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ABSTRACT 

A brief history is presented of the isolation and 

characterisation of the principal steroid hormones affecting 

reproductive processes with particular reference to 

progesterone. 

Section I is concerned with information on the 

presence and concentration of progesterone and related 

e..3..ketosteroida in human fluids and tissues' and contains 

a review of the development of chemical methods for the 

extraction, purification' separation and determination of 

these compounds. 

A description is given of speatrophotometrie and 

gas liquid radioohromatographio methods developed during the 

present study. 

The results from the application of these methods to 

human subjects during pregnancy and the menstrual cycle are 

presented and discussed. 

Ica 	 tion II an investigation is reported, into the 

capacity of blood to metabolise the hormone. This aspect is 

followed by in, vitro studies upon the biosy4 heats and role 

of progesterone as an intermediary compound in the formation 

of androgens and oestrogens in the human ovary. f  The results 

are related to ovarian morphology and a comparison is made 
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between the production and metaboliem of progesterone in 

developing follicles, corpora lutea end postmenopausal tisane. 

Examples of abnormal ovarian tissue are studied in the same 

manner and the results compared with healthy tissue. 

A preliminary investigation into the peripheral 

metaboliem of progesterone in human myometrium is reported 

as an introduction to studies on transformations which may 

be related to the mechanism of action, or degradation of the 

hormone in a target tissue,. 

Finally some related aspects at progesterone metabolism 

are presented in a brief review. 

These studies were undertaken in an attempt to 

contribute information oseential for rational therapy in 

various forme of placental and ovarian dysfunction. 



4, 

CONTENTS 

PREFACE* 
the isolation and oharacterisation of the principal 

steroid hormones affecting reproductive function. 

SECTION Is 
a) the development of chemical methods for the 

quantitative determination of progesterone. 

b) a modified epectrophotometrie method for the 

determination of progesterone in human plasma. 

a gaso,li uid rediochromatographic method for 

the determination of progesterone in human plasma. 

4) application of method*. 

e) discussion of reaulte, 

CTION li* 
a) the motaboltem of progeaterone in human 

peripheral blood, 

l+ 	the role of progeo erone as 	median,  in 

ov+ ian steroid biosynthesis. 

the metabolism of progesterone in human 

myometrium and fibromyoma. 

d) discuseion of results. 

REFERENCES 

PUBLICATIONS 
NOMENCLATURE 

Pam,  No. 
6 

20 

27 

43 

65 

82 

92 

104 

147 

152 

165 
173 

189 

190 



5. 

PREFACE 



6. 
The Aeolptiien ,and ohargic t er iaat ion of the Principal steroid  
berme nee affecting reproductive fume ipso 

The rats of progress in any scientific field is 

dependent upon the development of new techniques for the 

verification and amplification of theories suggested, but 

inadequately supported, by the results of older methods. 

The isolation of the steroid hormones and the elucidation of 

their metabolism and role in reproductive function is a 

good example of this phenomenon, and furthermore illustrates 

the gradual adaptation of chemical end physical techniques 

to the study of biological problems. 

Any account of the isolation and characterieation 

of the 	 ncipal steroid hormones must include the establieh... 

ment of both physiological and chemical criteria. The 

substances must be formed in an endocrine gland, released into 

the blood stream, and produce a discernible effect in another 

tissue. They must also be shown to possess the perhydro-

cyclopeatenophenanthrene nucleus. This dual definition has 

confused the history of the steroid hormones for although the 

perhydrocyclopentenophenanthrene nucleus was demonstrated in 

many biologically active substances isolated from the urine 

of pregnant women, the hormonal nature of these compounds was 

not established until much later. Further confusion arise. 

from the experimental limitations which resulted in only 



partial establishment of these criteria, in a variety of 

species, at widely different times. 

The history of reproductive endocrinology has been 

traced to the empirical observations of ancient civilisations 

(selye, 1950), However, perhaps the first significant 

advance was the anatomical description of the female 

reproductive system by Regner de Graaf in 1672, although 

indications as to the function of these organs had to await 

the refinement of experimental surgery, some two centuries 

later. These studies on the ablation and transplantation 

of organs and tissues, demonatrated that biochemically active 

substances, later called hormones, were released from ductless 

glands into the bloodstream, and transported to peripheral 

tissues where a biological response could be related to 

various phases of reproductive cycles. 

However the isolation from glands of specific 

com un responsible for these biological effects was more 

difficult to achieve, and towards 1927 attention was turned 

to the urine of pregnant women, which was found to be .e rich 

source of some of the active princsiples and their metabolites* 

During this period considerable progress was being 

made on the chemical characterisation of sterols and bile 

acids, and this proved of immense value in the subsequent 

isolation and identification of the active compounds found is 
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the urine of pregnant women. The pioneer work on the molecular 

structure of eterole, depended largely on the study of 

degradation products by Staab methods as dichromate oxidation, 

pyrolysis, and selenium dehydrogenation, and on reflection 

it is remarkable that eo much progress was made with the 

limited techniques available at that time. These results 

indicated that a possible formula for sterols was as shown 

in Fig. I. 

Fig I. iindeue.4eland form for erols• 

pia a er the development and ap alicationof X.-ray 

crystallography to the study of single crystal° of ergosterol 

(Bernal, 19,2) indicated that the molecules were long end 

thin (7.2 x 5 x 17...20A), while the Windaus Leland formula 

should have the dimeneions (8.5 z 7 z 180. These dimensions 

were similar in implication to those inferred by Adam and 

Roaenheim (1929) from the measurement of surface films of 

eterols. Theae studies were reviewed by Rosenholm and King 



in 1932, and it sea concluded that the fern la shown in rig4,2 

would best account for the established facts. 

Piga. Roaonheim and ging formula for sterols. 

The first application of standard chemical techniques 

to reproductive endocrinology followed the demonstration by 

Anahnoia and Zandah4(1927) that the urine of pregnant semen 

contained relatively large amount. of a cospound which induced 

oestrus in rate and nice. The pbarmacologieal potentialities 

of thie compound stimulated intensive research into Ito 

isolation, and this was finally accomplinhod independently 

by Delay et al., (1929) and Butenandt, (1929). Further studies 

by Butonandt at al., (l933) dewonetrated that the substance, 

later named oeetronet  was chemically related to the sterols, 

and contained the perhydrocuclopentenophenanthrene nucleus. 

A similar structure VW attributed to a related compound loestrioll 

which had been isolated from pregnancy urine by Merriam in 

1930. Further evidence for the structure et these oestrogens 

ens reported by Cook and Girard in 1934. 
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As the preoent ork is largely concerned with the 

role of progesterone as an intermediary in the biosynthesis 

of androgens and oestrogens the early work upon these compounds 

will be briefly considered. Furthermore, a brief summary of 

the technical difficulties involved in their identification, 

is relevant to subsequent progress in the development of physic°. 

chemical methods for the determination of these compounds in 

body fluids and tisanes. 

The isolation of the first oestrogenic hormone from 

the ovary was reported in 1935 when Daisy and his coworkers 

(MacCorquodale et al., 1935) isolated a. substance from the 

liquor folliculi of aow ovaries which was identical with a 

compound previously obtained by he reduction of osetrone 

(Schwenk and Hildebrandt, 1933). So small is the amount of 

oestrogen stored in the ovary that about four hundred litres 

of liquor folliculi was processed to obtains few milligrams 

of crystalline material. It was found that the substance 

which was named oestradiol accounted for most of the oestrogenic 

activity of the sow ovary, the remainder was attributed to 

oostrone 

Oectradiol and osetrane were tentatively identified 

in human ovarian tissue by Smith and Smith in 1952, and 

subsequently by Zander et al. 959), and Kecskes et al.,(1962). 

Evidence for the presence of these compounds in human placental 
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tissue was reported by Mitchell and Davie, (1954) and 

Dicsfalusy and Linkvuist. (1956). 

The chemical determination of oestrone and oestradio1-

17A in human peripheral plasma during late pregnancy was 

reported by Aitken et al., (1958), and Preedy and Aitken, (1961). 

More positive identification was reported by Oertel et al. in 

1959, who isolated oeetrone, oestradio1-94, and oeetriol 

from late pregnancy plasma by two countercurrent eeperations 

(160-200 transfers), and two paper chromatographic steps. 

The final products were identified by infra-red spectroncopy. 

Progress in the isolation of testicular hormones was 

first reported by McGee, (192?), who demonstrated the presence 

of an androgenic principle in bull testis. However, the 

first pure crystalline androgen was obtained from urine. 	in 

1928 Loewe et al. reported the presence of an -androgenic 

principle in male urine, and in 1931 Butenandt, (1931a) isolated 

sandrooterone from this source. The technical difficulties 

involved are reflected in the fact that in the original 

isolation only approximately 15 mg. of the crystalline substance 

were obtained from 15,000 litres of urine. Praliminary 

chemical analysis indicated that androsterone might be related 

to the oestrogens, and a formula was proposed which was finally 

proved correct by &Laicise et al.. (1934), by synthesis from 

cholesterol. 
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The moat potent androgen from bull testis was 

isolated by David et al.,. (1935) and named testosterone. The 

structure of this compound.was conclusively proved by 

Butenandt and Banish*  (1955), and Rueicka et al. (1935) by 

synthesis from cholesterol and dehydroepiandroaterone. 

Tentooterone wan nubnegnently incanted from in7itro 

incubations of human testis by Brady in 1951, and found in 

testicular perfusates by SaVard et al., (1952)* However, 

direct evidence for the presence of testosterone in human 

peripheral venous blood has only recently been obtained 

('inkelatein et al., 1961; Kendal et al., 1963; Brownie et 

al*, 1964). 

Proge aterone and slated progestational compounds 

were not ound in urine, and so had to be extracted from the 

endocrine glands 	The history of their isolation may be 

traced to the firat descriptiola of the corpus luteum by 

Bogner de Great in 1672, and the subsequent invecti ations 

into the function of this structure. 	ter some unproven 

hypotheses, Freenkel (1903) and (1910), investigated 

experimentally a theory, that the corpus luteum as necessary 

for the implantation and protection of the embryo in the 

uterus. In these studies the corpus luteum was surgically 

removed from rabbits after ovulation and it was conclueivelY 

shown that the corpus', luteum was vital for implantation of 
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the fertilised ovum. During the aame period confirmatory 

evidence nen obtained by histologieto who observed nicroocopic 

chances in the uterine gland* of the rabbit during pregnanoy* 

and demonstrated that therm changen were a3,ao associated with 

the presence of a corpus luteum. 

As a result of these and similar studies it vas 

concluded that the corpus luteum secreted a compound which 

had the property of maintaining pregnancy in certain ovarlectomiaed 

animals, and was responsible for transformations in secretory 

glands of the uterine mucosa. In 1929, Corner and AlleA  

utilised this transformation to develop a biological essay 

method, which proved of immense value in the aubsequent 

isolation of the active princirle. since it provided a 

qualitative and quantitative annoy for material obtained by  
chemical extraction and purification. 

4 19;2 there owe reports of procestationally active 

ovarian :tracts from three different laboratories, and in 

1934 the isolation of crystalline progesterone transom 

ovaries was reported independently and almoat simultaneously 

by four groups of workers (Butenandt and 'lestphal, 1934a; 

Zlotta of al., 1934a; Allen and Wintersteiner, 1934; Hartmann 

and Vettstein, 1934.0). In general* 	 fine  
hundred hilocrems of ovarian times* had to be processed to 

obtain fifty milligrams of crystalline promo crone. The 
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prodigious amount of work involved in this achievement 

formed the basis for many subsequent techniques used in micro 

methods for the biological and chemical determination of 

progesterone in human tissues and fluids. Houever, these 

were not fully exploited for many years until the deVelopment 

of sensitive physicochemical methods or measurement. 

