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Suuunary-To elucidate the main metabolic pathways which lead to the foeto-placental biosynthesis of 
estetrol (I), we investigated the lScc- and 16m-hydroxylations of potential precursors of this estrogen in 
the human fetal liver. We determined the 15a- and 16a-hydroxylation capacity of the fetal liver for each 
precursor by GC-MS. The results suggest that estetrol is derived only from estradiol sulfate (II) and 
DHEA sulfate (III). 15~-Hydroxy-androstenedione (IV) can no longer be regarded as a good precursor 
of estetrol. The phenolic pathway appears to be a more likely route than the neutral pathway, even when 
derived from DHEA sulfate. 

INTRODUCTION 

Numerous investigations have shown that estetrol 
can be considered as a good indicator of fetal well- 

being [I, 2, 31. Estetrol is a specific product of fetal 
metabolism because the 15cc-hydroxylation occurs 
primarily in the fetal liver [4-g]. Although the 
15a! -hydroxylated steroids have also been detected in 
non-pregnant women, the feto placental unit is 
known to be the principal producer of 15a-hydroxy- 
lated estrogens [l&14]. Estetrol can be synthesized 
from phenolic and neutral substrates [4,5, 15-191. 
Nevertheless, the relative importance and final phases 
of various metabolic pathways which produce es- 
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Abbreviations and Trivial names: I. Estetrol: 1,3,5( 1 O)- 
estratriene_3,15,16a, 178-tetrol. II. Estradiol sulfate: 
1,3,5(lO)estratriene-3,17/l-diol sulfate. III. DHEA 
sulfate; 17-oxo-5-androsten-3B-ol sulfate. IV. 15cz- 
Hydroxy-androstenedione: 15a-hydroxy-4-androstene- 
3,17-dione. V. Estradiol: 1,3,5(10)-estratriene-3,17/l- 
diol. VI. Estriol: 1,3,5(10)-estratriene-3,16a,l7j-trial. 
VII. 15a-Hydroxy-estrone: 15a-hydroxy-1,3,5( lO)-estra- 
triene-3-ol-l7-one. VIII. 15a-Hydroxy-estradiol: 15a- 
hydroxy-1,3,5(10)-estratriene-3,17/J-diol. IX. DHEA: 
17-oxo-5-androsten-38-01. X. 16a-Hydroxy-dehydro- 
epiandrosterone: 5-androsten-38,16a-diol-1 ‘I-one. XI. 
15a,l6a-Dihydroxy-dehydroepiandrosterone: 5-andro- 
sten-3B,15a,l6a-triol-l7-one. XII. Estrone: 1,3,5(10)- 
estratriene-3-ol-17-one. XIII. Androstenedione: 4- 
androstene-3,17-dione. XIV. Testosterone: 17/I-hy- 
droxy-4-androsten-3-one. XV. 15a-Hydroxy-testoster- 
one: 15a,l7jI-dihydroxy-4-androsten-3-one. XVI. 16a- 
Hydroxy-testosterone: 16a,l7B-dihydroxy-4-androsten- 
3-one. XVII. Estrone sulfate: 1,3,5(10)-estratriene-3-ol- 
17-one sulfate. XVIII. Estriol sulfate: 1.3,5( lO)-estra- 
triene-3,16a, 17/I-trio1 sulfate. 

tetrol have not yet been clearly defined. Four prin- 
cipal biosynthetic routes are usually postulated: 

(1) A phenolic pathway for which estradiol (V) is 
the preferential precursor [6]. The transformation of 
this estrogen into estetrol has not been well demon- 
strated. Estriol (VI), 15a-hydroxy-estrone (VII) and 
lSor-hydroxy-estradiol (VIII) are possible inter- 
mediates [ 151. 

(2) A neutral pathway for which DHEA sulfate 
and 15u-hydroxy-androstenedione are the best 
precursors [18]. In this case, 15x- and 16cc-fetal hy- 
droxylations precede the placental aromatization 
and the 15a-hydroxylation takes place prior to the 
16cr-hydroxylation [ 191. 

