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27 

Abstract 28 

Background: Reduced androgen action during early fetal development has been suggested as the origin 29 

of reproductive disorders comprised within the Testicular Dysgenesis Syndrome (TDS). This hypothesis 30 

has been supported by studies in rats demonstrating that normal male development and adult 31 

reproductive function depend on sufficient androgen exposure during a sensitive fetal period, called the 32 

Masculinisation Programming Window (MPW). The main aim of this study was therefore to examine the 33 

effects of manipulating androgen production during different time-points during early human fetal testis 34 

development to identify the existence and timing of a possible window of androgen sensitivity 35 

resembling the MPW in rats. 36 

Methods: The effects of experimentally reduced androgen exposure during different periods of human 37 

fetal testis development and function were examined using an established and validated human ex vivo 38 

tissue culture model. The androgen production was reduced by treatment with ketoconazole and 39 

validated by treatment with flutamide which blocks the androgen receptor. Testicular hormone 40 

production ex vivo was measured by liquid chromatography-tandem mass spectrometry or ELISA assays, 41 

and selected protein markers were assessed by immunohistochemistry. 42 

Results: Ketoconazole reduced androgen production in testes from gestational weeks (GW) 7-21, which 43 

were subsequently divided into four age-groups: GW 7-10, 10-12, 12-16, 16-21. Additionally, reduced 44 

secretion of testicular hormones INSL3, AMH and Inhibin B was observed, but only in the age-groups 45 

GW 7-10 and 10-12, while a decrease in total density of germ cells and OCT4+ gonocytes was found in 46 

the GW 7-10 age-group. Flutamide treatment in specimens aged GW 7-12 did not alter androgen 47 

production, but the secretion of INSL3, AMH and Inhibin B were reduced, and a reduced number of pre-48 

spermatogonia was observed. 49 

Conclusions: This study showed that reduced androgen action during early development affects the 50 

function and density of several cell types in the human fetal testis, with similar effects observed after 51 
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ketoconazole and flutamide treatment. The effects were only observed within the GW 7-14 period – 52 

thereby indicating the presence of a window of androgen-sensitivity in the human fetal testis. 53 

54 

55 

Keywords: Human fetal testis, ex vivo culture, reduced androgen exposure, androgen sensitivity, 56 

masculinisation programming window. 57 

58 

Background 59 

Testicular development of the initially bipotential gonad is directed by a signalling cascade that 60 

promotes the male pathway, while simultaneously antagonising female signalling factors. Following the 61 

initial differentiation of the supporting cell lineage towards Sertoli cells, paracrine factors and steroid 62 

hormones secreted by the fetal Sertoli- and Leydig cells contribute to the continued process of testicular 63 

development and masculinisation of the fetus (reviewed in (1–3)). These processes have not yet been 64 

characterised in detail in human fetal development and although information from animal models 65 

provides essential insight there are important differences, particularly in relation to germ cell 66 

development and regulation of meiosis (Reviewed in (2,4)). Testosterone produced by the fetal Leydig 67 

cells plays a pivotal role as the main driver of fetal masculinisation, although increasing evidence suggest 68 

that androgen precursors produced in the adrenal, liver and placenta via “backdoor” and 11-oxygenated 69 

steroidogenic pathways also contribute to the overall production of androgens in human fetuses as well 70 

as in the activation and masculinisation of secondary sex characteristcs (5–7). 71 

72 

The importance of sufficient androgen exposure during fetal development is evident from the clinical 73 

observations that male reproductive disorders included in the Testicular Dysgenesis Syndrome (TDS) are 74 

most likely caused by subtle deficiencies in androgen production or action in the testis during fetal life 75 

(8,9). TDS is comprised of disorders that manifest either at birth (cryptorchidism, hypospadias) or in 76 
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young adulthood (low sperm count, testicular germ cell cancer, primary hypogonadism) (8,10,11). The 77 

fetal origin of cryptorchidism and hypospadias are intuitive, but the suggested fetal origin of adult-onset 78 

disorders, such as low sperm count, and hypogonadism was initially based on the finding of focal 79 

dysgenesis in the testes of the majority of adult men with TDS. The morphological alterations include 80 

abnormally shaped seminiferous tubules, Leydig cell nodules, and Sertoli-cell-only (SCO) tubules, in 81 

which the Sertoli cells are occasionally visibly in the undifferentiated state (10–13), thereby suggesting 82 

abnormal early development of the testis. The resulting slightly impaired function of the somatic niche 83 

in the human fetal testis may disrupt the differentiation of germ cells and thus lead to the presence of 84 

arrested gonocytes which are the precursor cells of testicular germ cell cancer (8,10). While severe 85 

impairment of early testis development can result in overt dysgenesis and ensuing downstream effects 86 

as described in patients with differences of sex development (2,13), the primary focus of the TDS 87 

hypothesis includes men in whom the dysgenetic changes are focal, often in an otherwise largely normal 88 

testis (13).  89 

 90 

Normal masculinisation of the foetus is dependent on testosterone production in the developing testes 91 

and based on evidence from animal studies this likely occurs during a specific sensitive period. The 92 

Masculinisation Programming Window (MPW) was discovered in rats and refers to a window of time 93 

during fetal life in which androgen action programs later development of male reproductive organs, 94 

including their adult size and function (14). Reduced fetal testis testosterone levels during MPW induce 95 

focal dysgenesis in rats, followed by relatively normal testis differentiation, resembling TDS in humans 96 

(15). Importantly, testicular dysgenesis in the rat model was only induced by androgen deficiency that 97 

occurs specifically within the MPW from embryonal day 15.5-18.5 (16). Based on the results and 98 

extrapolations from animal models, it has been proposed that an equivalent human MPW exists most 99 

likely in the period between GW 8-14 (14,17). However, the existence of a human MPW and its timing 100 

has yet to be identified. Therefore, this study aimed to examine whether an androgen-sensitive window 101 
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can be identified during early human fetal testis development. Specifically, the study focused on the 102 

effects of androgen deficiency induced by treatment with ketoconazole or flutamide on somatic cell 103 

function and on germ cell density and maturation during the presumed critical window. Since it is not 104 

possible to conduct such a study in humans in vivo, an established and extensively validated ex vivo 105 

culture model of human fetal testis was used in this study (12,18,19).  106 

 107 

Methods 108 

Collection of human fetal gonads and ethical approval in Denmark 109 

Human fetal testes were isolated from material available following elective termination of pregnancy 110 

during the 1st trimester at the Department of Gynaecology at Copenhagen University Hospital 111 

