 1 mM EDTA and 25% v/v glycerol and centrifuged for 10 

minutes at 10,000g. This supernatant was recovered as the nuclear fraction.

2.11. RNA extraction, cDNA synthesis, and qPCR.

 Total RNA was purified using the Direct-zol RNA miniprep kit (Zymo Research, 

Irvine, CA) accordingly to the manufacturer´s instructions. For reverse transcription, M-

MLV Reverse transcriptase (Inbio Highway, Argentina) was used. The complementary DNA 

(cDNA) obtained was subjected to qPCR performed on an ABI Prism 7500 detection system 

(Thermo Fisher Scientific, Waltham, MA) using Power SYBR Green PCR Master Mix 

(Thermo Fisher Scientific), as previously reported [26]. The following human gene-specific 

primers were used: PSA: 5’-ACCAGAGGAGTTCTTGACCCCAAA (forward) and 5’-

CCCCAGAATCACCCGAGCAG (reverse), TMPRSS2: 5’-CTGCTGGATTTCCGGGTG 

(forward) and 5’-TTCTGAGGTCTTCCCTTTCTCCT (reverse), GADPH: 5’-
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CGCTCTCTGCTCCTCCTGTTC (forward) and 5’-TTGACTCCGACCTTCACCTTCC 

(reverse). Relative changes in gene expression were calculated using the 2-ΔΔCt normalized 

against the housekeeping gene GAPDH. For each pair of primers, a dissociation plot resulted 

in a single peak, indicating that only one cDNA species was amplified. Amplification 

efficiency for each pair of primers was calculated using standard curves generated by serial 

dilutions of cDNA obtained from unstimulated cells. All amplification efficiencies ranged 

between 97% - 105%.

2.12. In vivo experiments

Male Albino Swiss mice of 3 months of age were castrated via the scrotal route. Six 

days after castration, animals received i.p. injections of testosterone in ethanol (0.1 mg/kg), 

GM1 (50 mg/kg)-T (0.1 mg/kg), or their vehicles (ethanol and GM1 respectively) every 12 

hours for 3 days. Mice were anesthetized by isoflurane inhalation and sacrificed. Ventral 

prostates were surgically removed, photographed, weighed, and fixed using 4% 

formaldehyde for standard histological analysis.

2.13. Proliferation assay

Cells were incubated with 100 nM bromodeoxyuridine (BrdU) (Sigma-Aldrich) for 

24 hours prior to fixation. Cells were subjected to antigen retrieval and DNA was digested 

by incubating with DNase (Zymo Research) for 40 minutes at 37ºC. Cell permeabilization 

was performed using 0.25% Triton X-100 (Sigma-Aldrich) and nonspecific 

immunoreactivity blocked with 5% BSA. Cells were then incubated overnight at 4ºC with an 

anti-BrdU antibody (1:200, BD Biosciences Pharmingen). Afterward, cells were washed and 

incubated with an Alexa 594 anti-rabbit antibody (1:1000, Jackson Immunoresearch Labs 
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Inc.) for 1 hour at room temperature. Incubation with 4’,6-diamidino-2-phenylindole (DAPI) 

was used to stain cell nuclei. Images were acquired on an epifluorescent microscope (Zeiss, 

Oberkochen, Germany). A total of 1,000 cells were counted in randomly chosen fields of 

each glass slide to establish the percentage of BrdU positive cells. Three slides were analyzed 

for each group.

Alternatively, proliferation of HPSC was analyzed by immunostaining using an anti-

Ki67 antibody (1:30, BD Biosciences Pharmingen). Cells were then incubated for 1 hour 

with an anti-mouse antibody conjugated to biotin (1:100, Amersham Pharmacia) and later 

for 30 minutes with avidin–peroxidase complex (Vector, Burlingame, CA). The 

immunoreactivity for Ki67 was visualized with 3,3-diaminobenzidine tetrahydrochloride 

(DAB) as chromogen (Sigma-Aldrich).

2.14. Statistical Analysis 

All experiments were replicated at least three times with independent cell cultures. 

Data from three or more independent groups were analyzed using ANOVA-Tukey. 

Differences between two means were considered as statistically significant when p<0.05. 