(3) A “mixed” pathway for which either the 15a- 
or the 16a-hydroxylation of the same androgens 
precede the placental aromatization [15]. 

(4) Another route also exists for DHEA sulfate. By 
placental aromatization, this substrate joins the phe- 
nolic pathway and is converted into estetrol. 

To investigate this problem by a different approach 
than that usually encountered in the literature, we 
decided to study the biochemical properties of the 
enzymes involved in the formation of estetrol[20]. In 
this paper, we report our investigation of the behav- 
ior of the fetal liver hydroxylases. 

EXPERIMENTAL 

Materials 

All organic solvents and reagents were of analytical 
grade quality (Merck, Darmstadt, F.R.G.). Glucose- 
6-phosphate, NADP and glucose-6-phosphate dehy- 
drogenase were from Boehringer (Mannheim, 
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F.R.G.). Tween 80 (polyoxyethylene sorbitan mono- 
oleate) was purchased from Sigma Chemical Com- 
pany (St Louis, MO, U.S.A.) Methoxyamine hydro- 
chloride, trimethylchlorosilane, bistrimethylsilyl- 
acetamide and dry pyridine to prepare O- 
methoximetrimethylsilyl ethers for GC-MS analyses 
were from Macherey-Nagel (Diiren, F.R.G.). Aryl 
sulfatase was obtained from Boehringer (Mannheim, 
F.R.G.). 

Steroids and reference compounds were from Ster- 
aloids, Inc. or Merck (Darmstadt, F.R.G.), or were 
a generous gift from Professor D. N. Kirk (M.R.C., 
London, U.K.). 

a1.[20]. Incubation time was 45 min. The samples 
were derivatized (MO-TMS or TMS) prior to 
GC-MS analysis. Two techniques were used to hy- 
drolyze the sulfo-conjugated steroids before extrac- 
tion: (1) Dehydroepiandrosterone sulfate was hydro- 
lyzed at pH 4.7 (2M sodium acetate buffer) in a 
shaking water bath at 100°C for 4 h. (2) Sulfo- 
conjugated estrogens were enzymatically hydrolyzed 
at 37°C in the presence of 60 mU of aryl sulfatase per 
ml. The pH of these solutions had been previously 
adjusted to 4.5 [27]. 

RESULTS 

Methods 

Gas-liquid chromatography mass spectrometry. 
Analyses were carried out with a computerized 

LKB 2091 gas chromatograph-mass spectrometer 
instrument (Bromma, Sweden). A glass capillary 
column (20 m long, 0.25 mm internal dia) coated with 
SE-30 and heated at 240°C was used. Helium was the 
carrier gas at a pressure of 0.6 bar. A solid injector 
device was used. Substances were chromatographed 
as TMS or MO-TMS derivatives according to Horn- 
ing’s method [21]. 

Androgens, estrogens and their available ISa- or 
16a-hydroxylated derivatives were incubated with 
fetal liver microsomes. The metabolism of these 
substrates was investigated by mass chromatography. 

16wHydroxylation of non-conjugated estetrol precur- 
sors 

Preparation of human fetal microsames. 
Human fetuses were obtained following abortions 

performed via hysterectomies. Three anencephalic 
fetuses at 21, 29 and 38 weeks of pregnancy consti- 
tuted the basic biological material for this study. 
Livers were removed immediately after death of the 
fetuses. The tissues were washed in cold isotonic KCl, 
frozen and stored at -80°C until use. The micro- 
somal fractions were prepared according to Sano et 
al.[22] and Ingelman-Sundberg et al.[23]. The final 
suspension was stored at -80°C; under these condi- 
tions, no alteration in the monooxygenase enzymatic 
activities of human liver samples was observed 
[24,25]. The protein concentration was measured 
according to the method of Lowry et al.[26]. 

