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1 Abstract

2 Masculinization of the external genitalia in humans is dependent on formation of 5α-

3 dihydrotestosterone (DHT) through both the canonical androgenic pathway and an alternative 

4 (backdoor) pathway. The fetal testes are essential for canonical androgen production but little 

5 is known about the synthesis of backdoor androgens despite their known critical role in 

6 masculinization. In this study, we have measured plasma and tissue levels of endogenous 

7 steroids in second trimester human male fetuses using multi-dimensional and high-resolution  

8 mass-spectrometry. Results show that androsterone is the principal backdoor androgen in the 

9 fetal circulation and that DHT is undetectable (<1ng/ml). Backdoor pathway intermediates 

10 are found primarily in the placenta and fetal liver with significant androsterone levels also in 

11 the fetal adrenal. Backdoor intermediates, including androsterone, are mostly undetectable in 

12 the fetal testes. This is consistent with transcript levels of enzymes involved in the backdoor 

13 pathway (SRD5A1, AKR1C2/4, CYP17A1), as measured by qPCR. These data identify 

14 androsterone as the predominant backdoor androgen in the human fetus and show that it is 

15 formed primarily in non-gonadal tissue with placental progesterone the likely substrate. 

16 Masculinization of the human fetus depends, therefore, on androgen synthesis by  both the 

17 fetal testes and  non-gonadal tissues leading to DHT formation at the genital tubercle. Our 

18 findings provide, for the first time, a solid basis to explain why placental insufficiency is 

19 associated with disorders of sex development in humans

20
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21 Introduction

22 The male external genitalia are the most common site of congenital abnormalities in the 

23 human, with up to 0.8% of male births affected (1;2). The most frequent of these 

24 abnormalities is hypospadias, which is characterized by abnormal opening of the urethra on 

25 the ventral side of the penis. Normal masculinization of the fetus is dependent upon androgen 

26 secretion by the testis and androgens act initially during a critical masculinization 

27 programming window to ensure normal male reproductive development (3). In humans, 

28 male-specific morphological differentiation and subsequent growth of the genital 

29 tubercle/penis begins around 10-12 weeks of gestation (4;5) and continues through the second 

30 and third trimesters (6;7). The etiology of hypospadias is probably multifactorial but it is 

31 likely that altered androgen exposure during the second trimester is a significant factor (8). 

32 During masculinization testosterone acts directly to stabilize the mesonephric 

33 (Wolffian) ducts and to induce testis descent. However, it is conversion of testosterone to the 

34 more potent 5α-dihydrotestosterone (DHT) at the target organ which leads to masculinization 

35 of the external genitalia (9). In humans, testosterone is synthesized in the testicular Leydig 

36 cells through the canonical Δ5 pathway shown in Fig 1 (10;11). More recently, however, it 

37 has been reported that an alternative pathway to DHT formation exists which does not require 

38 testosterone as an intermediate. This alternative, “backdoor”, pathway (Fig 1) was first 

39 described in the testes of pouch young marsupials (12) and a similar pathway has since been 

40 reported in the prepubertal mouse testis (13) and the fetal human testis (14). The importance 

41 of the backdoor pathway to normal human development was initially unclear, but studies by 

42 Fluck et al (14) have shown that disordered sex development (DSD) will arise if the pathway 

43 is disrupted. In one individual with mutations in the aldo-keto reductase enzyme AKR1C2 

44 and in another family with an added mutation in AKR1C4, there was failure of normal 

45 masculinization. Importantly, the consequences of these mutations in the backdoor pathway 
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46 are similar to those seen in individuals with mutations in the canonical pathway (15). These 

47 data demonstrate that both the canonical and backdoor pathways are essential for normal fetal 

48 masculinization. 

49 Currently, the  accepted model for masculinization is that circulating DHT, formed 

50 via the backdoor pathway in the fetal testis (14;15), is important for virilization alongside 

51 circulating testosterone. At present, however, our understanding of the regulation of human 

52 fetal masculinization is seriously hindered because we do not know which steroids are 

53 present in the male fetal circulation or fetal tissues, what the concentrations of these steroids 

54 are and which tissues are involved in their metabolism. This means that the circulating levels 

55 of DHT and potential substrates for DHT synthesis at the target organ, from either the 

56 canonical or backdoor pathways, remain unknown in the human fetus. 

57 In  this study we have measured (i) concurrent levels of fetal plasma and tissue 

58 steroids by hyphenated mass spectrometric tools (ii) transcript levels of critical enzymes in 

59 the backdoor pathway in human fetal tissues and (iii) canonical and backdoor androgen 

60 synthesis by the human fetal testis in vitro. Our results show that high levels of intermediates 

61 in the backdoor pathway are present in the human fetal circulation and that androsterone is 

62 the major circulating backdoor androgen. Crucially, the results also show that the fetal testis 

63 contains only low levels of backdoor androgens and DHT and that androsterone is likely to 

64 be formed in non-gonadal tissues largely through metabolism of placental progesterone and 

65 adrenal dehydroepiandrosterone (DHEA). 