The preliminary characterisation of progesterone 

had indicated that it was related to the androgens and 

oestrogena and some confusion was resolved on demonstrating 

that the substance was dimorphous forming prisms M.P. 128°C 

and needles M.P. 121°C. Combustion analyses were in agree— 

sent with an empirical la of Ca  is© 02, and the substance 

um) max. 20 9n., indicative 
These studies led Slotta et 

exhibited an ultra violet 

of =ergs unsaturated ketone. 

al., (1934b) to suggest a structure for progesterone, which 

was subsequently proved correct by tenandt and ;4stphal, 

(1934b) and Fernhols (1934a.b). 	these studies progesterone 

was aynthsetued from stigmasterol the structure of which 

was known. Confirmatory evidence was also obtained by the 

synthesis of progesterone from the physiologically.  inactive 

urinary metabolite, pregnanediol., (Butenandt and Schmidt, 1934). 

Progesterone was subsequently isolated from bovine 

cortical extracts by Beal and Reichstein, (1938), but 

the isolation from hUman placentae was not achieved until 1952. 



when Salhanick at al,* (1952)1 Pearlman and Cerceo, (1952)1 

and Diczfalusy, (1952), independently announced its separation. 

Conclusive evidence, based on infrad.red spectroscopy, for 

the presence of progesterone in human peripheral blood during 

the latter stages of pregnanay was presented by Zander, (l954), 

who in 1958 also isolated the hormone from human liquor 

folliculi and corpora lutea. 

Stages in the isola ion and identification of pro—

gesterone in body fluids and tissues of the human subject ars 

sommPrised in rigo. 
It is remarkable that the interest of both academie 

and industrial investigators was so intense that within ten 

years from the isolation of the first steroid affecting 

reproductive proceeses, the three most potent steroids as 

indicated by biological assay were isolated, identified, 

haracterised and made available as partially synthetic 

substances. However, it proved more difficult to demonstrate 

that thee* compounds were actually secreted , by glands in human 

subject*. In the case of progesterone, progress was impeded 

by the low concentration of the substance in blood and tissues, 

and the biological inactivity of the urinary metabolites. 

Advances in the chemical determination of progesterone 

and studies into its metabolism, coincided with the develop« 

menu of chromatography and the applioation of radioactive 
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1963 . 1965 • chemical determination in peripheral venous blood 
of nonpregnant oomen. 

1963 . chemical determination in human ovarian venous blood. 

1962 • chemical determination in human pregnant myometrium. 

1960. chemical determination in human adrenal venous blood 
after ACTH stimulation. 

1958. chemical determination in human follicular tissue*  corpora 
lutes; isolation of 20spand 294hydroxypregn.4.en.3.one 

, * 
1954. isolation and chemical determination in human peripheral 

plasma and uterine venous plasma during late pregnancy. 

1952 . iaolation trot human placental tisaus. 
.........g.p..,rr.ow.PP.Wi.W..M.WeOWIWiWiaom4i!.ft.A.,...p.....o.mpWw.apy.d.owplpwdisMippbdjga.WtwaW.00.Mgp.Mamly.MMRggOfaaOMOMOWfte'mOW 

a 
vlo 

1951 . total syntheais of progesterone 

1934 . crystallisation, elucidation of structure and partial 
synthesia of progesterone. 

1933 w isolation of active progestational extracts tram ovarian 
tisane. 
the perhydro y lopantenophenanthrone formula for sterols 
eatsblished. 

a 

1929 biological assay method developed for progeatational activity. 

Fig.3. Progreso in the ieolatian4  identification as d chemical 
determination of progesterone. 
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isotopes to biochemical problems* These techniques gave 

insight into the large number of etoroid compounds present in 

the human body and urine. but also indicated a common basic 

sequence of biosynthesis in all steroid producing glands* 

The difference between the glands appeared to be only in the 

later steps of biosynthesis, where the relative activity of 

enzyme systems determined the ultimate products of the gland. 

Improved methods of analyet° also indicated the 

presence of other steroids poeoeuaing biological activity. 

Thus in 1958, Zander et al, working on the marked discrepancy 

of results between biological and chemical assay methods for 

progesterone, isolated two other progestogens shown to be 

2Ogtand 20/3hydroxypregn-4.en-5-one„ 	Similar advances with 

regard to the androgens and oestrogens eugesta that the 

earlier concept of a few important active principles is an 

oversimplification, Furthermore one steroid may exert 

several biological effects either as a function of its unique 

structure, or because it is readily converted to another 

compound. 

Regent work an. the analysis of human ovarianvenous 

blood (Mikhail et al., 19631 Maheeh and Greenbiat 
	

3)* 

has indicated that this gland secretes more than 
	steroid,  

and it is tempting to speculate that the regulation of 

metabolic processes depends upon the ratio of these compounds 
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an well as the quantity of the main hormone. However, for 

the practical purpose of obtaining information upon levels 

in peripheral blood and tissues, the classical hormones are 

in general the only ones in sufficient concentration to be 

measured with the techniques available at the present time. 

In the future, the simmltaneous study of related compounds 

and their metabolites, may well afford better insight into 

the regulatory mechanisms of the steroid hormones• 
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I 
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The development of chemical methods for the quantitative  

determination of progesterone. 

Apart from technical problems, previous methods designed 

to provide information about the endogenous secretion of progesterone 

are open to criticism in that they constitute a somewhat indirect 

approach. Thus for two decades following the isolation of the 

hormone from sow ovaries tissue, attempts to obtain information 

upon the concentration of progesterone in human peripheral blood 

depended upon the extension of biological assay techniques for 

progestegens (McGinty et al., 1939; Hooker and Forbes, 1947). 

These techniques indicated that the progeetational activity was 

mainly confined to the plasma, and this observation has been 

confirmed by chemical techniques (Zander, 1954; Sandberg and 

Slaunwhite, 1958). 

However, widely different quantitative results were 

obtained by the various methods for bioassay. These anomalies 

may be explained by the fact that the end point of any bioassay 

is the product of a number of interrelated factors and is not 

necessarily due to the activity of any one compound. This 

limitation does not affect the usefulness of these techniques 

me in the pharmacological testing of new drugs but it does mean 

that the methods are of lirAited specificity and influenced by a 

number of unknown parameters. 

Another indirect approach to the investigation of 
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progesterone metabolism in human subjects was the quantitative 

detorminntion of urinary pregnanediol. This compound had been 

isolated from the urine of pregnant women by Marrian in 1929, 

and subsequently identified by Butenandt, (1931b). In 1937, 

Veining and Browne demonstrated the metabolic conversion of 

progesterone to sodium pregnanediol glucuronidate (NaPG) prior 

to excretion in human urine, and later many methods were developed 

for the qnantitative determination of the glucuronide or the free 

compound after hydrolysis. 

Subeequent investigations however have shown that there 

are many limitations in the interpretation of progesterone 

metabolism from urinary pregnanediol estimations. These studies 

have show; that pregnanediol ie only one of at least twelve 

metabolites of progesterone; furthermore the proportion excreted 

in the urine is low, and varies from 10-23% in different individuals 

(Klepper and Mollie, 1956). It has also been shown that desoxy- 
A S 	

5 eorticosterone (Horwitt et al,* 1944), G.) pregnenolono and .6i 

pregnenolone sulphate (Arcos et al., 1964) are probable precursors 

of pregnanediol. 

The urinary pregnanediol levels therefore do not provide 

accurate information on progesterone secretion, or allow for 

alternate pathways in progesterone metabolism. They are aloo 

the result of total metabolism for a number of hours, and do not 

show possible changes in secretion and metabolism which may occur 



22* 

over ahort periods of time on during labour or at abortion. 

Some of the limitations of the previous two methods 

are overcome by the opecific determination of progesterone in 

blood plasma by chemical techniques, /lovelier the development 

of eatisfactory mothode for this purpose first necessitates the 

aeparation of microgram amounta of progoaterone from other 

lipophilic sebatances and closely related ateroids, followed by 

the adaptation of sensitive physicochemical techniques for 

meeeuremente  

The first attempt to measure progesterone in human 

serum tieing a chemical technique was reported by Reynold° and 

Ginsburg in 1942. They extracted the seruM with ethanol and 

after aolvent partition Leolated a nonvolatile neutral fraction 

containing the progesterone. The extract vas disaolved in 

ethanol and the optical density at 240 mu um compared with that 

of authentic progesterone prepared in a nimilar manner. The 

results were dioappotnting for although it 1194 possible to 

detect 04 ... 5,0 mg of progeaterone added to 10 ml of eerum, 

which vas within the concentration suggested by biological agony', 

no endogenous progeetorone could be found. 

Further work wen not publtahed for another eight years 

until skim, (1950) introduced a simplified other extraction 

of plasma, which, without further purification, veva dissolved 

in ethanol and the optical density determined at 240 mu, Once 
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again the method was unsuccessful when applied to peripheral plasma 

from pregnant and non-pregnant women, however results were obtained 

following the intravenous administration of progesterone, which 

demonstrated a rapid removal from the blood. 

In the same year Haskins et al.•  (1950) reported the 

application of a paper chromatographic technique for the isolation 

of progesterone from oil in commercial preparations. A monophasic 

system of 80% methanol was used in which progesterone had an Rf 

value of 0.84 and was effectiVely separated from the oil which 

remained at the origin. 

However further progress towards introducing greater 

pecificity into methods for the determination of plasma 

progesterone was reported by Butt et al., (1951) who devised a 

procedure which involved simplifications of the extraction and 

preliminary purification, and also included a step for the more 

specific isolation of progesterone. This important development 

was achieved by partition of the extract between hexane and 7Q 

methanol on a Hyfloeupercel column, followed by a poiarographic 

measurement of the progesterone fraction as its Girard complex. 

This method indicated the presence of progesterone in human 

placental blood, and in the peripheral blood of one pregnant 

subject with hepatitis, but was unable to detect its presence 

in the peripheral plasma of normal pregnant and nom-pregnant 

women. This suggested to the authors that the level must lie 
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below 0.1 pg/61 plasma. 

In 1952 the techniques of column chromatography and 

countercurrent distribution based on the principles of Craig, 

(1944) were successfully applied by Salhanick et al., (1952); 

Pearlman and Cerceo, (1952); and Diczfaluey, (1952) for the 

isolation and determination of progesterone from human placentae. 

However it was the work of Zaffaroni and coworkers (1950) and 

Busb, (1952) on the development of liquid partition paper 

chromatographic systems for the separation of steroids which had 

the most impact on further advances in the isolation and 

measurement of plasma progesterone. 

Edgar, (1953a,b) using one of the volatile liquid 

partition systems of Bush detected progesterone and obtained 

evidence for its identity in the ovarian venous blood of various 

domestic animals; while in 1954 Zander, using a similar paper 

chromatographic system, reported the isolation of progesterone 

from human peripheral blood. The identification was confirmed 

in pooled samples by infra-red spectroscopy. The levels found 

during the latter half of pregnancy ranged betweer 0.04 and 0.270g/ml 

plasma some ten times lower than indicated by biological assay. 

Once the range of progesterone levels had been indicated 

other successful chemical methods were developed. For the next 

eight years these were generally similar in principle and depended 

on W spectroscopy for the final measurement. This limited their 
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application to plasma samples of not less than 10 ml volume from 

pregnant subjects, although increased sensitivity was obtained by 

the use of micro-cells which contained as little as 0.6 ml of reagent. 

These methods have been reviewed by Short, (1961) and 

Zander, (1962) in terms of sensitivity, specificity and accuracy 

as defined by Borth, (1952; 195?). A variety of techniques for 

extraction, preliminary purification, chromatographic separation 

and spectrophotomotric determination were developed and these were 

summarised by Zander, (1962) and the essential procedures as applied 

to human subjects are tabulated in Fig.k. 

In general it is unfortunate that increaa*d specificity 

was often accomplished by the introduction of additional steps for 

purification, as this resulted in diminished accuracy or sensitivity. 

Conversely, however, more rapid procedures were open to criticism 

on the grounds of lack of specificity. 