Statistical testing was performed using the software GraphPad Prism version 8.0.2 (La Jolla, 

CA). 
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3. Results

3.1 Characterization of testosterone-loaded GM1 micelles 

The formulation of GM1 (Fig. 1a) micelles with hydrophobic drugs has been reported 

to increase micellar stability [18,19]. Furthermore, while other nanoparticles have shown to 

change size when interacting with different molecules, GM1 micelles could maintain their 

size, which is a critical parameter for in vivo delivery [19]. To determine the ideal molar ratio 

of testosterone (Fig. 1a) to GM1, different concentrations of testosterone were loaded into 

micelles, samples were centrifuged at 20,000g for 30 minutes and the insoluble testosterone 

was measured by ECLIA. Accordingly, a molar ratio of testosterone to GM1 of 1:100 

allowed all testosterone to be loaded into the micelles (data not shown), and it was used for 

all further experiments.

The size and rounded morphology of GM1 and GM1-T micelles were determined by 

TEM (Fig. 1b) and confirmed by DLS (Fig. 1c). The diameter of both empty and loaded 

micelles was of approximately 5-11 nm, showing no changes after testosterone loading. To 

analyze the effects of pH on GM1-T micelle stability, GM1-T micelles were diluted in 

different acidic or alkaline buffers. We observed that in acidic medium (pH 3 and pH 5) 

micelles tend to aggregate and increase their size, while in neutral (pH 7) or alkaline (pH 10) 

media, micelle size was less variable (Supplementary Fig. 1). 

As previously demonstrated, size exclusion liquid chromatography revealed that 

GM1 molecules are present in both, monomeric and micellar (aggregate) states [19]. When 

these molecules were mixed with hydrophobic molecules of testosterone in GM1-T, the 

balance was completely modified towards the micellar state, with free GM1 molecules being 

undetected (Fig. 1d). This result indicates that testosterone loading increases micellar 

stability as it had been shown for other hydrophobic drugs [19]. 
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To analyze if testosterone is retained in GM1 micelles, a dialysis assay was performed 

to elute free testosterone by using 12kD-cut-off membranes, with the remaining solution 

being tested by ECLIA. We observed that testosterone previously loaded into GM1 micelles 

was unable to diffuse through the dialysis membrane, indicating that testosterone was 

completely retained in the micelles. As a control, when free testosterone was dialyzed using 

the same type of membranes, almost all of the testosterone molecules were lost after 2 hours 

of dialysis (Fig. 1e). To confirm this finding, we used Tλ600 which emits fluorescence with a 

maximum intensity at 620nm. Retention of Tλ600 in GM1 micelles was analyzed after 1 and 

2 hours of dialysis using a Glomax Discovery Microplate Reader. As shown for testosterone, 

GM1 micelles were also able to preserve Tλ600 (Fig. 1f).

In order to determine the optimal working conditions in vitro, we next determined 

effects of GM1 on cell viability. LNCaP and rPSC were stimulated with different doses of 

GM1 for 24 hours. Viability of both cell types was significantly reduced after stimuli with 

GM1 at concentrations above 50 µg/ml (Fig. 2). Considering this result and the optimal 

testosterone to GM1 molar ratio determined before, we decided to use 1x10-6M (1.6 µg/ml) 

of GM1 in all further experiments.

3.2 Testosterone loaded- GM1 micelles deliver testosterone within the cell 

In order to assess if GM1-T can induce genomic androgen signaling, we first studied 

whether GM1-T micelles can deliver testosterone inside the cell. Taking advantage of Tλ600 

(Fig. 3a) for cellular tracking at 620nm, LNCaP cells were incubated with Tλ600 or GM1-Tλ600 

for 5 or 60 minutes and analyzed by confocal microscopy. We observed that GM1 micelles 

are able to effectively deliver testosterone inside the cell at the same rate than that of free 

testosterone. In both cases, Tλ600 was observed within the cell as soon as 5 minutes after 
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treatment, with its signal being increased in a time-dependent manner (Fig. 3b). When the 

incubation was performed after a 2 hour dialysis of Tλ600 or GM1-Tλ600, the fluorescent signal 

was observed only when Tλ600 had been loaded into GM1 micelles. Then, we corroborated 

these results by flow cytometry, showing that the fluorescence intensity increased equally in 

cells stimulated with Tλ600 or GM1-Tλ600, as compared to their controls (Fig. 3c). These 

findings demonstrate the ability of GM1 to retain testosterone, which is in agreement with 

the characterization described in result section 3.1, and to deliver testosterone inside the cell.