66

67
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68 Results

69 High levels of intermediates in the backdoor pathway are present in male fetal plasma 

70 but DHT is undetectable.  

71 Overall levels of steroids involved in the synthesis of DHT in male fetal plasma (from cardiac 

72 puncture ex-vivo) are shown in Fig 2. As expected, all steroids in the canonical Δ4 and Δ5 

73 pathways were present in the fetal circulation. Noticeably, the data also shows that 

74 intermediates in the backdoor pathway were  present at levels comparable to the Δ5 pathway, 

75 with the backdoor pathway clearly going from progesterone through 5α-dihydroprogesterone 

76 (5αDHP), allopregnanolone, 17α-hydroxyallopregnanolone to androsterone (Fig 2). 

77 Circulating DHT, however, was not detectable in any of the 42 fetuses (<1ng/ml). The Δ5 

78 steroids pregnenolone, 17α-hydroxypregnenolone and DHEA were present at the highest 

79 levels in the fetal circulation and these steroids probably come from the fetal adrenal gland 

80 (16;17). Levels of progesterone were also high and were likely to be derived principally from 

81 the placenta (18) (and see below). The key initial intermediates in the backdoor pathway, 

82 5αDHP and allopregnanolone, were present in the fetal circulation at similar concentrations 

83 to progesterone (means: progesterone 258ng/ml, 5αDHP 135ng/ml, allopregnanolone 

84 243ng/ml). The principal Δ4 and backdoor androgens detectable in most samples were 

85 androstenedione, testosterone and androsterone, all potential substrates for DHT synthesis. 

86 Most forms of 5α-androstanediol were undetectable in fetal plasma (including 5α-androstane-

87 3β,17β-diol), although 5α-androstan-3α,17β-diol (labelled androstanediol in Figs 1 and 2), 

88 which is a potential substrate for DHT synthesis, was detectable in 10/42 samples (Fig 2). 

89 Etiocholanolone, a metabolite of androstenedione, was also present in most samples 

90 (Supplementary Fig 1). Levels of most steroids did not change over the course of the second 

91 trimester, with the exceptions of testosterone which declined significantly (P<0.048) and 

92 androstenediol which increased (P<0.004) over the same period (Supplementary Fig 2). 
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93 Maternal smoking had no significant effect on fetal plasma steroid levels. A full list of 

94 steroids measured by GC-MS/MS in human male fetal plasma is shown in Supplementary 

95 Table 3.

96

97 Backdoor intermediates are present primarily in the placenta and fetal liver with 

98 androsterone primarily in the fetal adrenal.  

99 Levels of major Δ4, Δ5 and backdoor androgens in placenta, fetal liver, fetal adrenal and fetal 

100 testis are shown in Fig 3. Note that 17α-hydroxylated intermediates were not measured in this 

101 study while matrix effects meant that the 5α-reduced androgen, androstanedione, was not 

102 detectable. The placenta contained high levels of progesterone with lower amounts of 5αDHP 

103 and allopregnanolone. The backdoor androgens, androsterone and androstanediol were 

104 detectable in about half the placentas while the Δ4 steroids androstenedione and testosterone 

105 were detectable in most placentas. DHT was also detectable in about half the placental 

106 samples (Fig 3). The major steroids detectable in the fetal liver were progesterone, 

107 allopregnanolone and DHEA. Low levels of androsterone and DHT were also detectable in 

108 most fetal livers while androstanediol was detectable in about half the samples (Fig 3). The 

109 fetal adrenals contained high levels of pregnenolone, progesterone and DHEA and 

110 androsterone was present in most adrenals. Testosterone was present in about half the 

111 adrenals but other steroids were not detectable (Fig 3). The fetal testes contained high levels 

112 of pregnenolone and testosterone with lower levels of progesterone and androstenedione. The 

113 backdoor intermediates 5αDHP and allopregnanolone were detectable in 6 and 9 testes 

114 respectively (out of 25) but androsterone was not detectable and androstanediol was only 

115 detectable in one testis. Low levels of DHT were detectable in 5 testes. To confirm the 

116 low/undetectable levels of 5α-reduced androgens in the fetal testis, testicular extracts from a 

117 further 6 fetuses were measured by GC-MS/MS (Table 2) to increase sensitivity (see 
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118 Materials and Methods). These fetuses were aged 15-19 weeks and the levels of 

119 pregnenolone, DHEA, progesterone, androstenedione and testosterone were generally within 

120 the range shown in Fig 3 (all data in Fig 3 is from fetuses aged 13 or 14 weeks). In those 

121 cases measured by GC-MS/MS the backdoor steroids allopregnanolone, androstanedione, 

122 androsterone and androstanediol were detectable at very low levels in all 6 testes. Low levels 

123 of DHT were also detected in all testes (Table 2). 