Furthermore, because of the complexity of these methods 

vital information was frequently not available for statistical 

analysis and there was an urgent need for less laborious and time-

consuming procedures which would also be leas expensive in materials, 

space and the working time of highly qualified personnel. For this 

reason the introduction of thin-layer chromatography and gas liquid 

chromatography were of especial interest. At the same time, the 

value of methods based upon the principle of double isotope 

dilution became apparent although these methods, as will subsequently 

be discussed, did not have the advantages of speed and simplicity. 
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MEWS 

Reynolds 

Gineberg, 
(1942) 

EXTRACTION  FURIMATION 	ISOLATIC4 

partition in 
organic solvents, 
removal of lipids 
in cold 7O 
methanol_ 

NEASPRXENT  

ultra•violet 
absorption 
at 240 mp 

 

ethanol 

Banking, 	ethe 	OP. 	 ultra-violet 
(1950) 
	

absorption 
at 240 qp 

partition in 
organic solvents, 
removal of lipids 
in cold 70% 
methanol 

column 
partition 
ohromat-
°graph,  

polarographic, 
as Girard 
complex 

partition in 
organic solvents, 
removal of lipids 
in cold 70% 
methanol 

liquid 	u.v, abs. 
partition 	at 240 rap 
papor 
chromat- 
ography 

Zander 	ethanol- 
• & 
	

ether 
Simmer, 	3:1 
(1954) 

Bineberg 
et al., 
(1958) 

ether chromatography 
on aluminium 
oxide 

cbromat' 	abs, 
ography of of dark, 
2,4 dinitro at 380 mz 
phanylhydrazone 
der. on A1203  

Short, 
(1958) 

ether after 	partition in 
pretreatment organic 
with alkali solvents 

liquid 	u.v. abs. 
partitIOn 	at 240 my 
paper 
chromatography 

Sommerville 

Desbpande, 
(1958) 

ether- 	chromatography 
methylene 	on aluminium 
chloride! 411 oxide 
after treatment 
with alkali  

u.v„abs, 
of isonico- 
tinic acid hyluz- 
deriv. at 

3E0 rap 
Qertel, 
et al., 
(1959) 

ethanol 	partition in 
Organic 
solvents, removal 
of lipids in cold 
70% methanol  

liquid 	u.v, abs. of 
partition 	sulphuric acid/ 
paper 	ethanol chrem. 
chromatography 	290 nap 

4. The development of chemical methods far the  
progesterone in human plasma prior to 1962. 

determination of 
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A modified tpectrophotometric method for the determination of  
progesterone in human plasma. 

In 1958 Deshpande and Sommerville described procedures 

for the determination of progesterone and pregnanediol in human 

plasma, and later presented results from the application of these 

methods to ten ml serial plasma samples from patients in labour 

(Seshpande et al., 1960). Initially an attempt was made to 

devise a method for the determination of both compounds in the 

same plasma sample, tat at the time this proved impracticable for 

it was necessary to incubate the plasma for at least twentyfour 

hours with/J-glucuronidase to hydrolyse the conjugated pregnanediol 

and the bydrolysate contained material which-interfered with the 

spectrophotometric determination of the progesterone.' However, 

after initial division of the plasma, the two methods involved 

similar extraction, chromatography and measurement. 

In this study the plaama was treated with sodium hydroxide 

prior to extraction with ether:methylene chloride (4:Iv:v). This 

procedure gave a clean extract which was chromatographed on a 

column of aluminium oxide. The progesterone was eluted with 

20% chloroform in hexane, after a preltwisary washing of the 

column with hexane and 5% chloroform in hexane. The final 

measurement was made spectrophotometrically as progesterone • 

bieisonicotinic acid hydrazone, by a modification of the method 

of Umberger, (1955). Formation of the more sensitive thiosemi-

carbazone derivative (Pearlman and Cameo. 1953) bad been 
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reluctantly abandoned owing to the persistence of trace impurities 

in the final extract. 

In a subsequent modification of the method (Deehpande et 

al., 1960) epecificity was increased by introducing a liquid 

partition paper chromatogram after the alumina column, but to 

obtain a sufficiently pure extract for spectrophotometry this 

additional step was followed by a second alumina chromatogram. 

A flow sheet of the method is shown in Fig. 5. 

In this form the method gave satisfactory results which 

were shown to be in good agreement (Table 1) with those obtained 

by Short on the same plasma samples (Sommerville and Pickett, 1962). 

TABLE I. 

A It C Pregnancy Plasma 

AMCT-ADDED(pe 1.5 1.5 2.5 4.35 

Short, 1958 3.7 1.7 3.2 4.2 3.2 

Sommereille and 1.8 1.9 2.2 3.3 3.0 
Deshpande, 1958 

However, the progesterone technique had several disadvantages. 

In the first place the use of three chromatographic steps - paper 
chromatography preceded and followed by alumina chromatography, 

is timo.consuming and labOrious and the alternatives of split 

fractions or pooled eluates reduce respectively the eensitivity 

and specificity of the method. Secondly the formation of 



Blood Plasma 10 ml 

treated with equal vol. 
sodium hydroxide, 

divided into 2 x 10 ml 
portions each extracted 
with 3 z 150 ml ether : 
methylene chloride 4:1 
centrifuged 
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I 	' 
plasma residues 

discarded 
Pooled methylene chloride 
ether extracts 900 ml 

evaporate to dryness, 
redissolved in hexane, 
applied to alumina 
column 

(1) 	(2) 
hexane eluates 5% ChCL 

discarded 	in texade 
discarded 

I 	1 
(3) 	(4) 

6 eluates chloroform eluates 
with 20% saved for unconjuga 
chloroform pregnanediol 
in hexane 

first discarded, remaining 
eluates read in spectro-
photometer as progesterone 
bisisonicotinic acid 
hydrazone 

O. MO 00 

Modified Method 
(Deshpande et al. 1960) 

Paper.Chromatomphy. 
hexane / 85% aq. methanol 

d Alumina Chromatogiam 

20% chloroform in hexane 
eluates read in spectro-
photometer as progesterone bi-
sisonicotinic acid hydrazon, 
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progesterone bisisonicotinic acid hydrasone is not ideal in view 

of its low molar extinction coefficient (*max. circa II,800). 

To overcome these disadvantages the first alumina 

chromatogram was replaced by a silica gel defatting column followed 

by paper chromatography and formation of the more sensitiva tbio- 
aeetea 	(e max. circa 39,0,00). The adventage  derived from 

formation of the thiosemicarbasone derivative* are illustrated in 

the absorption spectra and calibration curves shown in /01.g. 6. 
The higher degree of purity following silica gel chromatography 

minimises interference in the final reaction, allowing a tenfold 

increase in sensitivity over the original procedure. At the same 

time the method is less complicated. To obtain reproducible 

results all reagents and materials were carefully standardised. 

MATERIALS. 

1, Solvents and reagen 

a) Ether, peroxide free (May & BakerItd., England), washed 
once with volume of saturated aqueous solution of ferrous 
sulphate and twice with distilled water; then distilled 
slowly on a steam bath immediately before use. 

b) Methylene chloride laboratory ,reagent (British Drug HOU008 
Ltd.), redistilled immediately before use. 

c) n-Hexanes  low in aromatic hydrocarbons (Ropkin & Williams 
Ltd., England), redistilled tmfore use. 

d) Heparin 	pure, (technical grade not satisfactory for 
this purpose), 1,000 units per ml distilled water. 

e) Ethanol, analar quality, spectrosol grade (Jesse Burrough 
Ltd., England). 

f) Methanol -, analar reagent (James Burrough Ltd.), redistilled 
and stored. 
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tosthasem,carbarone 

3].. 

progesterone 
in ethanol 

progesterone hisisonicot intc 
acid hydrazone 

0 0 
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progesterone in ethanol 
read at 220, 210, 260 mu 

ogesterone trahms.m.carba 
read at 292 302 312niu 

C 

progesterone bisisonicotinic ar.ri 
hydrazone read at 360 340 400 nor 

1.0 
ugm progesterone 70 

Fig.6. Absorption spectra and calibration curves of 
progesterone in ethanol, progeo erone'bisthiesemi—
oarbszone, and progesterone bisisonicotinic acid 
hydrszonc. 
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g) Ethyl acetate, analar reagent, (Eopkin & 	Ltd.), 

redistilled immediately before use. 

h) Thiosemicarbamide rcagent (L. Light & Co. Ltd.). Thio-
nemicartazide re-crystallised from methanol, 180 mg. 
dissolved in 20 ml ION hydrochloric acid (previously 
filtered) 100 ml absolute alcohol (spectrosol grads). 

i) rilica gel, 60-200 mesh and 200.500 mesh (re-sieved in 
the laboratory) for chromatography (L. Light & Co. Ltd.). 
Washed with large volumes cold distilled water; hot 
distilled water; hot methanol (redistilled); ethyl acetate 
(redistilled); ethyl acetate : hexane (1s4) mixture. Dried 
at 120°C overnight and stored in airtight containers. 

Glassware *ndother materials. 

a) Centrifuge bottles, 250 ml, with ground glass necks (made 
to specification by Scientific Supplies Ltd., 	d) to 
fit all-glass siphon. The latter has a hook*d stem so 
that only the extracting solvent is withdrawn. 

b) Chromatography columns; straight, diameter 10 mm, length 
approx. 20 cm, with bulb reservoir of 50 mi and precision 
bore oblique stopcock, (Jenccns Scientific Ltd.. England). 

c) Paper chromatogram spotter, (AO/ }1. Mall (Engineers) Ltd.). 

d) Elutien apparatus as described by Zander& Siwer, 1954 
(Camlab Ltd., England). 

Filter paper. Fluted paper (Greene Ryduro hardened paper 
cm diameter), discs (10 rim Whatman No.1) and cotton 

wool used in chromatographic  cola are all cleaned with 
methanol for 4C-hours in a Soahlet apparatus and dried in 
an oven. raper for chromatography (ahatman 110.2), is 
washed in a chromatography tank with ?O methanol for 48 
hours, and then dried in an oven overnight. 

f ) Ultra violet spectrophotaaeterwith microcell attachment. 
With the exception of the microcuvettes, all glassware 

in chromic-acid solution after use for at least 24 bourn, 
and ruined thoroughly first with water and then distilled water. 
The sierocuvettes are rinsed with spectrosol alcohol after use. 
In addition, the tubes for the cellection of the paper eluates 
and final reaction are washed 5/MVO/lanai and dried before use. 
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A flow sheet of the method is shown in Fig. 7. The 

peripheral venous blood is withdrawn by a non-greased syringe and 

carefully transferred to a centrifuge tube containing Reparin MP. 

(10 unite/ml blood). The plasma layer is removed after centrifug-

ation, the volume measured, and transferred to a 250 ml centrifuge 

bottle or stoppered in a deep freeze (-15°C) until it is convenient 

to assay. Before the thirtieth week of pregnancy, and in the 

luteal phase of the menstrual cycle 10 ml plasma is required for 

the assay. In late pregnancy and during labour 5 ml plasma is 

adequate, and is extracted with half volumes of solvent. When the 

volume of plasma obtained falls short of 5 ml or 10 ml, it is 

diluted to the appropriate volume by the additioa of distilled 

water. The use of the smaller volume of plasma in late pregnancy 

is preferred where a large number of serial analysis are required 

and since, as viii be shown, it is more convenient to essay 

concentrations within the range 0.3 - 3.0 ag/100 mi plasma. When 

higher concentrations are encountered (e.g. in umbilical venous 

blood) the final reagent may also be diluted by the addition of a 

further 0.6 ml thiosemicarbaside reagent. Tissues are finely 

chopped, extracted with hot acetone, filtered and evaporated to 

dryness. The extract is then pre-treated with alkali and re-

extracted in the same manner an plasma. 

Alkali pre-treatment and extractions- 

This procedure is designed to obtain a complete extraction 

of progesterone, with the minimum of interfering material, For this 
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Blood Plasma 10 ml 

treated with equal vol. 
it 3  sodium hydroxide, 
divided into 2 x 10 ml 
portions each extracted 
with 3 x 150 ml ether s 
methylene chloride 411 . 