(Rigshospitalet), Hvidovre Hospital and Herlev Hospital, Denmark. The regional ethics committee 112 

approved this study (permit number H-1-2012-007, including amendments 48801, 50662, 55184, 64377 113 

and 68831) and women gave their informed written and oral consent. None of the terminations were 114 

due to pathology of pregnancy or fetal abnormality. The embryos/fetuses included in this study were 115 

between 7 and 12 GW, with fetal age determined by scanning crown-rump length and by evaluation of 116 

foot length (20). The fetal tissues were dissected in ice-cold PBS and the isolated fetal gonads were 117 

immediately set-up in ex vivo cultures. In total, 40 specimens of 1st trimester testis tissue were used for 118 

the current study.  119 

 120 

Collection of human fetal gonads in UK 121 

Human fetal testes were isolated from material available following elective termination of pregnancy 122 

during the 2nd trimester (13–21 GW). Women gave written informed consent in accordance with 123 

national guidelines and ethical approval was obtained from the Lothian Research Ethics Committee 124 

(LREC08/S1101/1). No terminations were related to fetal abnormalities. In addition, fetal tissue was 125 

provided by the Human Developmental Biology Resource (www.hdbr.org). After dissection, the fetal 126 
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testis was placed immediately into ice-cold media containing Liebowitz L-15 with glutamine, 10% fetal 127 

bovine serum, 1% penicillin/streptomycin and 1% non-essential amino acids (all Sigma, Poole, UK) 128 

before ex vivo culture. Testis tissue from 11 2nd trimester foetuses were used for ex vivo culture 129 

experiments.  130 

 131 

Ex vivo gonad tissue culture and treatments 132 

Human fetal testes were cultured ex vivo in hanging drops as described previously (12,18,19), with a few 133 

modifications. For the GW 7-12 samples collected in Copenhagen, the aborted tissue was transported to 134 

the laboratory where it was dissected and thereafter immediately set-up in culture (with culture media 135 

containing FBS). For the GW 13-21 samples collected in Edinburgh, the aborted tissue was dissected and 136 

transported (in L-15 media) to the laboratory typically within a few hours after collection, before it was 137 

set-up in culture. Prior to culture set-up, all gonads were divided into approximately 1 mm3 fragments 138 

with at least one piece from each embryo/fetus used as vehicle control. Each tissue piece was cultured 139 

in 40 µl medium for 14 days. Medium composition was: MEMα medium supplemented with 1× MEM 140 

non-essential amino acids, 2 mM sodium pyruvate, 2 mM L-glutamine, 1 × Insulin, Transferrin and 141 

Selenium (ITS) supplement, 1 × Penicillin/Streptomycin, 10% Fetal Bovine Serum (FBS). All cell media and 142 

supplements were from Gibco (Nærum, Denmark), except ITS (Sigma-Aldrich, Brøndby, Denmark). 143 

Fragments of gonads were cultured at 37°C under 5% CO2 with complete medium change every 48 144 

hours. Culture media were collected every 48 hours and pooled throughout the 14 days culture period 145 

for each tissue fragment and were subsequently used for measurement of hormone production. To 146 

manipulate androgen exposure, fetal testis tissue was cultured in medium containing either: 10-6 M 147 

ketoconazole (Sigma-Aldrich, UC280) to reduce androgen production, 1 IU/ml hCG (Prospec, hor-250-a) 148 

to stimulate steroidogenesis or 10-6 M flutamide (Sigma-Aldrich, F9397) to block the androgen receptor 149 

with respecting treatments administered a total of 6 times during the 14 days of culture period. Human 150 

fetal testis samples from GW 7-21 treated with ketoconazole and hCG were subsequently divided four 151 
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groups according to developmental age (in gestational week + days): GW 7-10 (GW 7+2d - 9+6d), 10-12 152 

(GW 10+0d - 11+6d), 12-16 (GW 12+0d - 15+6d) and 16-21 (GW 16+0d - 21+0d). Additionally, samples 153 

from GW 7-12 (GW 7+4d - 11+5d) were treated with flutamide and ketoconazole in a subsequent series 154 

of experiments. Ketoconazole and flutamide were dissolved in dimethyl sulfoxide vehicle (DMSO, 0.1%) 155 

(Sigma-Aldrich) and hCG was diluted in PBS with 0.1% BSA. At the end of ex vivo culture period the testis 156 

tissue fragments were formalin fixed.  157 

 158 

Immunohistochemistry 159 

The testicular samples were dehydrated, paraffin-embedded and sectioned (4 µm) using standard 160 

procedures. Serial sections of each sample were used for Immunohistochemistry (IHC) as previously 161 

described for formalin-fixed samples (21), except that tissue sections were subjected to heat-induced 162 

antigen retrieval buffer in a microwave. Endogenous peroxidase activity was blocked with 1% (v/v) H2O2 163 

in MeOH for 30 minutes. Sections were then incubated with either (A) 0.5% milk powder diluted in Tris 164 

buffered saline (TBS) or (B) 5% BSA (w/v) in ImmPRESS horse serum (20% v/v) (Vector Laboratories, 165 

Burlingame, California) for 30 minutes to minimize cross-reactivity. Primary antibodies were incubated 166 

overnight at 4oC followed by 1 hour at room temperature. Sections were incubated for 30 minutes with 167 

the appropriate ImmPRESS HPR (peroxidase, Vector Laboratories, Burlingame, California) secondary 168 

antibody diluted in normal serum. Primary antibodies, dilutions and retrieval buffers are listed in Table 169 

1. Visualization was performed using ImmPACT AEC peroxidase substrate (Vector Laboratories, 170 

Burlingame, California). Sections were washed in Tris-buffered saline between each step in this protocol. 171 

Negative controls were included and processed with the primary antibody replaced by the dilution 172 

buffer alone, none of which showed staining. Sections were counterstained with Mayer’s hematoxylin 173 

before mounting with Aquatex (Merck, Damstadt, Germany). Sections were initially evaluated on a 174 