The results (Table 1) showed that dehy- 
droepiandrosterone (IX) was significantly hydroxy- 
lated in the 16a position. The androstenedione 
16a-hydroxylation was negligible when compared to 
the dehydroepiandrosterone 16a -hydroxylation. No 
16cx-hydroxylated estrogen metabolites were de- 
tected. lSa-Hydroxylated androgens were not at all 
oxidized on the 16a position, except for 
1 Sa-hydroxy-androstenedione, for which a clearcut 
result was impossible to determine. The mass spec- 
trum (Fig. 1) showed a molecular ion (at m/e = 520) 
and a few other characteristic peaks [M-l 5, M-31, 
M-90 and M-(90 + 15)]. Unfortunately, reference 
compounds were unavailable. The mass spectrum did 
not present a typical fragmentation confirming the 
presence of a second hydroxyle group in the 16a 
position. 

15u-Hydroxylation of non-conjugated estetrolprecur- 
sors Incubation conditions. 

Analysis of the fetal metabolism of various estetrol No other 1 Sa-hydroxylations were detected, except 
precursors was performed according to Cantineau et for the 16a-hydroxy-dehydroepiandrosterone (X), 

Hydroxylations 

Substrates 

Dehydroepiandrosterone 
Androstenedione 
Testosterone 

16a 15a On other positions ._~ 
+++ ND + 

ND + 
N’D ND + 

lSa-Hydroxytestosterone (XV) 
16a-Hydroxytestosterone (XVI) 

15a-Hydroxyandrostenedione 

16a-Hydroxydehydroepiandrosterone 

ND ND 
ND ND 

Possible ND 

+ ND 

Estrone 
Estradiol 
FItrinl 

ND ND ND 
ND ND ND 

ND ND __ __ _ _ . 
+ Very low yield. + + + High yield. ND Not detected. 
Results were reproduced with five separate incubations: 3 incubations were performed with 

each liver preparation, and 2 incubations were performed on pooled microsomes. 
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Fig. 1. Mass spectrum of the metabolite obtained after incubation of 1 Sa-hydroxy-androstenedione with 
fetal liver microsomes. 

which could be transformed into 15a, 16a -dihydroxy- 
dehydroepiandrosterone (XI). The yield of this 
lSa-hydroxylation was much lower than the dehy- 
droepiandrosterone 16cr-hydroxylation. The mass 
spectrum of this polyhydroxylated metabolite (Fig. 2) 
showed a few characteristic ions. The molecular ion 
and some peaks were typical of a derivatized 
(MCLTMS) trihydroxy estrogen: M-15, M-3 1, M-90, 
M-(90 + 15), M-(90 + 31) M-(2 x 90) and M- 
(2 x 90 + 15). Three other peaks were also present: 

m/e 217, 191 and 147 which were present in the 
lSa-hydroxy-estradiol mass spectrum [28]. According 
to Sloan et a1.[29], the m/e 147 could indicate the 
presence of two proximate trimethylsilyloxy groups 
in the steroid skeleton. 

Hydroxylation of estetrolprecursors on positions other 
than carbons 15 and 16 

Other hydroxylated metabolites of estetrol precur- 
sors were observed in fetal liver microsomes by mass 

O--C") 

ri CH 

,& 
I 3 

*,o Si-CH, 

ZH 
‘. 

tl+: 
0--8,--C+ 

CH 
/ ’ \ M? 565 &I3 

CH3-5i-0 

M-90 
475 

Fig. 2. Mass spectrum of the metabolite obtained after incubation of 16a-hydroxy-dehydroepiandros- 
terone with fetal liver microsomes. 
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Table 2. Hydroxylation of sulfa-conjugated estetrol precursors by fetal liver micro- 

Hydroxylat--_s 

Substrates 1% 16~ On other positions ~~_______~__ -.. ._ 
Dehydroepiandrosterone 

sulfate ND +++ ND 
Estrone sulfate (XVII) ND 16a + 168 ND 
Estradiol sulfate 
Estriol sulfate (XVIII) l’k 

ND ND 
ND 

+ Very low yield. + + + High yield. ND Not detected. 
Incubations were performed on microsomes pooled from the 3 available livers. 

chromatography. As they did not act as potential 
intermediates in the steps leading to estetrol bio- 
synthesis, these compounds were not formally 
identified. Nevertheless, only androgens were hy- 
droxylated in positions other than carbons 15 and 16. 
Estrogens were not at all metabolized. Table 1 sum- 
marizes the results obtained. 