Pooled ether s methylene 
chloride extracts 900 ml 

residues 
discarded 

residues 
discarded 

evaporate to dryness, 
redissolved in hexane $ 
ethyl acetate 481, 
applied to silica gel 
column. 

(1) 	 (2) 

hexane s ethyl acA-
ate 4:1 discarded 

ethyl acetate s 
hexane la coll- 
ected 

vaporate to dryness 

paper chromatography 
hexane / 85/, aq. methanol 50150 

elution with 957, aq. ethanol 
evaporated to dryness 

extract read in spectrophot-
ometer as progesterone thio-
semicarbasone 292,302,312 sap. 

method of Sommerville et al., (1963). 
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purpose en equal volume oft sodium hydroxide is added to the 

plasma, whioh is hydrolysed by gently shaking the bottle for five 

minutes. If 10 ml of plasma in used one half of the diluted 

alkaline sample is transferred to a second centrifuge bottle, the 

pipette being washed with solvent mixture which consists of ether : 

methylene chloride (01 v/v). To each centrifuge bottle is added 

150 ml solvent mixture and extraction is effected by stirring 

rapidly for two minutes with a mechanical glass stirrer which is 

washed down each time. Centrifugation is not employed routinely 

but could be used if there is emulsion formation. The extracts 

from each bottle are siphoned through a fluted filter paper into a 

500 ml long necked round bottomed flask, and evaporated to a small 

volume. 

This extraction process is repeated twice and the solvent 

reduced to a small volume after each extraction. In this manner, 

10 ml of plasma sample le extracted with 900 ml of solvent mixture. 

The residue from the third distillation (approx. 10 ml) is 

allowed to cool, and is then transferred into a 100 ml short. 

necked round bottomed Maki The larger flask is rinsed three 

times with approximately 15 ml solvent, each rinsing being added 

to the 100 ml flask. The solvent is then evaporated under 

reduced pressure. 

Silica gel chromatography: 

This step is introduced to further purify the extract 

before liquid partition paper chromatography. 
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A small plug of cotton wool is pressed into position at 

the foot of the column which is then filled with a mixture of 

ethyl acetate / hexane (114). A few grains of silica gel (60 . 

200 mesh) are poured on to the cotton wool to prevent the silica 

gel of finer mesh from passing through into the collecting vessel. 

The stem in then allowed to fill with solvent. Two gm of silica 

gel 200 - 300.mesh measured in a calibrated bottle is slowly poured 

into the column which in tapped continuously to ensure even packing. 

The column is then allowed to settle and a small filter paper disc 

(1 em diameter) is gently placed onto the top. The 114 mixture is 

then allowed to pass through the column until the meniscus is just 

above the paper disc. 

During the preparation of the column, 2.0 ml ethyl 

acetate is added down the sides of the round bottomed flask 

(containing the plasma extract) which is stoppered and left to 

tand for five minutes. 8.0 ml hexane is then added to the flask 

in the same manner and the contents of the flaek (10 ml of 184 

ethyl acetate / hexane) poured on to the column through a small 

filter funnel. The flask is rinsed with a further 5 ml of the 

1:4 nixture whioh is also added to the column. When the 15 ml 

has passed through, a farther 15 ml rinsing is also added. These 

eluates are discarded. Progesterone is eluted from the column 

by the addition of 15 - 20 ml (depending on the activity of 

the silica gel) of 111 ethyl acetate / hexane and this is 
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collected in a 25 ml conical test tube. The eluate is taken to 

dryness under nitrogen in a water bath at 60°C. After evaporation 

the sides of the tube are washed down with a small volume of 

ethyl acetate; this is also removed under nitrogen and the tube 

may be stored in a desiccator. 

Paper chromatography:. 

In this step the progesteraae is adequately separated 

other knownLI-3-ketosteroids which, if present, would 

cerise be determined by the final missurommt. 

The solvent system consists of 85% aqueous methanol/ 

hexane (50 a 50): and this is allowed to equilibrate in a separating 

funnel for-at least one hoar at 35°C.  

The paper chromatogram is cut into strips each 1 cm 

id* and extending 30  cm from the starting line. The extract is 

applied with a long cavil's  tube. The solvent is evaporated 

by a Hall chromatogram spotter which applies a stream of nitrogen 

under the starting line. The content of the conical tube is 

transferred with 3 x0.1 ml absolute ethanol. In addition to 

the plasma extracts, a blank strip of paper is run and the eluate 

from this is later used to correct for interfering material elated 

from the paper only. At this stage two progesterone standards 

of appropriate concentration (e.g. 0.7 pg) are prepared one to 

on paper and .the other to be evaporated to dryness and stored 

in a desiccator to be read. at the end of the method. Sudan red is 
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applied to the starting line of the, 
 teraouteartie 

in order to locate 

the eolvent front when the chromatogram is running and on these 

strips a lino p; drawn in ink at a distance of 20.5 Om from the 

origin. If thi chromatogram is allowed to run to this line the 

progesterone besides separating from the otherS-3-ketosteroids 

ie adequately separated from interfering material running near the 

solvent front. 

The chromatography tank is prepared with both phases in 

the usual fashion; the paper placed in position; the lid sealed 

with glycerine / water (211) and the tank allowed to equilibrate 

for three hours at 35°C. At the end of this ties. sufficient mobile 

phase is added. When the Baden red reaches the 20.5 cm liner  the 

chromatogram is removed from the tank dried in air and inspected 

in ultra violet light. The progesterone should be approximately 

13 cm fres the origin and use area extending slightly above and 

below the shadow (approximatel 4 cm in all) is marked off in 

pencil on the standard and nnknoin strips, The solvent front 

is also marked; the area of the paper strip containing the progest-

erone standard is cut out and an identical section equidistant 

from the solvent front is taken from all strips including the 

Each 4 cm sections is haped to a blunt point and a cut 

is made at the tip into which a wedge of filter paper is inserted 

(Bush, 1961). The paper is suspended is an elution apparatus as 



on apparatus for perm 	 • 
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shown in Fig. 8, and slowly eluted with 15 ml 95 ethanol. The 

elute is collected into the developing tabes which are taken to 

dryness under a stream of nitrogen at 6000 and may be stored 

in a desiccator. 

3pectrophotometrys- 

0.6 ml thiosemicarbazide reagent is added down the 

sides of each tube, and a set of tubes comprising the unknowns, 

the paper standard, paper blank, reference standard (0.75 ag) 

and reagent areetoppered and maintained at 25°C in the dark for 

1.5 hours At the end of this time each solution is read in a 

silica micro-cuvette at 292, 302 and 312 op. The reference 

standard is read against the reagent and the unknowns and paper 

standard against the paper blank. The progesterone content of 

the unknowns is calculated from a calibration carve based upon the 

Allen correction factor (Allen, 1950) for pure progesterone bie. 

thiosemidarbazone. ly  comparison of the Allen factor (D corr.) 

of the paper standard read in this way, with that of the standard 

read against the reagent a eheck can be made upon the straight 

line absorption of the paper background and the efficacy of the 

elution step. 

Time requiredl- 

The extraction of 4 x 10 ml samples and silica gil 

chromatography can be carried out on the first dqy of the procedure. 

Application to the paper, subsequent chromatography and elution 
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occupy the second day and the final reaction and spectrophotometry in 

usually performed on the following morning. 

Accuracy:- 

The accuracy of the method can be esseseed from the recovery 

experiments shown in Table 2. 

TALE 2 
TIVE DETERMIMATICW OF I R00ESTERONE 

RECOVERY FROM MALE PLASMA 
(pooled for replicate determination in 10 ml samples) 

Pro (Iron. recovered Mpg)  Recovery N) 

0,375 0.31, 0.36, 0.26 
0.75 0,69, 0.72, 0„Ite, 0.78 93.5 
1.50 1,35, 1.33, 1.29, 1.39 0.7 
340 2.79 3.031. 2.76, 2,35 91.1 
4.50 3.45, 3.52, 3.79, 3.43 80.5 
(.00 4,64 -4.63 .19, 4.83 79.0 

Further evidence for the accuracy of the method has 

been obtained by recoveries of progesterone from the silica gel column 

(Table 3) and from the paper obromatograpb (Table 
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TABLE 3  

RuortaT PROM SILI0A GEL 

Pro eterone added (ug) 	Progesterone recovered 0 

1.5, 1.5, 1.5, 1.5 102, 90.5, 95.3, 95.0 

3.0, 3.0, 3:0, 3.0 98.5, 9E60, 100.0, 96.2 

TABLE 4  

RECOV Pi OM WPM CMIOMATOGRAMS 

ogeeteron added (ug) Progesterone recovered ( ) 

1.5, 1 1.5, 1.5 1.5 10009 95.3, 90.0, 100.0, 100.0 

1.5, 2 1.5, 1.5  1000, 09.5, 97.0 95.3, 92.6 

3.0, 3.0. 100.0, 96.0, 90.2, 97.6 

It may be seen that - the silica gel and paper chromato raphy 

involve negligible losses and in view of the level of recovery 

attained by the total procedure at concentrations of 0.375 . 3.0,43/ 

10 ml plasma, no correction is applied. The recovery from male plasma 

at higher' concentrations (4.0 ug and 6.0 pg/ 10 ml) is somewhat 

lower approx. 80f but such concentrations have not been encountered 

in the, _determination of progesterone of endogenous origin since 

smaller volumes of plasma are used for the analysis of umbilical 

venous blood.  
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Precisions- 

The precision of the method may be assessed from the 

reproducibility of recovery experiments from male plasma 

(Table 2), and from replicate determinations in pooled pregnancy 

plasma (Table 5).. 

TABU?: 5 
ILLPLICATP.: ITIIMINATIONS IN PREGNANCY PLASMA 

Week of pregnancy 	Progesterone (pg per 100 ml) 

	

9th - llth (pooled) 
	

2.1,. 	2.1, 2.1 

	

22nd - 30th (pooled) 
	

7.3, 8.7, 8.7, 8.1 

Specificity: 

The specificity of the method depends upon the adequate 

preliminary purification by silica gel chromatography, and the 

separation of progeiterone from other known 454-3-ketosteroide by 

paper chromatography (hexane / 8.5 ,  aqueous methanol) as shown in Table 6. 

T3 	: 6. 

STEROID 	iP VALUE 	U.V. At • AT 240 mp 

200Chydroxypregn-4 -en-3 -one 	0.23 

androst-4-ene 3,17 dicme 	 0.20 
20/3 krdroVPregn-4-en-3-one 	0.45 
3/s hYdrozYProgn-5-en-20-one 	0.55 
progesterone 	0.60 
5 W. and 5/3androstanedione 	0.65 
54/C and 14pregnanedione 	0.69 



5ct and 5Apregnanedione, QS  pregnenolone, 5 of and 

5i4androntanedione, and allopregnanolone have rF values close to 

that of progesterone, and if present in the plasma would form mono 

or biethiosemicarbasones (Xmas. 270 ma) which would tend to 

increase the reading at 292 mp, and thereby lower the Allen 

correction factor. However subsequent work with gas-liquid 

chromatograft has not demonstrated the presence of aignficant 

amounts of these compounds. 

Further evidence for specificity at the sensitivity of 

the spectrophotometer is afforded by the linearity of the male 

plasma 'blank., and the feet that the biethiosemicarbazcee of the 

endogenous progesterone has an absorption maximum at 342 mp. 

end. ivitis 

The limit ofsensitivity of the method is 0.1 pg progest- 

even*. i.e. this concentration yields wbiethiosemicarbasone with 

an Allen factor significantly different from that of the male 

plasma 'blank'. This allows the'determination of progesterone in 

10 ml aliquots of peripheral venous plasma in early premancy and 

during the luteal phase of the menstrual cycle. 