3.3 Genomic androgen signaling is induced after stimulation with testosterone loaded-

GM1 micelles

Genomic androgen signaling requires testosterone binding to the AR in the cytoplasm 

and later translocation to the nucleus, where the hormone-ligand complex interacts with 

specific AREs in the gene promoter regions of the DNA [27]. Genes such as AR, PSA, and 

TMPRSS2 are highly regulated by androgens through ARE-containing sequences, and thus 

they are good reporters for genomic androgen signaling [28,29]. To determine AR genomic 

activity in cells stimulated with GM1-T, we first analyzed AR expression in the tumor cell 

line LNCaP and in normal rPSC. We showed that AR increases in response to both 

testosterone and GM1-T in a concentration-dependent manner (Fig. 4a and b). AR expression 

was highest at 10-8-10-7M of testosterone and GM1-T in both cell types, and thus further 

experiments were carried out with a concentration of 10-8M, since this is closer to the 

physiological concentration in blood. Then, we analyzed the expression of mRNA for PSA 

and TMPRSS2 by qPCR in LNCaP cells after treatment with testosterone or GM1-T for 8 

hours; a significant increase for both ARE-regulated genes was shown after both stimuli (Fig. 

4c and 4d). In addition, we analyzed nuclear translocation of the AR, a key aspect of genomic 
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androgen signaling. We demonstrated that the stimulation of LNCaP cells with GM1-T 

induced significant translocation of the AR to the nucleus, similarly to that induced by 

testosterone (Fig. 4e). 

Androgens control male characteristics including prostatic size and function by 

activating specific ARE-containing genes at the cellular level [30]. Hence, castration leads 

to a rapid and extensive atrophy in the whole male tract, with testosterone administration 

being able to restore male characteristics [31]. To determine if GM1-T maintains this 

behavior, male mice were castrated and then treated with i.p. injections of testosterone, GM1-

T, or their vehicles. As expected, testosterone at a physiological dose, increased prostate 

complex size (Fig. 5a) and weight (Fig. 5b) of castrated mice, being similar to those of sham-

operated animals. Testosterone also recovered normal histology and function in the gland, 

including the height of columnar epithelial cells and abundant secretion in the acinar lumen 

(Fig. 5c). Likewise, GM1-T-injected-mice were able to recover ventral prostate parameters 

similarly to those injected with testosterone (Fig. 5a-c), indicating that GM1-T exerts strong 

genomic effects in vivo. In contrast, vehicle-treated mice showed atrophic prostates with lack 

of observable secretion (Fig. 5a-c). To determine if GM1-T is capable of inducing cell 

proliferation, necessary for restoration of prostate size, we analyzed incorporation of BrdU 

in vitro using rPSC. Stimuli with testosterone-loaded micelles for 24 hours induced an 

increase in cell proliferation to similar levels of those promoted by testosterone (Fig. 5d). 

These results were corroborated in HPSC, where GM1-T showed a concentration-dependent 

effect on cell proliferation (Supplementary Fig. 2).

3.4 Delivery of testosterone through GM1 micelles bypasses MIAS
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As GM1-T micelles have proved to be very efficient in the induction of genomic 

androgen signaling, we then addressed the activation of MIAS after GM1-T treatment. MIAS 

is best characterized by the activation of ionic channels, Ca2+ mobilization, and rapid 

downstream pathways including MAPK, PI3K/Akt, PKA, and PKC, leading to different 

transcriptional programs [32,33]. To analyze the effects of GM1-T on MIAS, 

phosphorylation of ERK1/2 and Akt was analyzed by western blots in homogenates of rPSC 

and LNCaP cells treated with testosterone, GM1-T, T-BSA or their vehicles for 30 or 60 

minutes. We observed that while testosterone and T-BSA stimulated phosphorylation of 

ERK1/2 and Akt, GM1-T was unable to reproduce these effects, suggesting that GM1-T does 

not activate MIAS (Fig. 6a and b).