15~ and 16u-Hydroxylations of ~&o-conjugated 
estetrol precursors 

In 1961, Diczfalusy et a/.[301 demonstrated that 
fetal estrogens were usually sulfo-conjugated. Since 
these sulfo-conjugated steroids were the principal 
source of our 1 Sa- and 16a-hydroxylated 
derivatives [6], we decided to study the metabolism of 
the sulfo-conjugated estetrol precursors in fetal liver 
microsomes. This analysis was also carried out by 
mass chromatography. Table 2 illustrates the results 
obtained. 

Contrary to dehydroepiandrosterone which under- 
went several transformations, we found that its sulfo- 
conjugated form was hydroxylated only in the 1601 
position and with a high yield. Sulfo-conjugated 
estradiol was hydroxylated in the 15a position, and 
estrone (XII) in the 16a and 168 positions. No 
hydroxylation of estriol was observed. All of these 
reactions had very low yields as compared to the 
dehydroepiandrosterone 16a -hydroxylation. The me- 
tabolites produced were identified by the comparison 
of their chromatographic properties and mass spectra 
with those of authentic reference samples, or on the 
basis of the data found in the literature[23]. 

DISCUSSION AND CONCLUSIONS 

To complete our in vitro study of estetrol bio- 
synthesis, we investigated the 15a- and 16a-steroid 
hydroxylases in the fetal liver microsomes prepared 
from fetuses of the same stage of development as the 
placentas used in our previous publication [20]. Al- 
though it is well documented that maternal serum 
and urinary estriol and estradiol levels are much 
lower in anencephalic pregnancies, we used micro- 
somal preparations obtained from affected fetuses. 
This particular phenomenon is related to a lower 
production of precursors and not to a deficiency in 
liver enzymes [31]. Moreover, a high level of DHEA- 

16a -hydroxylase was measured in such liver 
samples [32]. As certain 15a - and 16a -dihydroxylated 
estetrol precursors were unavailable, we used the 
most appropriate and reliable analytical method 
available for our study, i.e. mass chromatography. 
This method provided only qualitative data from 
which we were able to compare the extent of hy- 
droxylation of the various precursors. This com- 
parison was possible for the following reasons: (1) 
The initial substrates and their corresponding 15a- 
and 16a-hydroxylated metabolites produced ionic 
currents of similar intensity when they were equally 
concentrated in the samples studied. (2) The vari- 
ations observed between the magnitude of the 15a- 
and lba-hydroxylations of the estetrol precursors 
were great and highly significant. 

The analysis of the conclusions of our previous 
paper [20] and of this present study enabled us to 
define better the various biosynthetic pathways of 
estetrol. 

A. The phenolic pathway 

We confirmed that androstenedione (XIII) and 
testosterone (XIV) were the preferential substrates of 
the placental aromatase [20]. We also demonstrated 
that estradiol was hydroxylated in the 15a position 
provided that it was sulfo-conjugated in position 3. 
Unfortunately, sulfo-conjugated 15a-hydroxy-estro- 
gens were unavailable; hence, we could not demon- 
strate that these precursors were converted to es- 
tetrol. Nevertheless, free or sulfo-conjugated estriol 
never led to the formation of estetrol in our experi- 
ments. Estradiol appeared to be a good precursor for 
estetrol, and 15a-hydroxylated estrogens as the ac- 
tual biosynthetic intermediates. 