The method hab been applied to the;  etermination of 

progesterone in serial samples of peripheral plasma during pregnancy, 

labour and postpartumi and six samples of oyometrium (Section Id). 
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A gas-liquid radiochromatographio method for the determination of 

progesterone in human plasma. 

Since the development of the preceding spectrophotometric 

method, attempts have been made to use the more sensitive techniques 

of fluorimetry, double isotope dilution, and gas-liquid chromatography 

for the deteriaination of progesterone in human plasma.. 

In 1960 Touchstone and MUraweo described a fluorimetric 

reaction which consisted of heating progesterone at 60°0 for 30 

minutes in 2N potassium hydroxide in methanol. When this mixture 

was dissolved in sulphuric acid at room temperature a maximal 

fluorescence Was obtained at 490 stip with excitation at 390 pp. 

This reaction was adapted by Short and Levitt, (1962) and 

applied to the paper eluate obtained from the extraction and 

purifioation procedures of Short,(1958). The increased sensitivity 

suggested the presence of progesterone in both follicular and luteal 

phases of the menstrual cycle, and the results implied that the 

Progesterone concentration was generally higher in the luteal than 

in the follicular phase of the cyole. The values in the luteal phase 

were in the game region as those previously determined epectro7. 

photometrically by Sommerville et al., (1963) and were some 

hundred times less than reported by the biological assay method of 

Forbes, (1951). However fluoroscopy at this seneitivity is liable 

to interference by non-specific material, whidh may produce high 

and erratic blank values. The results from the determination of 

endogenous progesterone at low concentrations must therefore be 



interpreted pith caution. 

Another more senaitive approach is that of double isotope 

dilution. The principles of 'thin technique were first described 

by Roston et al.., (1950) for the determination of aUno acids. 

The procedure involved formation of radioactive derivatives with 

1311 pwiodebeneenesulphonyi chloride. From the ac4unt of 1311 in 

the isolated derivative the amount of each endogenous Llano acid 

could be determined, while the recovery throughout the method was 

Checked by the addition of a known quantity of the appropriate 358 

derivative, 

edurea ware aubeoquently applied to the 

determination of cortisol and corticosterone (Dojeson and Degn, 

1956) and to the determination of plasma and urinary sldosterone 

using 	aceti.o anhydride (Mimeo and Petersen, 1960). 

,The technique Wee applied to the determination of 

plows progesterone by Woolever and Ooldficia in 1963. In this 

study pro geateroneido.140 was ,added to the Plasma sample as an 

internal control on recovery and the total progeatorone WAS 

extracted and subeequehtly isolated by paper chrematography. 

A tritium labelled derivative wee prepared by reduction with 

sodium borotritide followed by partial resexidation with manganese 

dioxide, The derivative woe then isolated and purified by paper 

chromatography. The carbon 14 and tritium content of the samples 

were determined by liquid scintillation counting and the relative 

amount of each isotope calculated by the method of Akita at ale,(1957). 
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The technique of double isotope dilution is theoretically 

the most sensitive, accurate and precise method available, as an 

internal standard is added to each sample, and the sensitivity is 

only limited by the specific activity of the reagent. However-in 

practice the accuracy and precision are limited by error in 

pipetting and counting, whilst the sensitivity is limited by the 

amount of background radioactivity in the final measurement. 

The criterion of specificity in the most difficult to 

satisfy as any compound in the solvents or reagents containing 

the reactive group (in the case of progesterone the carbonyl group) 

will interfere with the final measurement. Therefore the purity 

of the derivative must be rigorously tested, and adequate specificity 

is usually only achieved after many chromatographic steps. This 

limitation has resulted in the development of methods, which at 

the present are time consuming, laborious and expensive, but the 

principle offers great potential for development possibly in the 

form of gas-liquid radiochromatograPhy. 

The principles of ges-liquid chromatography were developed 

by James and Martin,(1952 alb) for the analysis of readily volatile 

fatty acids. In these studies a stream of inert gas (the mobile 

phase) was led threugh a glass column containing a polar liquid 

(the stationary phase) on en inert support (10 - le WO which 

was maintained at a suitable temperature to render the fatty aoide 

volatile in the gas. Separation depends upon the relative 

partition coefficients of the fatty acids in the gas and stationary 
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phase. The acids leaving the column were measured by titration 

against a base. 

The vast potentialities of the technique were soon 

appreciated and adaptations devised for the separation and measurement 

of other compounds. 

The first application to sterol chemistry was reported 

in 1959 by Eglinton et al. These authors found that cholestanone 

could be chromatographed on a column of Apieson L as developed for 

the separation of fatty acids, but even at 220°C the retention time 

was about four hours. Shorter retention times were reported by 

Beerthuis and Recourt, (1960) who demonstrated the separation of 

oestrone oestradiol oestriol and testosterone as their acetates 

on a la/,; column of silicone grease. 

Farther improvements were introduced by Vanden-Reuvel et 

al. in 1960. Shorter retention times and finer separations were 

achieved by the development of stationary phases which were more 

stable at higher temperatures and by the application of 1 - 0 

of these stationary phases to the supporting material. These 

advances allowed the separation of many pure sterols and steroids. 

This work with pure solutions offered the hope of more 

rapid, sensitive and specific methods for the determination of 

steroids in biological extracts. There were however two main 

problems to effect adequate preliminary separation without resort 

to laborious techniques and to ensure that the methods were 

quantitative. 
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In the present study upon the determination of plasma 

progesterone the first difficulty has been waved by the use 

of two dimensional thin layer chromatography and the second 

problem has been overcome by the eimultaneous determination of 

an isotopically labelled internal standard in terms of integrated 

radio-activity (Collins and Sommerville, 1964). 

These procedures together with a simplified extraction 

of the plasma give a high degree of specificity, accuracy and 

precision. The sensitivity is adequate for the determination 

of progesterone in 5 ml samples of pregnancy plasma and 10 ml 

samples collected throughout the menstrual cycle. The time 

required for the estimation is three hours plus the duration of 

the gas-liquid radiochromatography, which may last from 2040 

minutes depending on the choice of stationary phase and temperature. 

This time factor represents a considerable advantage over other 

procedures. 

While this work was in progress there were preliminary 

reports on the application of ees liquid chromatography to the 

determination of progesterone in extracts of human myometrium, 

(Kamer et al., 1962) and to the identification of the hormone in 

pregnancy plasma (Futterweit et al* 1963). 

MATUIALS 

All solvents were purified by standard techniques and 

redistilled prior to use. The stationary phase for thin layer 

chromatography was 'Kieselgel' with calcium phosphate binder 
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and fluorescent indicator from Camag Ltd. .(obtained from Griffin 

and George Ltd., London). Gas-liquid radiochromatography was 

performed on a Pye penchromatograph with a macro-argon ionization 

detector; the radioactivity being measured simultaneously by 

a gas proportional counter coupled to an Echo ratemeter (type N701A) 

which incorporates an integration unit. The instrument was 

modified so that all the effluent gas from the column passes 

through the argon detector before combustion and detection in the 

gns proportional counter. A. block diagram of the apparatus is 

shown in Fig. 9. The columns are five feet in length. and for 

routine use the stationary phase preferred is 1% cyclohexane-

dimethanol succinate (CM) on Gas Chrpm. P. 60-80 mesh (W. G. 

Pye-and Co. Ltd.,,Canbridge).. Progesterone-4-11C (21.7 ma/MM) was 

obtained from the Radiochemical Centre, Amersham, Mucks., 

METHOD 

The peripheral venous blood is withdrawn and the plasma 

removed as previously described. An internal standard (0.1 0.5 pg) 

of progesterone-4-14C is added to each sample. After the addition 

of sodium hydroxide, the mixture is shaken for five minutes; 

extracted with 2 x 100 ml ether; the extract washed with 20 ml 

distilled water and evaporated to dryness in vamp. The extract 

is then transferred with 3 x 5 ml methanolsohloroform (lsl) to 

a small conical test tube and evaporated to drYness under nitrogen 

at 60°C (a small volume of the same mixture is added - to wash the 
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Fig.9. Block diagram of Pie Paaahromato raph for 	-liquid 
radiochromatography. 
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extract into the tip of the tube and after re-evaporation the 

tube mgy be stored in a desiccator 

Glass plates 20 cm x 20 am are coated with Vieeelgel 

and stored in a desiccator before use. The extracts are applied 

to separate plates (using a glass capillary and 3 x 0.05 ml 

methanol:chloroform (131) on a spot 2 cm in from either side of 

the right hand corner. The first system used is benzene / ethyl 

acetate (3:2), the solvent being allowed to travel 15 am. The 

plates are then removed, thoroughly dried, the compounds are 

located under ultra-violet light (2537 1) and demarcated with a 

fine needle. As an additional safeguard, the position of the 

steroid may be located either by extrapolation from two standards 

applied to the contralateral corners of the plate at the.start 

of each chromatogram, or by autoradiography over night on Yedirex 

X-ray film. The silica gel containing the compound is loosened 

with a microspatula; aspirated on to a filter disc (1 on diameter 

No.3 grade); eluted with 3 x 0.5 ml ethanol under positive 

pressure and the eluate evaporated under nitrogen at 60°0. The 

elution apparatus was devised in the department by Dr. M. I. Stern 

and is shown in Fig. 10. 

Fig. 11 is a photograph of the ultra-violet absorption 

of four authentic steroid standards, and Fig. 12 shows the result 

obtained in an extract of pregnancy plasma. In some instances 

(e.g. post mature plasma samples) examination of the plate in 

ultra-violet light reveals other compounds which are under investigation. 
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- 111tion al;aratuo for thirv-layer ciiratucy=a. 
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Fi 11. Two-dimensions thin-layer ehromstogr i showing 
20 ot- ...hydrox7pregy4-en-3-one (r 
androstua4-sned-5120,-dione (left); 20W hydra y-
pregn-4.Pen-3..ons (left); pruGeeterons. 
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Fig.124, Tusuidisessional thin...layer chromatogram shosinc 
proccsterone (costs, of plate) fros *street of 
8,0 s1.. regnaney plasma (spot includes internal 
otaudard 



Where gas-liquid chromatography is not available, the 

progesterone in the eluate (if more than 0.1 p40 may be determined 

spectrophotometrically after formation of the bisthiosemicarbazone, 

and the recovery determined by liquid sicintillation -000434ff. 

lkSc-gas-liquid rediodhromatographY, the eluate is 

transferrer; with 3 x 20 p1 methanol / chloroform (1;1) to the 

dentrevf4lreotangle of folded stainleSs_steel gauze (previously 

flamed and bold over a warm surface) which is dtopped on to the 

top of a C column after cessation of the gas flog. All 

conditioni-.are Carefully standardised and the chromatography 

carried out at 2101C. The retention time of progesterone is 

72 Minutes and the relative retention tine of other steroids can 

be expressed in terms of oholestane or using progesterone itself 

as a nerborf _Tor routine work the retention time of progesterone 

may be shottomidtortmAsing.tbe..tempetaturs., The amMaMt-of 

progesterone on the differential trees from the argon detector is 

calculated from the peat area mat2  and reference to a standard 

curve. Pro* this, the amount of internal standard recovered 

(calculated from integrator units on the radioohromatography 

recorder) is subtracted and the results corrected for loss. 

Table 7 shows :the relationship between progesterone, 

peak height, arekand integrator units at one of the concentrations 

Used for calibration. Peak height is not satisfactory at relevant 

concentrations whereas satisfactory calibration curves are obtained 

from peak area and integrator units. The sensitivity of the argon 



225°C 	10 

0 Oyg IJroges crone - 

I'M° v s It thr 

14c 
SD 1,000 p.p... 

_ 5 7.. 
TABLE 7  

WANTITATIVE•OAU-LIWII) PADIOCHROMITOGRAPIrf 

0.5 pg progesterone - 4 140 

Argon 
(diffireltial trans) 

210°0 i 10..7  anp 	1,000 V s 5/hr 

Peak height ( Peak area (nun2) 

128 694 
110 710 
125 705 

141 709 
123 721 

147 730 

Integrated reiliosetivity 
781 1,000 p.p.s. --:ireoorder 

sensitivity.  