We have previously reported that intracellular AR activation could result in the 

induction of both pro- and anti-proliferative factors in prostatic stromal cells, with a highly 

regulated balance favoring homeostatic cell survival and proliferation [7]. On the other hand, 

MIAS leads to a higher proliferation rate, which might promote and maintain the 

uncontrolled pathogenic hyperproliferative status of BPH [7]. To compare the effects of the 

genomic androgen signaling to those of MIAS on cell proliferation, rPSC were stimulated 

for 24 hours with GM1-T micelles or T-BSA respectively, and cell proliferation was 

determined by BrdU incorporation; as expected a higher proliferation was observed in cells 

stimulated with T-BSA (Fig. 6c). Increased cell proliferation by specific stimulation of MIAS 

was also observed in HPCS (Supplementary Fig. 3). These results evidence the critical role 

of genomic androgen signaling in the induction of a controlled proliferative status in the 

prostate gland, as previously suggested [7].
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4. Discussion

In the present article, we report a novel strategy to activate genomic androgen 

signaling pathways while bypassing pathogenic MIAS. This has been achieved by the use of 

a micellar structure formed by GM1 molecules, which is able to encapsulate testosterone 

protecting it from being recognized by plasma membrane receptors. The induction of 

genomic signaling was demonstrated by the specific expression of ARE-regulated genes and 

AR nuclear translocation, whereas the absence of MIAS was evaluated by analyzing the rapid 

activation of transduction pathways. In addition, we show that the intracellular delivery of 

testosterone by GM1 micelles promotes homeostatic cell proliferation of rat normal prostatic 

stromal cells as well as of stromal cells derived from patients with BPH, contrasting with the 

significantly higher proliferation induced by MIAS.

Drug delivery through nanoparticles has considerable benefits, including enhanced 

solubility, greater stability, lower clearance, minimal toxicity, decreased immunogenicity, 

controlled release, and site-specific delivery [34]. Our goal in this study was to use the 

advantages of nanoparticle intracellular drug delivery to specifically activate nuclear-induced 

genomic androgen signaling. Furthermore, GM1 micellar nanoparticles have shown 

additional benefits such as self-assembly [19], escape from the reticuloendothelial system 

[35], ability to passively reach tumors due to the enhanced permeability and retention effect 

[19], and a very low CMC (10-10-10-8M) that allows for higher dilutions than other types of 

micelles.

In aqueous solutions and at concentrations above the CMC, GM1 molecules show a 

dynamic balance between free molecules and micellar aggregates [36]. It has been reported 

that while GM1 monomers enter the plasma membrane, GM1 micelles bind to the cell surface 

and enter the cell through endocytosis [17]. In this study we show that the addition of 
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testosterone to GM1 micelles has no effects on particle size but modifies the dynamic balance 

stabilizing GM1 in their micellar state. The same effect was observed when GM1 interacted 

with hydrophobic drugs such as paclitaxel and docetaxel [19]. Although we do not know the 

exact location of testosterone in this micellar system, studies using other hydrophobic drugs 

suggest that they would locate at the internal hydrophobic core [18]. Interestingly, we 

demonstrate that the interaction of GM1 with testosterone impedes the simple diffusion of 

the steroid through a selective membrane. Furthermore, to corroborate whether GM1 is able 

to deliver testosterone inside the cell, in this article we used a fluorescent-modified 

testosterone and observed that intracellular delivery of testosterone through GM1 micelles is 

effective, occurring as soon as 5 minutes after treatment.

Cellular responses to androgens depend, among other aspects, on the type of receptor 

involved and on its subcellular localization [7,37]. According to this, androgen signaling can 

be divided into: genomic, when the AR located at the cytosol binds its ligand and migrates 

to the nucleus in order to act as a ligand-activated transcription factor [38]; or MIAS, when 

androgens interact with plasma membrane receptors such as GPRC6A [39], TRPM8 [40], 