Nikon Microphot-FXA microscope and then by scanning slides on a NanoZoomer 2.0 HT (Hamamatsu 175 
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Photonics, Herrsching am Ammersee, Germany) followed by analysis using the NDPview software, 176 

version 1.2.36 (Hamamatsu Photonics, Herrsching am Ammersee, Germany).  177 

 178 

Table 1. Antibodies, dilutions and retrieval buffers used. 179 

Antibody Dilution Retrieval buffer Species Supplier Number 

AR 1:75 TEG Mouse Santa Cruz Sc-7305 

BrdU 1:100 CIT Mouse Dako  M0744 

CYP11A1 1:500 CIT Rabbit Sigma HPA016436 

cPARP 1:500 CIT Rabbit Cell Signaling  5625 

MAGE-A4 1:250 TEG Mouse Gift from Prof. Spagnoli NA 

OCT4 1:250 TEG Mouse Santa Cruz Sc-5279 

SOX9 1:800 CIT Rabbit Millipore AB5535 

Antigen retrieval was conducted by microwaving the sections in the indicated retrieval buffer for 1 min 180 
at 750W and 15 min at 350W. TEG buffer: 10 mM Tris, 0.5 mM EGTA, pH 9.0; Citrate (CIT) buffer: 10 181 
mM, pH 6.0. NA: not available. 182 
 183 

BrdU incorporation 184 

Before end of ex vivo culture period, tissue fragments were cultured with BrdU labelling agent (Life 185 

Technologies, Nærum, Denmark) diluted 1:10 in media for 6 h to allow for the detection of proliferating 186 

cells in the tissue. After 6 h, tissue fragments were formalin fixated and paraffin embedded as described 187 

above. Proliferating cells were visualized by immunohistochemical analysis using a BrdU antibody (Table 188 

1) as described in the immunohistochemistry section.  189 

 190 

Quantification of stained cells 191 

To evaluate the IHC staining, the stained cells were quantified per area of tissue using one entire tissue 192 

section per sample, thereby determining the density of the specific cell type. The area was calculated 193 

using the NDPview software (Hamamatsu Photonics, Herrsching am Ammersee, Germany). Gonocytes 194 

were identified based on OCT4 staining and pre-spermatogonia by MAGE-A4 staining. Tissue samples 195 

from at least 5 embryos/foetuses were included in quantifications of stained cells.  196 

 197 

Steroid hormone measurements by liquid chromatography-tandem mass spectrometry (LC-MS/MS) 198 
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Steroid hormone levels in culture media following ex vivo culture were measured as described 199 

previously (12,19). Steroid hormone levels (nM concentrations) were measured using a sensitive 200 

isotope-dilution TurboFlow-LC-MS/MS method (22). This clinically validated analysis package includes 201 

measurement of the androgens: testosterone, androstenedione, and dehydroepiandrosterone-sulphate 202 

(DHEAS); glucocorticoids: cortisone and cortisol; and the steroidogenic intermediates: 11-deoxycortisol, 203 

17-hydroxyprogesterone (17-OHP), progesterone and corticosterone. All measured steroids, except 204 

estrone sulphate, are reported in this study. The method was modified for measurement in culture 205 

media. In brief, samples were analysed in four batches between 2018-2021. For all batches, two blanks 206 

(water), two un-spiked media controls, two spiked media controls with a mixture of native steroid 207 

standards in low concentrations, and two spiked media controls with the native steroid standards in 208 

high concentrations were used as method controls, while standards prepared in media were used for 209 

calibration curves. All collected media samples were diluted four times in culture media prior to analysis. 210 

A few samples were re-analysed for testosterone after additional sample dilution. For all analytical 211 

batches included in this study, the relative standard deviation (RSD) was <14% for all analytes in low 212 

spike levels except for 17-hydroxyprogesterone (<20%) and progesterone (<17%), whereas RSD was 213 

<6.5% for all analytes in the controls spiked in high level.   214 

 215 

INSL3 measurements by liquid chromatography-tandem mass spectrometry (LC-MS/MS) 216 

INSL3 concentration in culture media from ex vivo culture was determined by LC-MS/MS as previously 217 

described (23). The limits of detection and quantification were 0.03 and 0.15 µg/L, respectively, and the 218 

intra-assay variation was <10 %. INSL3 calibrants were created as previously described, except that the 219 

INSL3 stocks were prepared in culture media. 220 

 221 

AMH measurements by ELISA 222 
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AMH concentration in culture media from ex vivo culture was measured by ELISA using the Beckman 223 

Coulter enzyme immunometric assay as previously described (12). In brief, the collected media samples 224 

were diluted 1:10 in culture media prior to analysis, with additional sample dilution (1:25 and 1:50) 225 

necessary for 19% and 5% of the samples, respectively. The detection limit of the AMH assay was 0.14 226 

pmol/L and the intra-assay variation was <9% in the total measurement range.  227 

 228 

Inhibin B measurements by ELISA 229 

Inhibin B concentration in culture media from ex vivo culture was measured by ELISA using the Beckman 230 

Coulter Inhibin B Generation II enzyme immunometric assay Kit as previously described (12). In brief, the 231 

collected media samples were diluted 1:50 in culture media prior to analysis, with additional sample 232 

dilution (1:75 and 1:100) necessary for 2% and 1% of the samples, respectively. The detection limit of 233 

the Inhibin B assay was 3 pg/ml and the inter-assay variation was <10% in the total measurement range.  234 

 235 

Statistical analysis 236 

Statistical analysis was performed using GraphPad Prism Software. Data are presented as mean ± SEM. 237 