Integrator units 

330 
320 
330 

335 
330 

335 

Mean S.D. 129 + 13.3 	711 + 12.5 	 330 1 5.5 
Cooff. of 
variation 10.3 
	1.0 
	

1.7 

101 ,1,111 
101 1,313 
102.5 1,308 

99 1.138. 
92.5 1,156 

98 5 4231 

Mean B.D. 99.1 3.5 
	1,258 + 80.2 	 209 + 6.1 

Coeff. of 
variation 	3.6 
	

6.4 	 2.9 

205 
210 
202 
218 
215 
208 
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detector is tested daily by ealftlating the peak area and recovery 

of a sample of purd(progesterone.4J4C. In this connection, it 

was found that *small proportion (2.5 per mint) of the standard 

consists of sin isotopically la'be'lled coepomest . (possitly the 

17sx-episse) which appears immediately before the maim peak. 

For the determination of progesterone during the lnteal 

plume of the menstrual cycle and pregnancy'  adequate sensitivity 

is obtained is the panchromatograph with a current range of 

1(0 amp; the ratemeter at minimum sensitivity (full-seals 

deflection 1,000 p.p.s• J recorder sensitivity) and a chart 

speed of 31b, 	s permit. the determination of 0.01)4. 

However as sheen in Table 6 higher sensitivity can be obtained 

by deoreasisg the' attenuation or amplifjing the signal from the 

argon deteeter through a second integrator and by increasing 

the chart speed.  

Figs. 13 and 14 are photographs of differential traces at 

10 	amp. It will be seen that there is adequate separation of 

a variety of steroids which in the thin layer system have Rf 

values close to that of progesterone. Androst.4-one-dime is not 

shown in Fla. 131  but it has a retention time between that of 

5/3-pregnane-3,20-dion. and Af pregen-3/3-01-20-one. At this 

sensitivity progesterone has been the only steroid present in 

the progestermnet dlnate from 80% of the plasma samples collected 

during the luteal phase of the cycle or pregnancy, however in a 
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120 	80 	40 	0 
min 

Pig1113. Differential trap from macro argon detector (1% 
0DMSt 210°0' 1O amp; 1,000 ir; chart speed 5"/hr). 
Peaks represent from right to lefts solvent; 
54 ioandreatanes3, 20..dione, 5i4-.-pregnane.o3,20 
dionel 	‘prognen..3 A o1-20 ant; progesterone, 
20/S -hydroxy-pregn-4*•en•3-one; 20ooitydroxym.pregn 
4-en.3.0one. 
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few oases another peak well separated from progesterone has been 

visible on the gas-chromatogram. 

The specificity is achieved by the two-dimensional 

chromatogram and by the 	OD) column. The simultaneous recording 

of radioactivity confirms the identity of the progesterone peak 

at each analysis. If othere-3-ketosteroids are detected on 

the thin layer plate, these can be eluted separately or as a 

group and then subjected to gas-liquid chromatography. Further 

evidence on specificity has been obtained by the use of other 

stationary phases - 1 neopentyl glycol adipate (NFGA) and the 

silicone polymers, A4 NF-l' and 37 '8E-300. In addition, the 

lel dimethylhydrazone and the bisethylene ketal derivatives of 

endogenous progesterone from pregnancy plasma have been chromes 

°graphed on VA CMS and X; Nr-lte 

It will be noted from Fig.14 that the minimum of non... 

steroid material is applied to the column and this obviates 

contamination of the macro-argon detector. 

The results from the application of the method together 

with the recoveries of the internal standard are presented in 

the next section. The validity of the recoveries and hence the 

precision of the method was investigated by a series of replicate 

determinatIons on a pool of early pregnancy plasma. The results 

from a series in which the recoveries were both poor and variable 

are shown in Table 8. 
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TABLE 8 

Early pregnancy 
'(replicates on pool) 

Recovery of internal standard progesterone/5ml 

84 100 0.22 0.21 

20 85 0.22 0.19 

Beeeveri the recoveries are usually higher than 80%, 

and the loss appears to be mainly due to the technique of 

transferring the eluate to the metal gauss (since a similar loss 

occurs in a proportion of the standards).  

More recent re4nesents of this teohnique include the 

troduction of a Stream of hydrogen into the combustion chamber 

to clear tritium produced and so enable the use of tritiated 

progesterone S.A.750 mo/mM as en internal standard. This 
to endogenous 

modification decreases the ratio of exogenous/ 	sterone by 

a factor of ten, and is now. employed routinely for the determination 

of peripheral progesterone during the menstrual cycle. Using 

progesterone-3B of high specific activity a significant number 

of integrator units is' obtained with as little as 0.005 pg., 

although for the present, 0.1 pg is used as carrier to facilitate 

the calculation of specific activity. A series of standards at 

this level (and using minimum sensitivity; 1,000 

deflection) yields -1775 integrator units + 6.3 (mean + S.D.) with 

a coefficient of variation of 0.04%. 
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It should be emphasised that the gas-liquid chromatography 

of steroids presents special problems with regard to column 

efficiency► and the fact that the temperature for work under 

isothermal conditions is relatively high. Above all, attempts 

to increase the sensitivity of the method for the determination 

of nanogram amounts of steroids is obviously essential for the.  

microanalysis of the quantities present in pisses samples of 

reasonable volume. 

In view of the limited quantity of steroids available 

in serial analyses in human subjects it may be necessary to 

transfer the total final product of the analysis to the column 

and some form of technique for solid injection is essential, 
• 

because it would not be possible to trannfer the final product 

with the small volumes of solvents which can be used for liquid 

injection at high sensitivities. Accordingly, throughout the 

present work solid injection has been employed and the top of 

the column was modified so that the metal gauze to which the 

extracts have been transferred could be dropped on to the column 

and removed without the necessity to disconnect the base of the 

column. This modification is based upon a more elaborate 

system designed by Dr. Menini. In the present work the gauzes 

are suspended upon a cross wire in an oven at 60°C so that the 

transferring solvent is evaporated. Quantitative transfer, 

e.g. 3 z 10 pl can than be conveniently performed. The gauzes 

(obtainable from Griffin and George, Ltd.) are placed in a glass 
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sidearm (up to six gauzes at a time) and moved along the sidearm 

on to the column by a magnet without interruption of the gas flow. 

The elimination of the majority of the solvent front which would 

have resulted from liquid injection yields chromatograms in 

which the signal from the steroid rises from a satisfactory 

base line. 

Developments in instrumentation are actively in 

progress and their application to the present problem continues, 

but the results obtained by the technique as described are presented 

in the following section. 
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RESULTS 

1) Studies upon the chemical determination of progesterone 
during pregnancy. 

a) The individual variation in progesterone levels in 
peripheral venous plasma. 

b) The serial determination of progesterone in peripheral 
venous plasma during normal labour. 

c) The serial determination of progesterone in peripheral 
venous plasma poet partum. 

d) The determination of progesterone in uterine venous 
plasma. 

e) The determination of progesterone in umbilical arterial 
and venous blood. 

f) The determination of progesterone in amniotic fluid. 

2) Studies upon the chemical determination of progesterone 
during the menstrual cycle. 

a) The range and variation of progesterone levels during 
normal menstrual cycles, and the serial determination 
from the same subject. 

b) The determination of progesterone in ovarian venous 
blood. 

o) The determination of progesterone in adrenal venous 
blood. 

3) Studies upon the che csa determination of progesterone 
in tissues. 

a) Thy; determination of progesterone in myometrium. 



66. 

1) Studies upon the chemical determination of progesterone during  
raseimancy. 

a) The individual variation in progesterone levels in peripheral 
venous plasma. 

The results obtained by biological assay before the 

chemical isolation and determination of progesterone in human 

peripheral plasma were very variable. These results are shown 

in Table 9. 

TAMP, 9  

Authors Range of progesterone levels 

  

menstrual cycle 	pregnancy 

Haskins, (1941) 

Hoffman and V.Lam,(1949) 

Forbes, (1950, 1951) 

Schultz, (1953) 

170 - 520 pg" 	up to 200ug/100m1 
100 ml plasma 	plasma 
luteal phase 

30 > 2513,r, 100m1 
plasma 

13 up to 200pe101m1 
plasma 

2 above 200upd100ral 
plasma 

003.- 0.4 pg 
100 ml blood 
luteal phase 

13.04 100m1 
serum 

up to 9  100m1 
blood 

A2 already mentioned (Section la),_the first attempts at 

chemical measurement by Reynolds and Ginsburg, (1944), Haskins, (1950) 
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Butt et al., (1951) failed to detect progesterone in the 

peripheral blood of normal women, but indicated that, if present, 

the level was below 0.1 pg./ ml plasma. The chemical isolation,. 

identification and measurement of progesterone in peripheral 

plasma was reported by Zander in 1954, followed by a more detailed 

account in 1955. He studied 9 women in the second half of 

pregnancy and found that the concentration of progesterone 

ranged from 4 - 27 pg/ 100 ml plasma. 

These levels were confirmed in a preliminary report 

by Sommerville, (1957) upon plasma samples taken from 4 women 

at the 36th week of pregnancy. Progesterone was demonstrated 

in all oases in amounts ranging from 9.8 - 12.3 mil  100 ml plasma. 

In 1958 Short published a few preliminary results of 

progesterone levels in peripheral plasma during pregnancy, 

followed by a more extensive paper on both progesterone and 

oestrogen levels in the peripheral blood of women undergoing 

Caesarian nections and in women in labour. In all these cases 

the progesterone values fell within the range previouSIy reported 

by Zander, (1955). 

However early in 1959 Oertel et al. published the 

results of 7 determinations on progesterone in peripheral plasma 

from the ninth to the fortyfirst week of precnanoy. These 

values ranged from 11.9 - 44.9 pc/ 100 ml plasma and appeared to 

be slightly higher than those previously reported. 

In 1959 Zander published a further 35 observations from 
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the sixteenth week of pregnancy until parturition. These values 

showed a marked scatter and no obvious rise in progesterone level 

as pregnancy progressed. In contrast to these results Short and 

iton, (1959) published figures based on 47 individual determin-

ations on different women, which indicated a steady increafie in 

progesterone ocncentration from the eleventh to the thirtyfifth 

week. In the same study it was also observed that the plasma 

progesterone levels were considerably higher in twin pregnancies 

than in singles, moreover the levels in two women with triplets 

appeared even higher. 

These discrepancies prompted a preliminary investigation 

into the individual variation of peripheral plasma progesterone 

concentrations at the same week of gestation. These results 

are shown in Fig. l5 which illustrates the variation between 22 

subjects at the thirtysixth week of pregnancy. 

) The serial determination-of progesterone in peripheral venous 
plasma during normal labour 

Since the demonstration by Corner in 1928 that progesterone 

could maintain pregnancy in certain °varlet:itemised animals, 

there has been much stimulating controversy on the function of 

this hormone in human pregnancy. One hypotheeis implicates a 

major role in the maintenance of pregnancy and associate's the 

initiation of labour with a decrease in the production of pro-

gesterone by the placenta. 



36 week pregnancy 

Fig. 15. The variation in progesterone levels from 22 nab sets 
at the 36th week of pregnancy. 
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In 1961 Zander investigated this possibility by 

measuring progesterone levels in 11 women 1 - 5 days before 

parturition and again during labour when the cervix was fally 

dilated. In every case a fall in the level of progesterone 

was observed. These results were in apparent contradiction 

with those of Aitken at al., (1959), who found that there vas 

no significant differences between either the maternal or foetal 

levels of progesterone (or oestrogens) when Caesarian sections 

and normal labour groups were compared, and concluded that 

parturition in women is not associated with any major changes 

in peripheral progesterone (or oestrogen). 