124 To determine whether human fetal testes produce backdoor steroids under hormonal 

125 stimulation, dispersed fetal testicular cells were incubated with or without hCG for 24 h and 

126 the steroids produced were measured by GC-MS/MS. In the canonical pathway 17α-

127 hydroxyprogesterone, DHEA and androstenedione were detectable in most samples as was 

128 pregnenolone at low levels (Supplementary Fig 3). The presence of hCG had a stimulatory 

129 effect on DHEA levels. DHT was detected in one control culture. No backdoor androgens, or 

130 intermediates in their synthesis, were detectable in any testicular cell cultures.

131

132 Enzymes associated with the backdoor pathway are predominantly expressed in non-

133 gonadal tissues. 

134 The critical entry-point to the backdoor pathway is through 5α-reduction of progesterone or 

135 17α-hydroxyprogesterone by SRD5A1. The highest levels of SRD5A1 expression in the 

136 second trimester fetus were in the liver, with significant, but lower expression in the placenta, 

137 testis and genital tubercle (Fig 4). SRD5A2 expression was only consistently detectable in the 

138 genital tubercle. The placenta and fetal liver are considerably larger than the other organs 

139 measured in this study (Table 1) and, in terms of total fetal transcript levels, therefore, these 

140 tissues have about 1,000 times greater SRD5A1 expression than the testis. AKR1C2 is 

141 specific to the backdoor pathway and is critical for human fetal masculinization (14). Mean 

142 AKR1C2 transcript levels were highest in the fetal liver and fetal testis (Fig 4) although, 
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143 taking tissue mass into account, liver and placenta each have ~200 times more total AKR1C2 

144 transcript than the fetal testes. There was also significant AKR1C2 expression in the genital 

145 tubercle which is likely to be important for local DHT synthesis from androsterone (Fig 1). 

146 AKR1C4 is the other backdoor enzyme which may be required for masculinization (14) and 

147 transcripts were only consistently detected in the fetal liver (Fig 4). Expression of HSD17B6 

148 was highest in the testis with transcripts also consistently detected in the adrenal and placenta 

149 and lower expression in the genital tubercle (Fig 4). HSD17B3 was expressed at similar levels 

150 in the testis and liver, with very low or undetectable expression in the placenta, adrenal and 

151 genital tubercle (Fig 4). AKR1C3 showed the highest level of expression in the liver with low 

152 but detectable expression in other tissues. The cytochrome P450 enzyme CYP17A1 is 

153 essential in both canonical and backdoor pathways of androgen synthesis (Fig 1). Predictably, 

154 expression was high in both fetal adrenal and fetal testis, with the mean adrenal level about 6 

155 times that of the testis (Fig 4). Expression was very low or undetectable in the genital 

156 tubercle, liver and placenta. The HSD3B2 enzyme is essential for de novo androgen synthesis 

157 and highest levels of HSD3B were in the placenta with lower expression in the testis and 

158 adrenal (Fig 4).

159

160 Discussion 

161 Masculinization of the fetus is dependent on the action of testosterone at the Wolffian ducts 

162 and on the action of DHT at the external genitalia (19). The process of masculinization at the 

163 external genitalia starts in the early second trimester and the most intense phase of penile 

164 growth also occurs later in the second trimester (20). This is a critical period for normal 

165 masculinization, therefore, and it was assumed, until recently, that growth of the external 

166 genitalia was solely dependent on DHT formed in the target organ through 5α-reduction of 

167 testis-derived testosterone. However, the recent demonstration that the alternative, backdoor 
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168 pathway to DHT synthesis is also required for normal human fetal male development (14) has 

169 shown that the process is a complex interaction between different steroidogenic pathways. In 

170 this study we now show for the first time that androsterone is the major circulating backdoor 

171 androgen in the human male fetus and that most circulating androsterone comes from non-

172 gonadal tissues that use placental progesterone (or its metabolites) as substrate. 

173 Masculinization depends, therefore, not only on the fetal testes, but also on other, non-

174 gonadal tissues. 

175 The backdoor pathway of androgen synthesis depends, initially, on progesterone 

176 formed from pregnenolone and in the fetus the major de novo sources of pregnenolone are the 

177 adrenal and the testis. In both tissues, however, pregnenolone is metabolized predominantly 

178 through the Δ5 pathway to DHEA because pregnenolone is bound with a significantly higher 

179 affinity by human CYP17A1 than by HSD3B2 (21). In addition, HSD3B activity is likely to 

180 be relatively low compared to CYP17A1 in both tissues, based on transcript levels (this study 

181 and (22;23)). Both tissues contain progesterone, at levels similar to those reported previously 

182 (24), but the tissue concentrations, particularly in the testis, are not markedly greater than 

183 those in the liver which lacks significant HSD3B expression and does not have the capacity to 

184 synthesize progesterone de novo (25). This means that most progesterone in fetal human 

185 tissues and circulation is likely to come from the placenta which has been shown previously 

186 to secrete progesterone directly into the fetal circulation at high levels (26;27), similar to 

187 those reported here. 

188 Metabolism of progesterone to 5αDHP depends on SRD5A1 and transcript levels of 

189 this enzyme are highest in the liver, with lower levels also present in the placenta and testis. 