Student’s paired (two-tailed) t-test was used. Asterisks indicate statistical significance with * p<0.05, ** 238 

p<0.01, *** p<0.001, **** p<0.0001. The number of replicates is specified for each experiment/analysis 239 

in the figure legends. 240 

 241 

Results 242 

Manipulation of steroidogenesis in ex vivo culture of human fetal testis  243 

Previous studies have demonstrated that steroidogenic activity of human fetal testis tissue was 244 

maintained and can be manipulated in our established ex vivo culture model (12,18,19). Thus, it was 245 

initially established that the androgen production could be inhibited and induced following 2-weeks 246 

treatment with ketoconazole (10-6 M) and hCG (1 IU/ml), respectively, in human fetal testis tissue from 247 
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1st and 2nd trimester cultured ex vivo. As expected, treatment with ketoconazole resulted in reduced 248 

androgen production, while hCG-treatment increased the secretion of all measured steroid hormone 249 

metabolites compared with vehicle control treated samples (data not shown).  250 

 251 

The ketoconazole-mediated inhibition of androgen production was significant in all of the four 252 

developmental age-groups (Figure 1A-C), except DHEAS in GW 12-16 and 16-21. Importantly, the 253 

production of testosterone was reduced in all age-groups after ketoconazole treatment (GW 7-10: 72%, 254 

p<0.0001, GW 10-12: 188%, p<0.0001, GW 12-16: 29%, p<0.01 and GW 16-21: 44%, p<0.001) (Figure 255 

1A). A similar pattern was seen for the reduction in androstenedione production following ketoconazole 256 

treatment (Figure 1B), while DHEAS levels were only reduced in the GW 7-10 and GW 10-12 groups 257 

(Figure 1C). Treatment with hCG (1 IU/ml) significantly stimulated androgen production (testosterone, 258 

androstenedione and DHEAS) in all age-groups (Figure 1A-C), except DHEAS which was not stimulated in 259 

the GW 12-16 and GW 16-21 groups (Figure 1C). The levels of glucocorticoid and mineralocorticoid 260 

metabolites overall increased following hCG treatment in all four age-groups (Figure 2), while 261 

ketoconazole treatment did not systematically reduce the level of glucocorticoid and mineralocorticoid 262 

metabolites, although the level of 17-OHP (GW 7-10, GW 10-12 and GW 12-16) and 11-deoxycortisol 263 

(GW 7-10 and GW 10-12) was reduced (Figure 2). Thus, androgen production could be manipulated in 264 

both directions in the ex vivo cultured human fetal testis tissue following treatment with ketoconazole 265 

and hCG.  266 

 267 

Effects of altered androgen production on Leydig cells  268 

Subsequently, additional effects on fetal Leydig cells were examined following treatment of the ex vivo 269 

cultured fetal testis tissue with ketoconazole (10-6 M) and hCG (1 IU/ml). The expression pattern of 270 

CYP11A1 and CYP17A1 showed no apparent difference following treatment with either ketoconazole or 271 

hCG in any of the age-groups (Figure 3A and data not shown). Also, treatment with ketoconazole and 272 
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hCG did not overall result in changes in testicular morphology or seminiferous cord structure (Figure 3A) 273 

and no apparent changes in the level of apoptotic (cPARP+) or proliferating cells (BrdU+) were observed 274 

following treatment with ketoconazole or hCG (Additional file 1: Figure S1 and data not shown). The 275 

androgen receptor (AR) was expressed in Leydig cells and peritubular myoid (PTM) cells during the 276 

investigated developmental period, while no or very few Sertoli cells were AR+. The expression pattern 277 

of AR was not altered following treatment with ketoconazole or hCG (data not shown). In contrast, the 278 

secretion of INSL3 by the Leydig cells was significantly reduced following treatment with ketoconazole, 279 

although only in the age-groups GW 7-10 (65%, p<0.01) and GW 10-12 (40%, p<0.001), while no effect 280 

on INSL3 production was seen in the GW 12-16 and GW 16-21 groups (Figure 3B). No changes in INSL3 281 

secretion were found after hCG-treatment in any of the four age-groups (Figure 3B).     282 

 283 

Effects of altered androgen production on Sertoli cell function 284 

Next, effects on Sertoli cells were examined following ketoconazole-mediated inhibition of androgen 285 

production in the ex vivo cultured human fetal testes. The expression pattern of the Sertoli cell marker 286 

SOX9 showed no overall difference following treatment in any of the age-groups with either 287 

ketoconazole or hCG, except possibly a slightly reduced expression of SOX9 after ketoconazole 288 

treatment in the GW 7-10 and GW 10-12 groups (Additional file 2: Figure S2). Sertoli cell function was 289 

assessed by secretion of AMH and Inhibin B to the culture media. AMH production was reduced 290 

following ketoconazole treatment in the age-groups GW 7-10 (37%, p<0.01) and GW 10-12 group (30%, 291 

p<0.0001), while hCG treatment increased AMH secretion in these groups, GW 7-10 (29%, p<0.05) and 292 

GW 10-12 group (46%, p<0.0001) (Figure 4A). No effects of ketoconazole or hCG treatment on AMH 293 

secretion were found in the GW 12-16 and GW 16-21 groups (Figure 4A). Similar effects were found for 294 

Inhibin B secretion, including reduced levels after ketoconazole treatment in the age-groups GW 7-10 295 

(35%, p<0.001) and GW 10-12 group (23%, p<0.01), and increased Inhibin B level in the GW 10-12 group 296 

(40%, p<0.05) after hCG treatment (Figure 4B). No effects of hCG treatment on Inhibin B secretion were 297 
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observed in the GW 7-10, GW 12-16 and GW 16-21 groups, nor after ketoconazole treatment in the GW 298 

16-21 group. However, an unexpected increase in Inhibin B secretion was found in the GW 12-16 group 299 

after ketoconazole treatment (26%, p<0.05) (Figure 4B). 300 

 301 

Effects of altered androgen production on germ cell numbers  302 

Effects on germ cells were examined by immunohistochemical staining of tissue from human fetal testis 303 

cultures after manipulation of androgen production. OCT4 was used as a marker for fetal gonocytes and 304 

MAGE-A4 as a marker for pre-spermatogonia. Since differentiation from gonocyte to pre-spermatogonia 305 

occurs in an asynchronous manner during the examined developmental period both markers were used. 306 

As expected, an overall higher number of OCT4+ gonocytes was seen in the GW 7-10 and 10-12 groups 307 

(Figure 5), while MAGE-A4+ pre-spermatogonia were more frequently observed in GW12-16 and 16-21 308 

groups (Figure 6). The number of gonocytes (OCT4+), pre-spermatogonia (MAGE-A4+) and total germ 309 

cells per area was quantified to estimate cell density. No differences were found after ketoconazole 310 

treatment, except in the GW 7-10 group. Here, ketoconazole treatment resulted in a reduced density of 311 