ZIP9 [41], OXER1 [42], or cell surface-localized AR [5,43]. Several strategies aiming to 

preferentially stimulate a specific set of receptors have been developed in order to study the 

different signaling mechanisms of androgens. Approaches like testosterone-BSA conjugates 

succeeded to modulate cell proliferation of prostate epithelial and stromal cells through 

specific stimulation of MIAS [44,45,7]. In addition, inhibition of MIAS through S1 peptide, 

corresponding to the proline-rich domain of AR, or peptidomimetics has shown the 

contribution of MIAS to spermatogenesis [46]. On the contrary, agonists of the genomic 

signaling pathways have not been developed, leaving many actions of the cytosolic AR 

unclarified. Noteworthy, the use of estrogen-loaded liposomes as a tool for selective 
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activation of genomic pathways induced by the estrogen receptor has been recently reported 

[47]. In agreement with these results, genomic signaling and MIAS could be perfectly 

dissected and it points nanocarriers as an excellent alternative for hormone research and 

therapeutics. Our results here demonstrate that testosterone loaded into GM1 micelles 

induces genomic signaling responses such as activation of ARE-regulated genes and prostatic 

size recovery in castrated rats, while prevents the activation of the MIAS mechanisms.

Androgen signaling induces cell proliferation which contributes to the progression of 

BPH and PCa [1,2]. Determining the contribution of each androgen signaling pathway to cell 

proliferation has been a challenging task mainly due to the lack of strong tools for pathway-

specific activation. It is known that MIAS activates pathogenic proliferative transduction 

pathways such as MAPK through EGFR phosphorylation [48] and PI3K/Akt pathways [49]. 

In addition, up-regulation of IGF-1R has been associated with non-genomic signaling and 

could also lead to pathogenic proliferation [50,51]. On the other hand, genomic androgen 

signaling has also shown to induce proliferative pathways such as the activation of genes 

involved in DNA replication [52-54] and growth factors [55]. Furthermore, other pro-

proliferative ARE-regulated genes have been observed in prostatic stromal cells [56]. Higher 

levels of proliferation in cells stimulated with MIAS agonists can be explain by the lower 

expression of anti-proliferative genes [7]. Here, we show that although testosterone-loaded 

GM1 micelles induce cell proliferation, it occurs at lower levels than those induced by MIAS. 

Uncontrolled stromal cell proliferation is a crucial aspect in the development of mixed and 

of stromal nodules of BPH [57]. Here, we propose that by selectively activating genomic 

androgen signaling using GM1-T, we can promote homeostatic proliferation avoiding the 

negative effects of MIAS and/or androgen deprivation.
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Our in vivo results show that GM1-T is able to recover normal prostate size and 

histology after ip administration. Although we have not addressed the mechanisms by which 

GM1-T micelles can reach the prostate, it has been described that uncharged particles smaller 

than 10nm can enter directly into the blood stream, with this being a possible route for GM1-

T micelles. An alternative choice is that these nanoparticles enter the systemic circulation 

through absorption by lymphatic ducts in the peritoneum [58]. While direct absorption 

through blood vessels is a much faster mechanism, larger molecules may pass through the 

peritoneal stomata into the lymph [59,60], if this were the case for GM1-T, their relative 

small size (<50nm) would allow them to avoid being trapped in the lymph nodes and 

eventually reach blood circulation [58]. The in vivo findings presented in this article allow 

us to conclude that, after being encapsulated by GM1, testosterone can still maintain full 

androgenic activity, yet the complex mechanisms that lead to the in vivo delivery of GM1-T 

are still unclear and needed to be determined

Depending on their subcellular localization, testosterone receptors can regulate a wide 

set of very distinct cellular mechanisms. Thus, novel compounds targeting specific 

subcellular pools of receptors could favor desired effects while avoiding many unwanted 

side-effects of testosterone when an androgen replacement therapy is used in aging 

hypogonadic men. Novel and more sophisticated nanodelivery systems are being constantly 

developed. Strategies for organ-specific delivery and subcellular targeting have already been 

generated, granting important benefits by reducing secondary side-effects [61,62]. In 

addition, vehicles targeted to specific subcellular compartments are interesting tools for 

delivering androgens away from the cell surface and MIAS. We here report specific 

activation of the genomic signaling of testosterone by using a simple and stable GM1 micelle. 
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This represents a first step in the future development of a more precise subcellular delivery 

of androgens through nanoparticles in order to favor specific-receptor activation.
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Figure Legends

Fig. 1: Characterization of testosterone-loaded GM1 micelles

a. Molecular structure of testosterone and of GM1, based on ref. [20]. b. 