190 This is consistent with earlier in vivo studies showing high relative 5α-reductase activity in 

191 the fetal liver (28). Tissue levels of 5αDHP are highest in the placenta, however, which 

192 probably reflects the high concentration of progesterone substrate in this tissue. Within the 
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193 backdoor pathway, the conversion of 5αDHP to allopregnanolone by AKR1C2 and/or 

194 AKR1C4 has been shown to be critical for masculinization (14) and the highest consistent 

195 tissue concentrations of allopregnanolone are found in the placenta and fetal liver (Fig 3). 

196 High concentrations in the fetal liver are likely to be a reflection of high AKR1C2 and 

197 AKR1C4 and, as the fetal liver lacks CYP17A1 expression, allopregnanolone will not be 

198 further metabolized. High expression of AKR1C2 and AKR1C4 in the fetal liver is likely to be 

199 another reason why 5αDHP levels are low in this tissue. The placenta does not contain high 

200 levels of AKR1C2, and AKR1C4 is absent, but substrate levels for the enzymes are high and, 

201 like the liver, there will be little further metabolism of allopregnanolone via CYP17A1. In the 

202 fetal testis 5αDHP and allopregnanolone levels were undetectable in about two thirds of 

203 samples but were at a significant level in the remaining samples and might be expected to 

204 contribute to circulating steroid concentrations in these fetuses. The fetal adrenals do not 

205 express SRD5A1/2 and would not be expected to contribute to fetal 5αDHP or 

206 allopregnanolone production. Taking tissue mass into account, the liver and placenta are 

207 likely to be the major sites of 5αDHP and allopregnanolone production in the second 

208 trimester fetus. Placental allopregnanolone production would also be consistent with the 

209 increasing plasma levels in pregnant women during gestation (29). Finally, it should be noted 

210 that 50% or more of any steroids secreted into the fetal circulation by the placenta will go 

211 directly to the fetal liver through the umbilical vein and so most fetal 5α-reduction or 3α-

212 hydroxylation of placental progesterone is likely to take place in the fetal liver.

213 Once formed, there is a high affinity between allopregnanolone and human CYP17A1 

214 (30) but the only tissues which express the enzyme are the fetal testes and adrenals. The high 

215 circulating levels of allopregnanolone in the fetus, and the relatively low 17α-

216 hydroxyallopregnanolone and androsterone levels would suggest that conversion by 

217 CYP17A1 is limiting in the fetus. Tissue androsterone levels were highest in the adrenals 
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218 which is consistent with high CYP17A1 transcript levels and, since the adrenals lack SRD5A1 

219 and appear unable to make 5α-reduced steroids, the substrate for this reaction must come 

220 from circulating allopregnanolone. It should be noted that this androsterone was mostly the 

221 sulfated form which is a reflection of the high SULT2A1 levels in the human fetal adrenal 

222 (17). The presence of androsterone in the fetal adrenals at the end of the first trimester has 

223 also been reported previously (22). In contrast to the adrenals, androsterone levels in the fetal 

224 testis were either undetectable or extremely low. Differences between the fetal testis and 

225 adrenal are likely to be a reflection of the lower CYP17A1 in the testis, much greater 

226 vascularization in the fetal adrenal for allopregnanolone substrate provision (31) and, 

227 possibly, greater competition from other substrates in the testis. Interestingly, the placenta 

228 also contained detectable androsterone in most samples. There is some debate about whether 

229 the human placenta expresses significant CYP17A1 and associated 17α-hydroxylase and C17-

230 20 lyase activity (32;33) and our data shows that transcripts are either absent or are present 

231 only at very low levels. This suggests that most placental androsterone must be derived from 

232 adrenal DHEA although the possibility exists for some de novo synthesis. Given the relative 

233 sizes of the fetal organs involved and the tissue concentrations, the placenta and the fetal 

234 adrenals are likely to be, by far, the major sources of backdoor androsterone production in the 

235 fetus. 

236 When the backdoor pathway was shown to be essential for human fetal 

237 masculinization, it was suggested that DHT is synthesized via this pathway in the fetal testes 

238 and released into the circulation (14;15). This now appears very unlikely because DHT is 

239 undetectable, or present at very low levels, in testes from most fetuses and because 

240 circulating DHT levels are undetectable (<1ng/ml). These results are consistent with earlier 

241 studies which either failed to detect DHT in the human fetal testis (34;35) or found very low 

242 levels (36). DHT can be metabolized to androstanediol by all AKR1 enzymes, and AKR1C2 
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243 in particular (11;37), and given the high levels of AKR1 enzyme transcripts in the fetal liver, 

244 it is likely that any DHT released into the fetal circulation is rapidly metabolized. Our results 

245 show, therefore, that the major circulating backdoor androgen in the fetus is androsterone 

246 which is present at similar levels to testosterone. It remains to be shown whether the genital 

247 tubercle can convert androsterone to DHT but the tissue expresses high levels of AKR1C2, as 

248 well as detectable AKR1C3, and AKR1C2 can catalyze both oxidation and reduction steps 

249 required for androsterone conversion to DHT (Figs 1 and 5). [ A schematic diagram of the 

250 proposed pathways involved in backdoor androgen synthesis in the human fetal male is 

251 shown in Fig 5. 