OCT4+ cells/mm2 (86%, p<0.05) (Figure 7A) and a reduced density of total germ cells/mm2 (72%, p<0.05) 312 

(Figure 7C). There was no difference in the density of pre-spermatogonia (MAGE-A4+) after ketoconazole 313 

treatment in any of the age-groups (Figure 7B) and no differences in any of the germ cell populations 314 

were found after hCG treatment in the four age-groups (Figure 7A-C). 315 

    316 

Effects of reduced androgen action via blocking of the androgen receptor 317 

To validate that the effects observed in ketoconazole-treated fetal testis from GW 7-12 were the result 318 

of reduced androgen action, effects of flutamide (which blocks signalling through the androgen receptor 319 

(24)) were examined in human fetal testis. Cultured tissue samples (GW 7-12) were treated with 320 

flutamide (10-6 M) for two weeks. Flutamide treatment did not alter the production of androgens 321 

(testosterone, androstenedione and DHEAS) compared to vehicle control treated samples (Additional 322 
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file 3: Figure S3A-C), while treatment with ketoconazole (10-6 M) in these fetal samples resulted in the 323 

expected reduction in androgen production, including testosterone (42%, p<0.0001), androstenedione 324 

(34%, p<0.05), and DHEAS (40%, p<0.05) (Additional file 3: Figure S3). Also, flutamide treatment did not 325 

affect testicular morphology, seminiferous cord structure or apparent expression of the proliferation 326 

marker (BrdU), apoptosis marker (cPARP) or the expression of CYP11A1 or AR (Additional file 4: Figure 327 

S4). Interestingly, treatment with flutamide resulted in reduced secretion of INSL3 (38%, p<0.05) as well 328 

as AMH (37%, p<0.05) and Inhibin B (55%, p<0.01) (Figure 8A-C). Also, ketoconazole treatment resulted 329 

in reduced secretion of INSL3 (41%, p<0.001), AMH (26%, p<0.05) and Inhibin B (72%, p<0.001) in this 330 

series of experiments (Figure 8A-C). Treatment with flutamide did not affect the density of OCT4+ 331 

gonocytes or total germ cell density, but the density of pre-spermatogonia determined as MAGE-A4+ 332 

cells/mm2 was reduced (66%, p<0.05) (Figure 9A-C). Treatment with ketoconazole in GW 7-12 samples 333 

did not alter the density of gonocytes, pre-spermatogonia or total germ cells (Figure 9A-C).    334 

  335 

Discussion 336 

The hypothesis that sufficient androgen exposure of the human fetal testis during a presumptive 337 

androgen sensitivity period is essential for the programming of male reproductive function throughout 338 

life is intriguing. Despite the identification of MPW in rats more than a decade ago (14) and the 339 

suggestion of a human equivalent (14,25), experimental evidence for such a presumptive human MPW 340 

has not been presented. In the present study we provide experimental evidence to support the 341 

presence of an androgen-sensitive window during human fetal testis development. This was identified 342 

after experimentally reducing the androgen production in ex vivo cultured human fetal testis tissue from 343 

1st and 2nd trimester in an established model (12,18,19) and examining the effects on cellular 344 

composition, germ cell maturation and testicular function. The ketoconazole-mediated decrease in 345 

androgen production resulted in reduced secretion of the Leydig cell factor INSL3 as well as the Sertoli 346 

cell factors AMH and Inhibin B in the age-groups GW 7-10 and 10-12, but not GW 12-16 and 16-21. 347 
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Additionally, a reduced density of germ cells (gonocytes) was found in the GW 7-10 age-group. These 348 

findings were subsequently validated in GW 7-12 human fetal testis ex vivo following the reduction of 349 

androgen action via blocking of the androgen receptor by flutamide treatment. The flutamide-mediated 350 

reduced androgen exposure also resulted in reduced secretion of INSL3, AMH and Inhibin B as well as a 351 

decreased density of pre-spermatogonia. Thus, the overlap in effects observed after ketoconazole and 352 

flutamide treatments in human fetal testes suggests that these are indeed the result of experimentally 353 

reducing androgen exposure through different modes-of-action. 354 

 355 

The consistent differences in effects between the examined age-groups following ketoconazole-356 

mediated reduction in androgen production was an important finding indicating 1) the presence of an 357 

androgen-sensitive period during human fetal testis development and 2) that the human androgen 358 

sensitive window of testis development lies between GW 7-14 (including the 2-week culture period). 359 

Both notions are in accordance with previous suggestions that a human equivalent of the rat MPW 360 

exists. Extrapolations from the timing of the MPW in rats to the human fetal developmental timeline 361 

suggests that it lies between GW 8-14 (14,25). This androgen sensitive window during human testis 362 

development may similarly program testicular function later in fetal and/or postnatal life, although it 363 

was not possible to examine this in the ex vivo culture model of fetal testis used in this study. 364 

 365 

Ketoconazole inhibits the activity of several CYP-enzymes involved in steroidogenesis resulting in a 366 

decreased production of androgens (26,27). Thus, the reduced androgen secretion reported in all 367 

examined age-groups in this study was in accordance with the expected effect of ketoconazole. 368 

Additionally, the ketoconazole-mediated effects found in the age-groups GW 7-10 and 10-12 in the 369 

present study were overall in accordance with results previously reported. Using similar types of ex vivo 370 

culture approaches for human fetal testis several studies have examined effects of ketoconazole (28–371 

30). In a study examining effects of ketoconazole (10-5 M) on human fetal testis from GW 7-12, a 372 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



16 
 

reduced production of testosterone, INSL3 and AMH as well as disruption of cord structures was 373 

reported (28). The 10-fold higher dose of ketoconazole may explain the effect on cord structure since 374 

the same group in a subsequent study determined EC50 for ketoconazole-mediated reduction in 375 

testosterone production to be ~10-6 M and found no effects on cord structure, apoptosis or expression 376 

of CYP11A1 following treatment with this dose (29). In the present study, no effects on cord structure, 377 

expression of examined somatic cell lineage markers or apparent changes in the density of proliferating 378 