Representative TEM images exhibiting empty (GM1) or testosterone-loaded GM1 micelles 

(GM1-T), negatively stained with phosphotungstic acid and observed at 167,000x. Scale bar 

= 100 nm. Histograms show the frequency of micellar size in each case, assessed in TEM 

pictures. c. Size of GM1 (green) or GM1-T (blue) micelles determined by DLS, denoting an 

individual peak around 10 nm of micellar diameter for both types of micelle. d. Size 

exclusion chromatography of empty GM1 micelles (green) showing two discrete peaks, 

belonging to the micellar (left) and the monomeric (right) forms of GM1. GM1-T micelles 

(blue) display only one peak corresponding to micellar aggregates, indicating that adding 

testosterone stabilizes the micellar structure of GM1. e. Concentration of testosterone in a 

solution of GM1-T, detected by ECLIA, demonstrating the retention of the hormone after 2 

hours dialysis compared to the loss of free testosterone (T) in the same period (*p<0.05 vs. 

T input, n=3, ANOVA-Tukey). f. Concentration of Tλ600 detected by fluorescence emission 

after 1 or 2 hours of dialysis of Tλ600 or GM1-Tλ600 solutions, corroborating the ECLIA data 

in e (*p<0.05 vs. T λ600 input, n=3, ANOVA-Tukey)

Fig. 2: Effects of GM1 on cell viability

Viability of LNCaP (a) and rPSC (b) after stimulation with 0.005-500 µg/ml GM1 

for 24 hours. Cells were counted with Neubauer chamber after staining with trypan Blue to 

discard dead cells
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Fig. 3: Cellular internalization of testosterone loaded into GM1 micelles

a. Molecular structure of Tλ600, from ref. [22] b. Confocal images of LNCaP cells 

incubated with Tλ600 and GM1-Tλ600, showing in both cases a strong uptake of Tλ600 after 5 

and 60 minutes, compared to their controls (DMSO and GM1, respectively). LNCaP cells 

were also incubated with Tλ600 and GM1-Tλ600 after 2 hours of dialysis and imaged by 

confocal microscopy, with only dialyzed GM1-Tλ600 showing cellular internalization of Tλ600 

(bottom panels). Scale Bar = 70 μm. c. Flow cytometry of Tλ600 (red)- and GM1-Tλ600 (blue)-

treated LNCaP cells. A similar signal is observed in both groups after 5 and 60 minutes of 

stimulation, compared to vehicles DMSO (orange) and GM1 (green), respectively. After the 

2-hour dialysis procedure, only cells treated with dialyzed GM1-Tλ600 (blue histogram in the 

bottom panel) display a significant signal compared to Tλ600-stimulated cells

Fig. 4: Testosterone-loaded GM1 micelles (GM1-T) induce specific activation of 

genomic androgen signaling in vitro

Western blot of AR in LNCaP cells (a) and rPSC (b) treated with ascending 

concentrations of testosterone (T) or GM1-T for 24 hours. Both, T and GM1-T exhibit the 

highest effect at a concentration of 10-8-10-7 M, which correlates with the physiological 

concentration of the hormone. AR expression was quantified and normalized to ACTB as the 

loading control. Treatments are normalized to vehicles and are summaries of three 

independent experiments. mRNA expression of PSA (c) and TMPRSS2 (d) in LNCaP cells 

stimulated for 8 hours with T (1x10-8 M), GM1-T (1x10-8 M), or their vehicles (DMSO and 

GM1, respectively). GAPDH expression was used as loading control. (*p<0.05 vs. DMSO; 

#p<0.05 vs. GM1, n=3, ANOVA-Tukey). e. Western blot of AR in cytoplasmic and nuclear 

fractions of LNCaP cells stimulated with T (1x10-8 M) or GM1-T (1x10-8 M) for 24 hours. 
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Higher levels of AR in the nuclei were observed in T and GM1-T compared to their vehicles.  

ACTB and PARP1 were used as loading controls; uncropped membranes are illustrated in 

Suppl. Fig. 4.