252 In the DSD cases described by Flück et al (14) the 46,XY patients carried 

253 hypomorphic mutations in AKR1C2 and AKR1C4 or AKR1C2 alone. From data reported here, 

254 reduced fetal AKR1C2 activity would be expected to affect backdoor pathways in the liver 

255 and testis reducing production of allopregnanolone. In addition, loss of enzyme activity in the 

256 genital tubercle may also affect production of DHT at the target organ. The potential 

257 involvement of placental AKR1C2 in the reported 46,XY DSD patients is also of interest. 

258 The placenta develops from both maternal and fetal cells and it is not known whether 

259 placental AKR1C2 is of fetal or maternal origin. It is of note, however, that two 46,XY 

260 individuals who are known heterozygotes for a mutation in AKR1C2 show divergent 

261 phenotypes with one showing a normal male phenotype and the other DSD (14). The mother 

262 of the affected individual is also heterozygous for a mutation in AKR1C2 and if placental 

263 AKR1C2 is of maternal origin then this would be expected to affect backdoor steroid 

264 production in the placenta. Unfortunately the genotype of the mother of the unaffected 

265 heterozygous individual is not available.

266 Further strong evidence for a non-testicular pathway of backdoor androgen synthesis 

267 comes from patients with P450 oxidoreductase (POR) or 21-hydroxylase deficiency who 

.CC-BY 4.0 International licenseunder a
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which was notthis version posted July 9, 2018. ; https://doi.org/10.1101/365122doi: bioRxiv preprint 

https://doi.org/10.1101/365122
http://creativecommons.org/licenses/by/4.0/


13

268 show 46,XX virilization. It is likely that virilization in these individuals in utero is due to 

269 excessive backdoor androgen synthesis which is occurring in the absence of testes (38-40). It 

270 has been postulated that this increase in fetal backdoor androgen production comes from the 

271 fetal adrenals (41;42). The lack of SRD5A1 and intermediates in the backdoor pathway in 

272 normal fetal adrenals make this unlikely, however, unless the condition itself increases 

273 adrenal SRD5A1 activity (e.g. through increased adrenal stimulation by ACTH). Our data 

274 would suggest that the increased fetal adrenal 17α-hydroxyprogesterone seen in these 

275 conditions acts initially as substrate for backdoor androgen production through 5α-reduction 

276 in other tissues, probably the fetal liver. 

277 If the placenta is a critical component of the fetal backdoor androgen pathway, as 

278 suggested by this data, then it has implications for our understanding of the regulation of 

279 masculinization and DSD. It is now established that placental insufficiency, associated with 

280 intrauterine growth restriction (IUGR), is associated with abnormalities in development of the 

281 male external genitalia, and hypospadias in particular (43;44). Severe forms of placenta-

282 mediated IUGR start during the first trimester (43) and could interfere, therefore, with all 

283 aspects of fetal masculinization. It has been suggested that DSD associated with placental 

284 dysfunction could be due to reduced placental hCG production (44) but other studies have 

285 shown that maternal hCG levels tend to be increased in placental insufficiency (43). In 

286 contrast, maternal progesterone levels are reported to be reduced during IUGR (45), 

287 suggesting placental steroidogenesis is affected. If the placenta is central to fetal backdoor 

288 androgen production, as we suggest, then altered placental steroidogenesis may lead directly 

289 to abnormalities in masculinization. 

290 Studies in the 1950s/60s by Jost and others showed that androgen is required for 

291 masculinization of the external genitalia (reviewed in (46)). Later studies showed that 

292 testicular testosterone must be converted to DHT at the target organ to induce 
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293 masculinization (47). Most recently, it has been shown that the normal process of 

294 masculinization in the human depends on two separate pathways of androgen synthesis, the 

295 canonical and backdoor pathways (14). We now report that the backdoor pathway in the 

296 human fetus is driven by placental progesterone production which acts as substrate for 

297 androsterone synthesis, primarily in non-gonadal tissues. This means that our current 

298 understanding of the endocrine control of masculinization in the human fetus is that it is 

299 mediated through circulating testosterone and androsterone and is dependent on a complex 

300 interaction and exchange between the testes and non-gonadal tissues, particularly the 

301 placenta. 

302

303 Methods

304 Sample collection. 

305 Three sources of human fetal tissues were used in this study: 1) In Aberdeen, human fetuses 

306 between 11 and 21 weeks of gestation and classified as normal at scan were collected  from 

307 women over 16 years of age undergoing elective termination (17) Information about maternal 

308 smoking during pregnancy was available for most fetuses. Fetuses were transported to the 

309 laboratory within 30 minutes of delivery, weighed, crown-rump length recorded, and sexed. 