(BrdU+) or apoptotic (cPARP+) cells were evident, indicating that the 10-6 M treatment dose did not 379 

promote cytotoxic effects. This is also in line with results from ex vivo culture of human fetal testis (GW 380 

7-12) treated with a 4-fold higher dose than the present study where no effect on cord structure or 381 

cytotoxicity was reported (29). Although the selected 10-6 M ketoconazole dose used in the present 382 

study resulted in significantly reduced androgen production in all four age-groups, a more pronounced 383 

effect was observed in the GW 7-10 and GW 10-12 groups compared to GW 13-16 and GW 17-21 384 

groups. This may be the result of the higher level of testosterone production expected in GW 12-16 fetal 385 

testis (31). Thus, it is not possible to exclude that a higher dose of ketoconazole would have been 386 

needed to ensure a similar level of reduction in androgen biosynthesis in the 2nd trimester ex vivo 387 

cultured samples. However, the limited access to human fetal testis tissue did not allow for experiments 388 

with several different doses of ketoconazole in the present study and thus a single dose was used for all 389 

age-groups since it provided the best opportunity for direct comparison between groups. The 390 

Flutamide-mediated effects reported here cannot be directly compared to previous ex vivo culture 391 

studies on human fetal testes. However, in vitro studies have reported IC50 values ranging from 100 nM 392 

– 10 µM in androgen receptor assays with several studies reporting IC50 values around 10-6 M (32-34). 393 

Additionally, effects of 10-7 M flutamide were recently reported in a bovine in vitro granulosa cell culture 394 

model (35).  395 

 396 
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The reduced androgen exposure during the presumptive androgen-sensitive window of human fetal 397 

testis development identified in this study, consistently resulted in reduced secretion of AMH and 398 

Inhibin B from the Sertoli cells which may be important for the overall fetal testis development and 399 

function. Sertoli cells in the fetal testes are involved in supporting germ cell survival and differentiation 400 

as well as promoting differentiation of fetal Leydig cells and support of the precursor cells of adult 401 

Leydig cells. AMH secretion is essential for masculinisation and is normally high during the fetal and 402 

neonatal period, despite the high levels of intratesticular androgens, which in postnatal (peripubertal) 403 

testes are thought to suppress the AMH expression (36). This has been attributed to the lack of 404 

androgen receptor (AR) expression in fetal Sertoli cells (37,38), and the data in the current study confirm 405 

this pattern.  The reduced AMH levels found after the ketoconazole-mediated reduction in androgen 406 

production in the present study were in accordance with the effects reported previously in the study by 407 

Mazaud-Guittot (28). Since no AR expression was found in Sertoli cells in the examined developmental 408 

period, it is not clear by which mechanism the reduced androgen exposure resulted in suppression of 409 

AMH, and, conversely, how the hCG-induced increase in androgen levels resulted in elevated levels of 410 

AMH. There is a possibility that PTM cells, which are observed within the developing fetal testis from 411 

GW 12 (39) and express AR, could be involved. The PTM cells transmit signals between Leydig cells and 412 

Sertoli cells, which may in part explain the different responses observed before/after ~GW 12 following 413 

manipulation of androgen production in the present study. Additionally, it cannot be excluded that the 414 

reduced androgen levels following ketoconazole and flutamide treatment could have affected the 415 

somatic niche in a manner that was not distinguishable based on tissue morphology and expression of 416 

somatic cell lineage markers e.g., reduced the density and/or development of Sertoli cells, or secretion 417 

of other factors not measured in the present study. Although the expression pattern of the Sertoli cell 418 

marker SOX9 showed no apparent change following any of the treatments, there may be a slight 419 

reduction in the density of Sertoli cells following ketoconazole treatment in the GW 7-10 and GW 10-12 420 

groups which could in part explain the observed reduced levels of AMH and Inhibin B. Also, it is not 421 
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evident from our results whether the reduced levels of INSL3 could be the result of reduced AMH and 422 

Inhibin B levels or vice versa. The reduced secretion of INSL3 consistently observed after ketoconazole 423 

and flutamide-mediated reduction in androgen exposure during the androgen sensitive window may 424 

suggest an additional direct effect on the fetal Leydig cells that express AR throughout the examined 425 

developmental period, but the precise regulation and function of INSL3 in the human fetal testis is not 426 

understood in detail. However, in vivo INSL3 together with testosterone promotes testicular descent, 427 

and reduced levels of INSL3 in cord blood at birth have been associated with cryptorchidism (40,41). The 428 

reduced secretion of AMH and Inhibin B may explain the observed effects on germ cell density, which 429 

also decreased after ketoconazole- and flutamide-mediated reduced androgen exposure during the 430 

androgen-sensitive period (GW 7-12). Interestingly, the affected germ cell type (gonocytes vs. pre-431 

spermatogonia) was not consistent between treatments, which may be due either to direct differential 432 

effects (modes of action) of ketoconazole and flutamide treatment or could be the result of altered 433 

secretion of other Sertoli cells factors that were not determined in the present study (DHH, Activin B, 434 

FGF9). Regardless, this observation may have implications for the establishment of the spermatogonial 435 

stem cell population which is essential for future spermatogenesis and fertility. However, this possible 436 

effect remains speculative due to the short-term ex vivo culture approach in the present study.    437 

 438 

Overall, the use of an ex vivo tissue culture model of isolated human fetal testes in the present study 439 

warrants a cautious interpretation of the reported findings since it does not allow the determination of 440 

effects on other organs or the impact of endocrine feedback mechanisms. Therefore, it is not possible to 441 

directly translate effects from the ex vivo culture model into an in vivo situation nor to provide insight 442 

about the development of male reproductive disorders that manifest later in life. The exclusion of hCG 443 

from the basic culture media contrasts with the in vivo situation where hCG is continuously present. 444 

However, addition of hCG to culture media resulted in a lack of significant androgen reduction after 445 

ketoconazole treatment and since the main purpose of these experiments were to reduce androgen 446 
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production, the experimental approach with either ketoconazole or hCG treatment was selected for this 447 

study. Of note, the culture media composition has been optimised prior to the establishment of the ex 448 

vivo culture set-up and used in previous studies (12,18,19). Another important limitation of the 449 

experimental approach in the present study is that it did not allow the detection of possible transient 450 

effects of treatments on hormone levels in culture media, which were pooled for each tissue fragment 451 

throughout the culture period due to the small volume. Also, transient effects on specific cell 452 

populations might not be detected since tissue is analysed at the end of the 2-weeks culture period. 453 