B. The neutral and “mixed” pathways 

The 15a-hydroxylation of DHEA was never de- 
tected. Its 16a-hydroxylation was significant in the 
fetal liver but estriol was never converted into es- 
tetrol. We never observed a 15a-hydroxylation of 
androstenedione. Furthermore, our previous 
study [20] proved that the aromatization of the 
1 Sa-hydroxy-androstenedione was a possible path- 
way for the formation of the 15a hydroxylated es- 
trogens when the supply of this substrate to the 
placenta was extensive. We also demonstrated that 
the 15a-hydroxylation was the limiting step in es- 
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Fig. 3. Possible pathways for estetrol biosynthesis. 

tetrol biosynthesis. A small amount of 1 Scr-hydroxy- in the 16~ position in the fetal liver and our GC-MS 
androstenedione should be formed and the aro- data support the hypothesis of a I&-hydroxylation 
matization of this compound would be negligible. of the f 6n -hyd~oxy-dehydroe~iandrosterone. The 
Accordingly, the “mixed” pathway (see Introduction 1 6cr-hydroxylation of 1 See -hydroxy-androstenedione 
3) arising from neutral precursors could be dis- was possible but could not be conclusively confirmed. 
regarded. On the contrary, the neutral pathway (see Unfortunately, the 15cl, 16~ -dihydroxy-androgens 
Introduction 2) suggested in the literature was more were unavailable and we could not measure their 
obvious. DHEA sulfate was significantly metabolized aromatization in the placenta. However, the existence 
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of this pathway cannot be entirely ruled out, but 1 I. Adlercreutz H., Heikkila J. and Luukkainen T.: 

more likely originates from DHEA sulfate than from 15a-Hydroxylation of oestrogens in oiuo in pregnant 

lSu-hydroxy-androstenedione. 
and non-pregnant women. Exrerpta med. Int. Congr. 

In conclusion, we suggest that the following path- 
Ser. (1968), p. 36, Abstr. 82. 

12. Jirku H. and Levitz M.: Bitiarv and urinarv metabolites 
ways may lead to estetrol biosynthesis: _ _ of estrone-6,7-3H-sulfate-‘fSf in a woman. J. c&z. En- 

(A) The phenolic pathway is more important. Two 
doer. Metab. 29 (1969) 615-637. 

13. Mivazaki T.. Kirdani R. Y.. Slaunwhite Jr W. R. and 
mecursors are involved. Estradiol and DHEA sul- 
Fate. This latter substrate via aromatization in the 

sulfo-conjugated to undergo the hydroxylations and 

placenta is converted into estradiol. When estradiol is 

the lSa-hydroxylation occurs prior to the 

transformed into estetrol, this precursor must be 

l6a-hydroxylation. 
(B) A neutral and less significant pathway originat- 

ing from DHEA sulfate is also possible. In this case, 
the 16~-hvdroxv~ation takes olace orior to the 

Saidberr A.‘A.: Studies on ohenobc steroids in human 
subjects.-XV. Biliary and uhnary excretion patterns of 

XVII. The kidney and fate of 15a-hydroxy-estrogens. J. 

estrone. J. c&n. Endocr. Metab. 33 (19711 128-137. 

ctin. Endocr. Mefab. 37 (1973) 887-900. 

14. Nagatomi K., Osawa Y., Kirdani R. Y. and Sandberg 

15. Schut H. A. .I., Bowman J. M. and Solomon S.: 

A. A.: Studies on phenolic steroids in human subiects. 

Precursor role of 15a-hydroxyestradiol and 15a-hy- 
droxyandrostenedione in the formation of estetrol. Can. 
.I. Biochem. 56 (1978) 101-106. 

16. Hagen A. A.: Formation of 15~-hvdroxvestriol from 
r - 1 1 

I%-hydroxylation, contrarily to the information 4-‘%-&radio&17fi-estradiol and 6,?-XH-&triol by an 

found in the literature [19]. 
anencephalic. J. clin. Endocr. Metab. 30 (1970) 763-768. 

17. Stanczvk F. Z. and Solomon S.: Formation of 15a-hv- 
droxyeitriol and 15a-hydroxyestradiol from C,, 15a- 
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