310 Blood samples from a total of 42 male fetuses were collected by cardiac puncture ex vivo and 

311 plasma was stored at -80°C. Tissues were snap-frozen in liquid N2 and then stored at -80oC. 

312 2) In Stockholm, human fetal testes were obtained for in vitro incubation studies after 

313 elective termination of pregnancy at 10–12 weeks of gestation.  3) Additional fetal livers and 

314 placentas were provided by the MRC/Wellcome-Trust funded Human Developmental 

315 Biology Resource (HBDR, http://www.hdbr.org). Available fetal and maternal characteristics 

316 relevant to samples used in different parts of this study are shown in Supplementary Table 1. 
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317 Collections of fetal material in Aberdeen, Stockholm and by HBDR were respectively 

318 approved by the NHS Grampian Research Ethics Committees (REC 04/S0802/21),  the 

319 Regional Ethics Committee of Stockholm (EPN dnr 2014/1022-32) and the relevant Research 

320 Ethics Committees, in accordance with the relevant UK Human Tissue Authority (HTA; 

321 www.hta.gov.uk) Codes of Practice. Written, informed, maternal consent was received from 

322 participants prior to inclusion in the study.

323

324 RNA Extraction, Reverse Transcription and Real-Time PCR  

325 Total RNA was extracted from frozen fetal tissues either using TRIzol (Life Technologies, 

326 Paisley, UK) (48) or using Qiagen AllPrep kits (Qiagen, Manchester, UK). Reverse 

327 transcription, primer design and real-time PCR were carried out as previously described 

328 (49;50) and the primers used are shown in Supplementary Table 2. RNA which is free of 

329 genomic DNA contamination is required to amplify SRD5A1 because of the presence of a 

330 processed pseudogene in the genome and this was carried out using RNAeasy Plus Micro-

331 columns (Qiagen Ltd, Manchester, UK) followed by DNase treatment (DNA-free, Life 

332 Technologies, Paisley, UK). To normalize data, Normfinder was used to identify the most 

333 stable housekeeping genes in each tissue using the housekeeping genes and primers described 

334 earlier (51). The best combinations of housekeeping genes varied between tissues and so, to 

335 allow comparison of transcript expression between tissues, TBP (TATA box binding protein) 

336 was used as housekeeping gene for all samples since it was the most consistently stable 

337 transcript across all tissues (51;52). Some steroid enzyme transcript data (SRD5A1, SRD5A2, 

338 CYP17A1 and HSD3B in liver (25) and HSD17B3 and CYP17A1 in testis (53)) has been 

339 reported previously relative to different housekeeping genes or external standards. This data 

340 is shown again here relative to TBP to allow comparisons between tissues and additional fetal 
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341 liver samples have been included in the reported data. Fetal sex was confirmed by PCR of 

342 ZFX and SRY using genomic DNA and primers described in Supplementary Table 2 (54).

343

344 Isolation and incubation of human fetal testicular cells. 

345 Isolated fetal testes were treated with collagenase type I (Sigma Chemicals Co., St. Louis, 

346 USA) (1 mg/ml for 35 min at 37° C) and then disrupted mechanically. The testicular cells 

347 were collected by centrifugation at 300 g for 7 min, washed in Hank’s balanced salt solution 

348 and resuspended in DMEM-F12 supplemented with 1 mg/ml BSA, 100 IU/ml penicillin and 

349 100 μg/ml streptomycin. For incubation, 100 μl of a suspension containing 1.5x105 cells/ml 

350 was plated onto 96-well plates (Falcon, Franklin Lakes, NJ, USA) in the presence or absence 

351 of hCG (10 ng/ml) to stimulate Leydig cell activity. Cells were incubated for 24 hours at 37° 

352 C under 5% CO2 and steroid levels in the culture media were measured by GC-MS/MS as 

353 described below.

354

355 Steroid extraction and quantification. 

356 Methods used to extract and profile steroid levels by GC-MS/MS in fetal plasma and culture 

357 media have been described elsewhere in detail (22;55;56). Briefly, fetal plasma samples (50 

358 µl) or culture media samples (200 µl) were spiked with internal standards (stable isotope-

359 labeled steroid analogues) and an enzymatic deconjugation of phase II metabolites was 

360 performed (Sulfatase, Sigma S9626 (100 U/ml) and -Glucuronidase, Sigma G8132, (5 

361 KU/ml)). Steroids were extracted twice with diethyl ether and a ChromP SPE cartridge was 

362 used for initial purification. Androgens and estrogens were separated by liquid/liquid 

363 partitioning with n-pentane and were further purified on a silica SPE cartridge. The androgen 

364 fraction was derivatized with MSTFA/TMIS/DTE and 2 µl of each extract was injected onto 

365 a Scion 436 gas chromatograph coupled to a Scion TQ triple quadrupole mass spectrometer 
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366 (Bruker, Fremont, CA, USA). Electron ionization (70 eV)  was used and two diagnostic 

367 signals (SRM acquisition mode) were monitored for identification and quantification of the 

368 targeted compounds. Levels of circulating testosterone shown in detail here have been 

369 reported previously as mean levels (57).