Thus, it is not possible to exclude transient effects of ketoconazole or flutamide treatment in the 454 

present study. Finally, since experiments included in this study were performed in two different 455 

laboratories; Copenhagen (fetuses aged GW7-12) and Edinburgh (fetuses aged GW 13-22), it is not 456 

possible to exclude the possibility that minor differences in handling and culture of tissue could have 457 

affected the results – although it is important to emphasize that all experiments were performed in a 458 

manner where tissues from each individual fetus were subjected to control and treatment under the 459 

same conditions and subsequently analysed as paired samples. Thus, the findings of the present study 460 

are in line with previous results from animal models. Our study provides novel insights into the 461 

existence and timing of a distinct androgen-sensitive period for programming of somatic cell function in 462 

the human fetal testis that coincides with the timing of the MPW identified in the rat, which is also 463 

associated with somatic cell dysfunction.   464 

 465 

Conclusions 466 

This study suggests the presence of a human window of androgen sensitivity in the testis that lies 467 

between GW 7-14. Experimentally reduced androgen action during this period affects the function of 468 

fetal Sertoli and Leydig as well as the density of germ cells which may have implications for development 469 

of the androgen sensitive tissues and for testicular function later in life.   470 

 471 
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List of abbreviations  472 

AR: Androgen receptor; DHEAS: dehydroepiandrosterone-sulfate; GW: Gestational week; IHC: 473 

Immunohistochemistry; MPW: Masculinisation Programming Window; PTM: Peritubular myoid cell; 474 

RSD: Relative standard deviation; SCO: Sertoli-cell-only; TBS: Tris buffered saline; TDS: Testicular 475 

Dysgenesis Syndrome; 17-OHP: 17-hydroxyprogesterone.  476 
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Figure legends 631 

Figure 1. Manipulation of androgen production in ex vivo culture of human fetal testes from 632 

gestational week 7-21. Quantification of A) testosterone B) androstenedione and C) DHEAS produced in 633 

the fetal testis tissue ex vivo cultures and secreted to the media droplets following treatment with 634 

ketoconazole (10-6 M) and hCG (1 IU/ml) for 14 days. Media were collected every 48 hours throughout 635 

the 14-day culture period and were pooled for each individual tissue piece. Androgens were measured 636 

by LC-MS/MS and are shown as ratios compared to the mean of the corresponding vehicle controls 637 

(from the same fetus). Samples are divided into four groups according to developmental time-points 638 

corresponding to: gestational week (GW) 7-10, 10-12, 12-16 and 16-21. Values represent mean ± SEM, 639 

with N=5-6 for each age-group and treatment. Significant difference compared to vehicle control, 640 

****P<0.0001, *** P<0.001, ** P<0.01, * P<0.05. 641 

 642 

Figure 2. Manipulation of steroidogenesis in ex vivo culture of human fetal testes from gestational 643 

week 7-21. Quantification of A) 17-OHP B) progesterone C) 11-deoxycortisol and D) Cortisone produced 644 

in the fetal testis tissue ex vivo cultures and secreted to the media droplets following treatment with 645 

ketoconazole (10-6 M) and hCG (1 IU/ml) for 14 days. Media were collected every 48 hours throughout 646 

the 14-day culture period and were pooled for each individual tissue piece. Steroid metabolites were 647 

measured by LC-MS/MS and are shown as ratios compared to the mean of the corresponding vehicle 648 

controls (from the same fetus). Samples are divided into four groups according to developmental time-649 

points corresponding to: gestational week (GW) 7-10, 10-12, 12-16 and 16-21. Values represent mean ± 650 

SEM, with N=5-6 for each age-group and treatment. Significant difference compared to vehicle control, 651 

****P<0.0001, *** P<0.001, ** P<0.01, * P<0.05. 652 

 653 

Figure 3. Effects of manipulating androgen production in ex vivo cultured human fetal testis tissue on 654 

CYP11A1 expression and INSL3 production. A) Expression pattern of the Leydig cell marker CYP11A1 in 655 
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fetal testis samples treated with ketoconazole (10-6 M) and hCG (1 IU/ml) for two weeks in ex vivo 656 

culture. Images representative for the expression in each age-group and treatment. Counterstaining 657 

with Mayer haematoxylin, scale bar corresponds to 50 µm. B) Quantification of INSL3 secretion by the 658 

ex vivo cultured fetal testis tissue following treatment with ketoconazole (10-6 M) and hCG (1 IU/ml) for 659 

14 days. Media were collected every 48 hours throughout the 14-day culture period and were pooled 660 

for each individual tissue piece. INSL3 was measured by LC-MS/MS and are shown as ratios compared to 661 

the mean of the corresponding vehicle controls (from the same fetus). Samples are divided into four 662 

groups according to developmental time-points corresponding to: gestational week (GW) 7-10, 10-12, 663 

12-16 and 16-21. Values represent mean ± SEM, with N=5-6 for each age-group and treatment. 664 

Significant difference compared to vehicle control, *** P<0.001, ** P<0.01.   665 

 666 

Figure 4. Effects of manipulating androgen production in ex vivo cultured human fetal testis tissue on 667 

Sertoli cell function. Quantification of A) AMH and B) Inhibin B secretion from the Sertoli cells by the ex 668 

vivo cultured fetal testis tissue following treatment with ketoconazole (10-6 M) and hCG (1 IU/ml) for 14 669 

days. Media were collected every 48 hours throughout the 14-day culture period and were pooled for 670 

each individual tissue piece. AMH and Inhibin B was measured by ELISA and is shown as ratios compared 671 

to the mean of the corresponding vehicle controls (from the same fetus). Samples are divided into four 672 

groups according to developmental time-points corresponding to: gestational week (GW) 7-10, 10-12, 673 

12-16 and 16-21. Values represent mean ± SEM, with N=5-6 for each age-group and treatment. 674 