This hypothesis was also investigated by Deshpande 

et al., (1960) who carried out serial assays of peripheral venous 

progesterone and pregnandiol upon a series of 13 women before 

and during laboar. In these oases there was no evidenoe of a 

fall in plasma progesterone concentration in late pregnanoy or 

labour. On the contrary there wee arise in 4 oat of 8 subjects 

in whoa relevant data was obtained* Similarly the plasma 

pregnanediol concentration did not show a marked fall until 

after delivery of the placenta and in addition, it was observed 

that elevated values occurred before or during labour. It was 

also noted that the rise in pregnanediol was frequently 

unaccompanied by a proportionate rise in the concentration of 

progesterone. Thus whereas the mean progesterone a pregnanediol 

ratio between the twentyninth and thirtyfifth weeks was of the 



71. 

order of 1 : 4, ratios of 1 : 8 or even 1 : 14 were obtained 

in later samples. 

This experimental approach was continued in the present 

study in another patient. The plasma progesterone was measured 

by the modified method involving thlosemicarbaside formation, 

the plasma pregnanediol by•the procedure of Sommerville and 

Deshpande, (1958) and in addition eight hourly urinary pregnanediol 

determinations were performed according to the method of Xiopper 

et al., (1958). The results are shown in Fig. 16. 

o) The serial determination of progesterone in peripheral 
- venous plasma post-partum. 

Although the peripheral progesterone levels do not 

appear to fall either before or during parturition, or during 

therapeutic abortion (Short et al., 1965), it has been shown 

that they do fall rapidly after removal of the placenta (Short 

and Eton, 1959). This fact, together with the assumption that 

the contribution to progesterone secretion by the ovaries and 

adrenals was negligible at this time, has been used by Short and 

Eton, (1959) to investigate the half life of progesterone in 

women undergoing Caesarian sections. Using this method an 

average half life of approximately 5 minutes was calculated, 

which was in good agreement with that obtained by another method, 

(Pearlman, 3957b).  In the present study, plasma progesterone 

was determined in peripheral venous plasma collected from five 

women after normal delivery. The results are shown with respect 



PLASMA PROGESTERONE ; PLASMA AND URINARY PREGNANEDIOL 

y.g./100m1. 
140— 

mg/hrs. 
120— 3- 

. 285).Lg/100 ml. 

Urinary Pregnanediol mg/hour 

Plasma Pregnanediol yg/100m1. 

Plasma Progesterone jig./100m1. 

Spontaneous delivery. 

Labour 	 Post- part u m 100-

80— 2 

60-

40— I 

20 — 

39th. week 

2p.m. 	2a.m. 	2p.m. 

Fig. 16, Mamma progesteraw plasma and urinary prignanedic1 
levels during normal labour. 
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to tine after delivery in Fig. 17. 

d) The determination of progesterone in uterine venous blood. 

Zander and von MUnntermann, (1956) deterrdned the 

concentration of progesterone in 5 samples of uterine venous blood, 

and found that the levels wore higher than in the peripheral 

venous blood. During the third month of pregnancy the concen-

trations were below 10 pg / 100 ml blood; by the fifth month they 

had risen to 14 	/ 100 ml blood, and the mean of three determ-

ination° carried out during the tenth month was 26 dug / 100 ml 

blood. 

A more elaborate study upon the first half of pregnancy 

VMS presented by Fuchs et 41., (1963). They determined pro-

genterone,levelm in 28 samples of uterine venous blood collected 

from womenbetwdea the ninth and twentyneoond weeks of pregnanoy. 

In theme woes the mean concentration was 35.4 pg/ 100 ml plasma 

(range 8 ib 97), which is some ten fold higher than the esneentration 

in the peripheral blood in early pregnancy. 

a) The determination of progesterone in umbilical arterial and 
venoun blood 

Progesterone has been measuredin umbilic venous 

blood kr numerous workers Butt et al., (1951); Pearlman and 

Thomas, (1953); Zander and von Miinste mann, (1954); Sommerville 

et al., (1950) and. Aitken et al., (1950. From the results 



Fig. 17. Plasma progesterone levels in five subjects after 
normal deliveries. 
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presented it would appear that the progesterone concentration 

in umbilical venous blood is three to four times higher than 

in the peripheral blood of the *other. 

It appears therefore that a considerable amount of the 

progesterone produced by the placenta enters the umbilical vein, 

and considerable interest has been focused on the metabolism of 

this compound by the foetus. In 1962 Runnebaum and Zander 

published resUlts comparing the levels of progesterone 200c and 

20/11..hydroXYPregn-4-en- -one and 170c!..hydroxyprogesterone in 

the plasma of the umbilical vein and artery. It was found that 

the average- concentration of progesterone in the plasma of the 

umbilical vein (37.2 4. 0.6 pg1100 ml) was higher than the 

concentration in the umbilical artery (14.0 4. 1.8 pgi 100 ml). 

Roweveri in Mentrast, the concentration of 200c. and 20/3 hydroxypregn- 

4-en3-one ani-170thydroxyprogesterone, were higher in the artery 

than in the.villt! 

f) The determination of progesterone in amniotic fluid. 

In 1961 Zander reported the isolation of small amounts 

of radioactivity in the amniotic fluid after the intravenous 

injection of progesterone-4- C into the maternal blood stream. 

However, no progesterone has hitherto been identified in amniotic 

fluid. In the present work kof a 2817 	sample of amniotic 

fluid was treated with alkali and extracted according to the 

method of Collins and Sommerville. (1964). The extract was then 

purified on silica gel according to the method of Goldzieher et 
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al.. (1961) and the eluate containing the steroids placed on a 

thin layer plate and chromatographed in two dimensions. 

The spot corresponding to progesterone was eluted and 

one third of the extract applied to gas chromatography using 5r, 

S.E.30 as stationary Phase. The peek area was compared with 

that of authentic progesterone. 

In this case the total concentration of progesterone 

in the 280 al samplewas 38 pg. The ultra.violet absorbing area 

immediately below that of progesterone was eluted and one third 

of the extract analysed by gas chromatography. Two peaks were 

obtained from the S.E.30 oolumn with retention times identical with 

those ofe z%aridestenedione and 20cLhydroxypregen-4-en.i.3 one. 

The concentrations of these two constituents were 14 and 19 lag 

respectively,. 

2) Studios utraLlbe chemical determination of progesterone  
during the sensiguel Cycle. 

a) The range and variation of progesterone levels between 
different individuals during normal cycles. 

The biological assay method of Forbes, (1951) indicated 

the presence of large amounts of progesterone in peripheral plasma 

during the menstrual cycle. However, the work of Zander (1955) 

failed to deteet the hormone which:suggested that if present at 

all the level was below 5.0.pg/ 100 ml plasma.- The first figures 

from chemical analyses were reported by Oertel et al. in 1959. 

They analysed 5 samples from the 7 - 21 day after the last 
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menstrual period and found values between 2.5 and 5.0 pg / 100 ml 

plasma. 

In 1963 Sommerville et al. using a opectrophotoletric 

method published figdres on plasma samples from 6 subjeetsduring 
the luteal phase of the cycle as shown in Table 10. 

TABLE 10  

SHAY 
	

DURA T ION 	PROGESTERONE 
(jig / 100 ml plasma) 

18 25 1.5 

20 28 3.5 
21 SE 	' 3.9 
22 26 - 	1.5 

23 25 1.1 

27 31 0.9 

m conception occurred during this cycle 

The liewel of progesterone wee below 0.1 pg/ 10 ml of 

plasma in both the,  follicular phase of the cycle and in male plasta. 

In 1962 Short and Levitt used a fluorimetric method for 

the determination of progesterene in 17 samples of peripheral 

blood from women during the menstrual cycle. The concentrations 

found during the follicular phase (1.1 7. 2.3 pg / 100 ml plasma) 

were lower than'those found during the luteal- phase (1.8 - 2.3 Ng 

100 ml platma) 	In one wash from whom serial samples were taken during 

the course of the cycle, a well defined rise in the,leVel of 

peripheral progesterone after the presumed date of ovulation was 
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reported. 

In 1963 Woolever and Goldfien described a double isotope 

dilution method for the serial determination of progesterone in 

the menstrual cycle and applied the method to 5 subjects, (WOolever, 

1963). Daily samples of 10 - 15 ml blood were removed and analysed. 

The preovulatory values ranged from 0.0 - 0.53 ug/100 ml plasma, 

with a mean value of 0.17 ug/100 ml. Values for the second half 

of the cycle' ranged from 0.6 - 2.1 pg/100 ml plasma, with a mean 

value of 1.08 pg. A male plasma Pool averaged 0.66 pg/100 ml plasma. 

In 1964 Collins and Sommerville published a gas-liquid 

radioehromatographic method, which permitted serial analysis of 

progesterone during the course of the menstrual cycle. The 

application of this method to random plasma samples from different 

individuals at various stages of the cycle is shown in Table 11. 

TAW 11. 

Subject No. Age 	DIA, of 
(yr) 	cycle 

Duration 
(days) 

Recovery of 
internal 
standard( --9 

Progesterone 
(ug/100 ml) 

1 28 	4 32 24 0.52 
2 23 	9 29 95 0.75 
3 24 	10 30 76 0.97 
4 18 	13- 32 96 0.90 
5 17 	17 29 12 3490 
6 34' 	19 28 101 1.40 
7 35 - 	19 28 90 2.30 
0 38 	21 27 99 0.60 
8 38 	23 27 100 0.53 
4 18 	24 30 100 1:10 
3 24 	26 30 94 1.10 
9 25 	28 35 80  1.10 
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Following the introduction of 0 progesterone as An 

internal standard, serial ass4s were performed on one subject 

during a complete cycle. The results from this study are 

shown in Fig. 18 and compared with those obtained by Riondel 

et al., (1965) using a recently published sensitive and specific 

double isotope dilution technique. The results from the analysis 

of a 200 ml planma sample taken on the twentysecond day of 

another cycle are also illustrated. In this instance the other 

extract was subjected to a preliminary purification on silica 

gel according to the method of Goldzieher et. al., (1963). The 

extract wee then chromatographed as in the method of Collins end 

. Sommerville, (1964). Progesterone and 20(ehydroeypregn-4-en-3eone 

were identified after running the free compounds And various 

derivatives on several thin-leyer end gas-liquid chromatographic 

systems. The concentration of 20oehydroeypreeee4-ee-3-one was 

found to be approximately twenty times lower than progesterone. 

b) The determination of progesterone in ovarian venous blood. 

Mikhail et al., (1963) determined the concentration of 

progesterone in ovarian venous blood from three patients 5, 10 

end 11 days after ovulation as determined from temperature curves. 

The levels found were 110.0, 43.2, and 20.6 eg/100 Mi blood 

respectively. In blood obtained during an anovulatory cycle no 

progesterone was detected, the level being below 2.0 	100 ml. 

The analyses of pooled samples also reVealed the presence of 

9.1 pg/100 ml blood 170thydroxyprogesterone, 2.2 p Jln0 ml blood 
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Fig. 18. Quantitative determination of plasma progesterone in 
peripheral venous blood throughout the menstrual cycle 
of a healthy woman and in MO ml. plasma collected on 
22nd day. The range of values reported by Riondel et 
al. (1765) for samples collected between 8th - 10th 
and 17th - 20th data is shown. 
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200LhydroVPregnen-4-en-3-one and 5.9pe1i)0 ml blood of 114  andro-

stenedione. The minimum volume of blood used for these analyses 

was 40 ml. 

) The determination of progesterone in adrenal venous blood. 

Short, (1960 detected progesterone in two out of three 

samples of adrenal venous blood from post-menopausal women after 

excessive stimulation with adrenworticotrophic hormone (ACM. 

The concentrations found were 5.0 - 6.0 pg/100 ml blood, and it 

was estimated that the output of the two adrenals was of the order 

of 25 pg / hour. 

3) Studies upon the chemical determination of promterone in  
tissues. 

a) The determination of progesterone in myometrium. 