370 Extraction and quantification of tissue steroid levels by LC-HRMS have been 

371 described previously (17). Tissue samples  (25-65mg) from placenta, liver and adrenals or 

372 whole testes (8-20mg, one per fetus) were initially processed to isolate RNA/DNA/protein 

373 using Qiagen Allprep  kits as above and steroids were then extracted from the column-eluants 

374 following addition of internal standards (stable isotope-labeled steroid analogues)  (17). 

375 Following extraction, steroids were separated by reverse-phase liquid chromatography on an 

376 Accucore™ PFP column with trimethyl silane (TMS) endcapping (50 mm, 2.1 mm, 2.6 μm, 

377 Thermo Fisher Scientific) and using  an UltiMate 3000 RSLCnano autosampler/pump 

378 (Thermo Fisher Scientific, Waltham, MA, USA). Steroid were then ionized  by electrospray 

379 in positive mode and signals were recorded on a Q Exactive Orbitrap (Thermo Fisher 

380 Scientific) mass spectrometer. Sulfated steroids were detected in a second analysis after 

381 negative electrospray ionization. Levels of sulfated and non-sulfated DHEA have been 

382 combined in the reported results as have sulfated and non-sulfated  androsterone. The fetal 

383 testes used in this part of the study were extracted in two batches and recovery of steroid 

384 sulfates in the first batch was poor so testicular DHEA and androsterone levels have only 

385 been reported for the second batch of 10 samples. For the second batch of testicular tissue an 

386 additional extraction step using chloroform/n-butanol was used to improve steroid sulfate 

387 extraction efficiency. As reported for other LC-MS methods (58), the electrospray ionization 

388 efficiency can be low for 5α-reduced androgens which results in relatively high LOQ and 

389 LOD values for these compounds. In a separate study, therefore, testicular steroids from an 
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390 additional 6 fetuses were extracted and separation and quantification of steroids in these 

391 samples was carried out by GC-MS/MS as described above for plasma samples.

392

393 Statistics. 

394 Data were checked for normality and normalized by log-transformation as appropriate. 

395 Plasma steroid data was analyzed by 2-factor ANOVA with fetal age and maternal smoking 

396 as the factors. Correlations between steroid data and age were analyzed using Pearson’s 

397 correlation coefficient. The effect of hCG on steroid secretion by the fetal testes was analyzed 

398 by t-test.
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421 Table 1 Fetal tissue weights during the second trimester 
422

Tissue Tissue weight (mg)* Fold-differences vs 
combined testis weights

Reference

Liver   700 – 14,800 117 – 220 our data and (59) 
Testis (combined) 6 – 67 1 – 1 our data
Adrenal (combined)  50 – 1,300 8 – 19 our data
Genital tubercle 3 – 98 0.5 – 1.5 our data
Placenta 14,000 – 115,000 2,300 – 1,716 (60)

423
424 * Range of tissue weights from the start to the end of the second trimester in the human
425
426
427
428
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429 Table 2 Steroids in fetal testis measured by GC-MS/MS*
430

Fetal ID A B C D E F
Fetal Age (weeks) 15 15 16 19 19 19
Testis Weight (mg) 23.4 19.1 23.7 19.5 24.7 29.1

Steroid concentrations (ng/mg tissue) mean sem
Pregnenolone 1.282 2.421 1.216 1.551 0.841 0.676 1.331 0.2531
DHEA 0.544 0.553 0.196 0.367 0.094 0.053 0.301 0.0898
Progesterone 0.057 0.274 0.198 0.153 0.029 0.079 0.132 0.0383
Androstenedione 0.129 0.184 0.155 0.106 0.041 0.057 0.112 0.0227
Testosterone 0.810 0.660 1.877 0.943 0.372 0.526 0.865 0.2186
Androstanedione 0.052 0.050 0.030 0.034 0.047 0.041 0.043 0.0036
DHT 0.046 0.037 0.075 0.064 0.102 0.091 0.069 0.0103
Allopregnanolone 0.026 0.135 0.023 0.024 0.026 0.063 0.050 0.0181
Androsterone 0.011 0.018 0.014 0.013 0.018 0.022 0.016 0.0017
Androstanediol 0.036 0.054 0.043 0.038 0.064 0.059 0.049 0.0047

  (5α-androstane 3α, 17β diol)

* Testicular steroid concentrations in six individual fetuses is shown.