Significant difference compared to vehicle control, **** P<0.0001, *** P<0.001, ** P<0.01, * P<0.05. 675 

 676 

Figure 5. Effects of manipulating androgen production in ex vivo cultured human fetal testis tissue on 677 

expression of the germ cell marker OCT4. Expression of the germ cell markers OCT4 in fetal testis 678 

samples treated with ketoconazole (10-6 M) and hCG (1 IU/ml) for two weeks in ex vivo culture. Images 679 
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representative for the expression in each age-group and treatment. Counterstaining with Mayer 680 

haematoxylin, scale bar corresponds to 50 µm.  681 

 682 

Figure 6. Effects of manipulating androgen production in ex vivo cultured human fetal testis tissue on 683 

expression of germ cell marker MAGE-A4. Expression of the germ cell marker MAGE-A4 in fetal testis 684 

samples treated with ketoconazole (10-6 M) and hCG (1 IU/ml) for two weeks in ex vivo culture. Images 685 

representative for the expression in each age-group and treatment. Counterstaining with Mayer 686 

haematoxylin, scale bar corresponds to 50 µm.  687 

 688 

Figure 7. Effects of manipulating androgen production in ex vivo cultured human fetal testis tissue on 689 

germ cell density. Quantification of A) gonocytes, B) pre-spermatogonia and C) total germ cell number 690 

per mm2 (density) in the ex vivo cultured fetal testis tissue following treatment with ketoconazole (10-6 691 

M) and hCG (1 IU/ml) for 14 days. Gonocytes were determined as the number of OCT4+ cells per mm2, 692 

pre-spermatogonia as the number of MAGE-A4+ cells per mm2, and total germ cell number as the 693 

combined number of OCT4+ and MAGE-A4+ cells per mm2. Samples are divided into four groups 694 

according to developmental time-points corresponding to: gestational week (GW) 7-10, 10-12, 12-16 695 

and 16-21. Values represent mean ± SEM, with N=5-6 for each age-group and treatment. Significant 696 

difference compared to vehicle control, * P<0.05.  697 

 698 

Figure 8. Effects of reduced androgen exposure via blocking of the androgen receptor in ex vivo 699 

culture of human fetal testes. Quantification of A) INSL3, B) AMH and C) Inhibin B secretion by ex vivo 700 

cultured fetal testis tissue from GW 7-12 following treatment with flutamide (10-6 M) and ketoconazole 701 

(10-6 M) for 14 days. Media were collected every 48 hours throughout the 14-day culture period and 702 

were pooled for each individual tissue piece. INSL3 was measured by LC-MS/MS, while AMH and Inhibin 703 

B was measured by ELISA. Results are shown as the ratio compared to the mean of the corresponding 704 
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vehicle controls (from the same fetus). Values represent mean ± SEM, with N=13-14 (vehicle control), 705 

N=7-8 (flutamide) and N=9 (ketoconazole). Significant difference compared to vehicle control, *** 706 

P<0.001, ** P<0.01, * P<0.05. 707 

 708 

Figure 9. Effects of reduced androgen exposure via blocking of the androgen receptor in ex vivo 709 

culture of human fetal testes on germ cell density. Quantification of A) gonocytes, B) pre-710 

spermatogonia and C) total germ cell number per mm2 in the ex vivo cultured fetal testis tissue from GW 711 

7-12 following treatment with flutamide (10-6 M) for 14 days. Gonocytes were determined as the 712 

number of OCT4+ cells per mm2, pre-spermatogonia as the number of MAGE-A4+ cells per mm2, and 713 

total germ cell number as the combined number of OCT4+ and MAGE-A4+ cells per mm2. Values 714 

represent mean ± SEM, with N=5 (vehicle control), N=5 (flutamide). Significant difference compared to 715 

vehicle control * P<0.05. 716 

 717 

Additional file 1: Figure S1. Effects of manipulating androgen production or androgen exposure via 718 

blocking of the androgen receptor in ex vivo culture of human fetal testes. Expression of the 719 

proliferation marker (BrdU) and apoptosis marker (cPARP) in fetal testis samples treated with 720 

ketoconazole (10-6 M) and flutamide (10-6 M) for two weeks in ex vivo culture. Images representative for 721 

the expression in samples aged GW 7-12. Counterstaining with Mayer haematoxylin, scale bar 722 

corresponds to 50 µm. 723 

 724 

Additional file 2: Figure S2. Effects of manipulating androgen production in ex vivo cultured human 725 

fetal testis tissue on expression of the Sertoli cell marker SOX9. Expression pattern of the Sertoli cell 726 

marker SOX9 in fetal testis samples treated with ketoconazole (10-6 M) and hCG (1 IU/ml) for two weeks 727 

in ex vivo culture. Images representative for the expression in each age-group and treatment. 728 

Counterstaining with Mayer haematoxylin, scale bar corresponds to 50 µm. 729 
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 730 

Additional file 3: Figure S3. Effects of reduced androgen exposure via blocking of the androgen 731 

receptor in ex vivo culture of human fetal testes. Quantification of A) testosterone B) androstenedione 732 

and C) DHEAS secretion by ex vivo cultured fetal testis tissue from GW 7-12 following treatment with 733 

flutamide (10-6 M) and ketoconazole (10-6 M) for 14 days. Media were collected every 48 hours 734 

throughout the 14-day culture period and were pooled for each individual tissue piece. Androgens were 735 

measured by LC-MS/MS and are shown as ratios compared to the mean of the corresponding vehicle 736 

controls (from the same fetus). Values represent mean ± SEM, with N=13-15 (vehicle control), N=7-9 737 

(flutamide) and N=9-10 (ketoconazole). Significant difference compared to vehicle control, 738 

****P<0.0001, * P<0.05. 739 

 740 

Additional file 4: Figure S4. Effects of reduced androgen action via blocking of the androgen receptor 741 

in ex vivo culture of human fetal testes. Expression pattern of CYP11A1 and androgen receptor (AR) in 742 

fetal testis samples treated with flutamide (10-6 M) for two weeks in ex vivo culture. Images 743 

representative for the expression in samples aged GW 7-12. Counterstaining with Mayer haematoxylin, 744 

scale bar corresponds to 50 µm. 745 
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