Fig. 5: Androgenic effects induced by GM1-T restore prostate size after 

castration

a-c. Male Albino Swiss mice were castrated and 6 days later treated with i.p. 

injections of testosterone (T), GM1-T, or vehicles (EtOH or GM1 respectively) every 12 

hours for 3 days. a. Picture of prostate complexes from the different groups, denoting bigger 

sizes in T and GM1-T treated mice. b. Weight of prostatic complexes exhibiting a similar 

recovery after T and GM1-T treatments, compared to sham-operated animals. (***p<0.001 

vs. etOH; ###p<0.001 vs. GM1, n=4, ANOVA-Tukey). c. Hematoxylin and eosin staining 

showing columnar epithelial cells (E) and abundant secretion in the acinar lumen of ventral 

prostates in T and GM1-T. On the contrary, atrophic acini devoid of luminal secretion are 

observed in vehicle-treated mice. Scale Bar = 100 μm. d. Proliferation measured by BrdU 

incorporation in rPSC in vitro after stimulation with testosterone (T, 1x10-8 M), GM1-T 

(1x10-8 M) or their vehicles for 24 hours, showing a similar percentage of proliferation 

between T and GM1-T. This result demonstrates that GM1-T is able to increase cell 

proliferation which contributes to regeneration of the prostate after castration. (*p<0.05 vs. 

DMSO; #p<0.05 vs. GM1; n=3, ANOVA-Tukey)

Fig. 6: Stimulation with testosterone-loaded micelles avoids activation of MIAS

a. rPSC were stimulated with T (1x10-8 M), GM1-T (1x10-8 M), T-BSA (1x10-8 M) or 

their vehicles for 30 minutes and analyzed by western blot for phosphorylated ERK1/2 
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(pERK1/2) as a parameter of MIAS. Results demonstrate MIAS activity after T or T-BSA 

treatment but absence of MIAS after GM1-T treatment. b. LNCaP cells were stimulated with 

T (1x10-8 M), GM1-T (1x10-8 M), T-BSA (1x10-8 M) or their vehicles for 30 minutes and 

analyzed by western blot for phosphorylated Akt (pAkt) as a parameter of MIAS. As shown 

in a, GM1-T is unable to induce MIAS. pERK1/2 and pAkt expression were quantified and 

normalized to ERK or ACTB respectively as the loading controls. Treatments are normalized 

to their controls and are summaries of three independent experiments; uncropped membranes 

are illustrated in Suppl. Fig. 4. c. Proliferation determined by BrdU incorporation of rPSC 

stimulated with GM1-T, T-BSA or their vehicles for 24 hours. The MIAS-specific inducer 

T-BSA (1x10-8M) displayed a 2-fold increase in cell proliferation compared to vehicle and 

GM1-T. (*p<0.05 vs. GM1; #p<0.05 vs. BSA and GM1-T, n=3, ANOVA-Tukey).

Supplementary Figures 

Supplementary Fig. 1: Representative TEM images of testosterone-loaded GM1 

micelles incubated at different pH. The histograms next to each picture show the frequency 

of micellar size under each condition. Scale bar = 100nm

Supplementary Fig. 2: cell proliferation determined by BrdU incorporation of 

primary cultures of HPSC stimulated for 24 hours with increasing concentrations of T or 

GM1-T. Cells exhibited a similar increase in cell proliferation after both stimuli, which is 

statistically significant at concentration of 1x10-7 M and 1x10-8M (*p<0.05 vs. DMSO o 

GM1; n=3, ANOVA-Tukey).
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Supplementary Fig. 3: Proliferation determined by immunocytochemistry of Ki67 

of HPSC stimulated with testosterone (T, 1x10-8 M), T-BSA (1x10-8 M) or their vehicles for 

24 hours. T-BSA induces higher proliferation than both vehicle and T treated cells, 

evidencing the uncontrolled proliferation induced by MIAS. (*p<0.05 vs. vehicle or T, n=3, 

ANOVA-Tukey).

Supplementary Fig. 4: Original uncropped western blot hyperfilms along with their 

corresponding Ponceau-S-stained membranes, which were rearranged for the figures of the 

manuscript.
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Highlights 

 Testosterone can be loaded into GM1 micelles for delivery into the cytoplasm. 

 Testosterone-loaded micelles are specific modulators of genomic androgen 

signaling.

 Genomic signaling can counteract the uncontrolled proliferation induced by MIAS.

 GM1 nanoparticles are efficient tools for specific targeting of steroid receptors.
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