431
432
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433 Figure 1
434 Canonical and alternative (backdoor) pathways of dihydrotestosterone synthesis. The 
435 canonical pathway has potential Δ4 and Δ5 sub-pathways. The enzymes which catalyze each 
436 step are indicated within the arrows. Enzymes written in black on a grey arrow are essential 
437 components of the canonical pathway and some appear in both canonical and backdoor 
438 pathways (e.g. CYP17A1). Enzymes written in black on a green background are specific to 
439 the backdoor pathway. Enzymes in grey text will carry out the described conversion but they 
440 may not be the principal enzyme involved. Other enzymes, not shown, may also be involved 
441 in components of the backdoor pathway (61).
442 Abbreviations: DHEA, dehydroepiandrosterone; Androstenediol, androst-5-ene-3β,17β-diol; 
443 Androstanedione, 5α-androstane-3,17-dione; Androstanediol, 5α-androstane-3α, 17β-diol; 
444 5αDHP, 5α-dihydroprogesterone; 17OHDHP, 17α-hydroxydihydroprogesterone; DHT, 
445 dihydrotestosterone.
446

447 Figure 2 
448 Concentrations of both canonical and backdoor steroids in the plasma of human male fetuses 
449 during the second trimester. Steroid levels from 39 or 42 individual fetuses are shown in each 
450 graph, arranged as in the pathways shown in Fig 1. The number of samples which were non-
451 detectable (ND) for each steroid are shown and, where appropriate, the limit of detection 
452 (LOD) is shown as a red dotted line. Data shown in grey was above the LOD but below the 
453 formal LOQ which means that the quantified data shown for these samples is less reliable 
454 than for data show in blue which was above the LOQ. The plasma used in these studies was 
455 from fetuses aged between 12 and 19 weeks. Abbreviations used are the same as those in 
456 Figure 1.
457

458 Figure 3
459 Fetal tissue levels of steroid intermediates involved in the canonical and backdoor synthesis 
460 of DHT. Tissue levels of steroids from the placenta and fetal liver (n=20; placentas and 
461 fetuses were from the same pregnancies), fetal adrenal (n=30) and fetal testis (n=10 (for 
462 DHEA and androsterone) or 25 (for all other steroids)) are shown as individual points in each 
463 graph and arranged in the pathways shown in Fig 1. Levels of 17α-hydroxylated 
464 intermediates were not measured in this part of the study. The number of samples which were 
465 non-detectable (ND) for each steroid are shown and, where appropriate, the limit of detection 
466 (LOD) is shown as a red dotted line. Data shown in grey was above the LOD but below the 
467 formal LOQ which means that the quantified data shown for these samples is less reliable. 
468 The LOD for each sample (in ng/mg tissue) depended on the mass of tissue extracted and the 
469 lines drawn are based on the average mass of each tissue used. Green arrows indicate that the 
470 relevant enzymes are detectable (as mRNA transcripts) in that tissue while red arrows 
471 indicate that the presumed enzyme is not detectable (based on data in Figure 4). 
472 Abbreviations used are the same as those in Figure 1.
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473 Figure 4
474 Fetal tissue levels of  mRNA transcripts encoding enzymes involved in the synthesis of DHT 
475 through the backdoor pathway. Data shows levels of transcripts in testis (n=22), adrenal 
476 (n=21), liver (n=45), genital tubercle (n=10), liver (n=46) and placenta (n=20) from 
477 individual male fetuses during the second trimester. Transcript levels have been measured 
478 relative to the housekeeping gene TBP. For each transcript the Y axis has been maintained 
479 constant for all 5 tissues so that direct comparison of transcript levels can be made. The 
480 number of non-detectable (ND) samples is shown on each graph. The horizontal red bar 
481 indicates mean expression and, in cases where levels are very low, the mean is also provided 
482 in text on the graph. 

483

484 Figure 5
485 Proposed steroidogenic pathways leading to androsterone (An) synthesis and masculinization 
486 in the second trimester human male fetus. Steroid hormone conversion is shown by wide 
487 green arrows with the converting enzymes written within the arrow. Red arrows show 
488 transport between organs in the fetal circulation. The blue double-headed arrow indicates that 
489 exchange is also taking place between the placenta and the maternal circulation. Most 
490 circulating progesterone in the fetal circulation is likely to come from the placenta and this 
491 will be reduced to 5α-dihydroprogesterone (5αDHP) by SRD5A1 in the placenta, fetal liver 
492 and fetal testis with the fetal liver likely to be the major site. Allopregnanolone (AlloP5) 
493 production by AKR1C2 is also most likely to occur in the placenta and fetal liver because the 
494 substrate is present in those tissues and they express the highest total levels of enzyme 
495 transcript. Some conversion may also occur in the testis. Significant levels of androsterone 
496 are only detectable in the placenta and adrenal so they are the likely source of the circulating 
497 steroid. The adrenal lacks other intermediates in the backdoor pathway so AlloP5 must come 
498 from other tissues. The placenta lacks CYP17A1 so androsterone production is likely to 
499 depend on adrenal DHEA as substrate. Testosterone (T) from the fetal testes also acts as an 
500 essential substrate for DHT synthesis at the external genitalia. 
501 Abbreviations: P5, pregnenolone; P4, progesterone;  5αDHP,  5α-dihydroprogesterone; 
502 AlloP5, allopregnanolone; DHEA,  dehydroepiandrosterone; An,  androsterone; T, 
503 testosterone; DHT, 5α-dihydrotestosterone.  
504
505
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