In 1962 burner et al. reported the isolation of progesterone 

from 40 45 gm of myometrial tissue composed of pooled biopsies, 

and in three cases from women undergoing Caesarian hysterectomy. 

Gas-liquid chromatography was used after preliminary digestion of 

the tissue with 5 sodium hydroxide extraction with ether and 

preliminary purification on silica gel. The level of progesterone 

ranged from 0.08 - 0.63 pegm wet weight of tissue. In the few 

oases studied the concentration at the placental site appeared 

to be higher than at the anti-placental site, thus supporting the 

concept of endocrine agymetry proposed theoretically by Csapo, (1961). 

In view of the limitations imposed by the use of such large quantities 
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of tissue, it was decided to study further with more sensitive 

methods 1.0 - 2.0 gm myometrial tissue obtained at biopsy. In all 

cases ttm speotropbotonetry was used for the final measurement, 

however in a few instances the results were confirmed by gas-liquid 

chromatography. The resulte are shown in Table 12. 

TABTX 12. 

Week of 	Placental site 	Anti-placental site 
pregnancy 	)ag progesterone/gm. wet weight of tissue 

14 0.294 0.294 
14 0.120 0.105 
35 0.158 0.004 
36 0.500 N.D. 
36 0.120 0.260 
36 0.104 0.215 

Three extracts of nyometrium of similar weight from hyster. 

eotomised postmenopausal subjects gave zero readings at all three 

wavelengths. 

Discussion. 

The technical difficulties involved in the development 

of a practical method for the determination of progesterone in human 

peripheral plasma are reflected in the many different procedures 

iwhiOh have been advocated for this purpose. In fact there have been 

more reports on the development of adequate techniques than on their 

application to biologicaljmobleMs. The situation has been complicated 

by two factors. First, the preliminary results obtained from large 
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plasma samples indicated a wide range of levels from different 

individuals at the same week of pregnancy and this was confirmed 

in the present study (Uection 1d). This implied that if only 

one sample could be taken from each individual, large groups 

would have to be assayed to follow the course of progesterone 

levels. To overcome this ifficulty it was considered desirable 

to develop a more sensitive method which would allow the serial 

determination of smaller plasma samples from the same individual. 

Secondly it was demonstrated that the levels of pro-

gesterone in peripheral plasma during the menstrual cycle were  

below 5.0 pg/100 ml plasma, but could rise up to 40.0 Ng/100 ml 

during late pregnancy. Hence to be applicable to all conditions 

the method must be extremely sensitive and valid over a wide range 

of concentrations. 

In the first methods to be developed, progesterone was 

measured either as the free compound or an a derivative by 

comparison with a standnrd solution in s, spectrophotometer. In 

general these methods tend,e to be laborious because the final 

mea surement reaeared the preparation of very pure extracts, and 

accurate and reproducible results depended to a large degree on 

the skill of the investigato 	The speetrophotometric measurement 

also limited the sensitivity to 0.1 pt, of progesterone, so that 

these methods were best suited for studies on plasma samples from 

late pregnancy. 

Greater accuracy and precision in the methods followed 
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the introduction of isotopically labelled progesterone as an 

internal standard, and later the formation of labelled derivatives 

offered the possibility of greater sensitivity. However both 

of these advantages in the form of doUble isotope dilution could 

only be obtained after numerous chromatographic steps, and the 

time involved for the aesw was lengthened accordingly. This 

situation was improved by the consecutive application of thin-

layer chromatography and gas-liquid radiochromatography to the 

problem of determining micro amounts of steroids in blood and 

tissues. These techniques allowed the advantages from the use 

of isotopes to be obtained with. quicker methods of purification 

and separation. 

The first successful application of chemical assay 

methods demonstrated low levels of progesterone in peripheral 

plasma. Biological assay methods had given variable results but 

indicated that the levels were some ten times higher in late 

pregnancy and some hundred tires higher in early pregnancy. These 

discrepancies have only been partly resolved by the isolation of 

200c and 20/3 hydroxypregnen-4-en-3 one. It also appears likely 

that the biological assay methods ere complicated by the antagon-

istic activity of non fprogestational substances such, as 

oestrogen (Olsen et el. 1952). 

The methods developed durini the present study were 

first applied to tho serial analyses of progesterone in peripheral 

plasma during normal labour, for the mechanisms which initiate 
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parturition are not understood although explanations involving 

either the hypophysis, oestrogen, or progesterone metabolism have 

been suggested. 

However the following facts have been fairly well 

established: 

1) Total hypophyeectomy does not interfere with the normal 

()purse of parturition in women (Little et ai.,1958). 

2 In oases of twin pregnaneies in women with a double 

uterus the twins may be born several weeks apart 

(Caapp, 1961). 

3) The maternal ovaries are not required to maintain 

pregnancy after approrirately three months (Tulsky and 

Koff, 1957)• 

These findings suggest that the 'uterum.=placenta-foetus 

unit' is an independent self=regulating structure (Diezfalusy, 

1961) and mainly as a result of studies on the rabbit a concept 

has evolved that progesterone produced in the placenta plays a 

dominant role in the maintenance of pregnancy by a local effect 

on the myometrisi cells. A decrease in the production of hormone 

might then initiate parturition. 

However it has also been shown thats 

The levels of pregnanediol in 24 hour specimens of 

urine do not show a fall before parturition (Russell 

et al., 1957). 

The concentration of progesterone in the placenta does 
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not fall before parturition (Zander and von Manatermann, 

1956) 

c) The level of progesterone in cord blood does not fall 

before parturition (Aitken et al., 1958). 

d) Peripheral injections of progesterene will not delay the 

onset of labour (Pose and Ficlitz, 1960). 

Most of the findings listed above have been derived from 

studies on isolated fluids or tissues from different subjects and 

may not therefore represent a true picture as to events occurring 

in one subject. Accordingly it was decided that as. a preliminary 

study, information on changes occurring over short periods in the 

'uterus-placenta-foetus unit', might be obtained from the serial 

analysis of maternal peripheral venous plasma. From the results 

of the six cases presented by Deshpande et al., (1960) and in the 

present studies there was no indication of a fall in progesterone 

or pregnanediol, in fact there was usually a rise in both substances 

but in particular pregnanediol. In studies upon isolated blood 

samples it might be more valid to express the results as pg 

progesterone/100 ml blood rather than /100 ml plasma, although 

by measuring the ratio of progesterone to its principal metabolite 

this criticism is overcome to a certain extent. 

The increased concentration of plasma pregnanediol 

may reflect either: 

a) An increased secretion of progesterone followed by a 

rapid conversion to pregnanediol. 
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b) A change in progesterone metabolism during late pregnancy 

• (Bengtson, 1959)• 

A decreased excretion of pregnanediol 

Further infermation on the initiation Oflabour may be 

obtained from oases of therapeutic abortion. In this connection 

it is interesting that replacement of the amniotic fluid by a 

hypertonic solution usually precipitates an abortion within forty-

aight hour*. This phenomenon mey be explained either by an 

adverse.effect on the eneyaes responsible for progesterone 

preduction in the placenta, or by alocal ionic effect resulting 

in the depolarisation of myometrial cells. 

In the present work the possible effect on progesterone 

production was studied by measurement of the level of progesterone 

in aerial samples of peripheral plasma taken before and after 

replacement of the amniotic fluid with 2C saline solution. In 

two cases investigated there was no evidence for a fall in the 

level of plasma progesterone, in fact the concentration tended 

to remain stea4y or slightly increase. Similar conclusions 

were reached by Short et al., (1965) from the measurement of 

progesterone in both peripheral and uterine venous plasma during 

therapeutic abortion. 

It may be concluded, that the evidence regarding the 

role of progesterone in the maintenance of pregnancy in human 

eubjecto is somewhat conflicting - and inconsistent. :Believer 

a rise in the level of peripheral progesterone has been observed 



88. 

during labour and therapeutic abortion and this may suggest 

eithers 

a) An increased production and secretion of progesterone. 

b) A decrease in the metabolism of progesterone. 

c) A general release of bound progesterone by the tissues. 

After delivery of the placenta the level of circulating 

progesterone falls quite rapidly. In the five cases studied two 

had undetectable levels after two hours, one after twelve hours, 

while the remaining two had detectable amounts after twentyfour 

hours. These results are in slight contradiction with those 

of Short and Eton, (1959) on women undergoing Caesarian section 

and may represent activity from incomplete removal of the placenta, 

or the slow release of *buffered' progesterone from the tissues. 

The analysis of umbilical venous blood may give better 

indication as to endocrine events occurring in the 'uterus-placenta-

foetus unit, . These studies have indicated that the level of 

progesterone is some ten times higher than in peripheral venous 

blood, but owing to the inaccessibility of the material no serial 

studied have been performed. 

The analysis of umbilical arterial and venous blood 

have yielded interesting results. Bunnebaum and Zander, (1962) 

have shown a higher concentration of progesterone in the vein 

than in the artery which suggests production in the placenta 

and subsequent transport to the foetus, where the progesterone 

appears to be reduced at carbon 17 and carbon 20, for the 



89. 

concentrations of Mee and 20/1hydrexypregn-4-en-3-one, and 

17ochydroxyprogesterone are higher in the artery than in the 

vein. It is tempting to speculate that modification of the 

hormone by the foetus, which may be difficult to detect in 

the mother, might contribute to the initiation of labour. In 

thin connection Runnebaum and Zander auggest that the production 

of 17c4 hydroxyprogesterone by the foetus might be necessary 

as an intermediary in the formation of oestrogens by the placenta. 

Further studies in this direction are likely to be rewarding. 

The results from the determination of peripheral 

progesterone during pregnancy although still in a preliminary 

stage have been somewhat disappointing an sn index of progesterone 

production. nods may be explained by a number of factors. 

First the half life of progesterone in blood is very short and 

has been calculated by different methods to be in the order of 

five minutes. This fact explains the low level of progesterone 

in plasma despite the very high production, and means that the 

analysis of plasma levels is but a small part of a very large 

dynamic process. The results during pregnancy are also 

complicated by the hornone being metabolised by both mother and 

foetus, so that the level in the maternal peripheral blood reflects 

both of those processes. It also appears likely that the body 

may use compensatory mechanisms to maintain a relatively constant 

blood level of hormone. 

The concentration of progesterone in myometrial tissue 
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during pregnancy has been shown to be very small (0.0S - 0.63 pg 

gm wet weight of tissue), although Kuser et al., (1962) presented 

results which indicated that these levels were much higher than 

could be accounted for by plasma progesterone within the tissue. 

The large production and rapid metabolism of progesterone may be 

necessary to provide a constant and steady stimulus at these and 

other receptor cells. 

The agreement between the results obtained during the 

menstrual cycle in the present study (1963, 1964) and those of 

double isotope derivative methods (Woolever et al., 063; Riondel 

et al., 1965) is encouraging in view of the dissimilar procedures. 

Also the interpretation of the results is not complicated by the 

progesterone being metabolised in two separate compartments as 

is the case during pregnancy. As the changes in blood volure 

during the cycle are not pronounced, peripheral analysis should 

provide useful information on ovarian function and may indicate 

whether or not ovulation has occurred. 

The analysis of adrenal venous blood by Short, (1960) 

in three postmenopausal subjects whose adrenals were stimulated 

with ACTU indicated that under normal conditions these glands 

contribute little to the level of plasma progesterone although 

Klopper et al., (1957) have shown that there is still a sub-

stantial level of urinary pregnanediol in the absence of the 

gonads. 

The analysis of ovarian arterial and venous blood is 
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the best method to determine exactly what this organ is secreting, 

and the presence of progesterone and other steroids in the effluent 

blood during the luteal phase suggests that the regulation of 

metabolic processes and hypophyseal function may depend upon 

the secretion and ratio of all these compounds (Mikhail et a1.,1963). 

In the future, development of more sensitive methods 

for the simultaneous determination of these related steroids and 

their metabolites (free or conjugated) in peripheral plasma, may 

provide more information on the regulation of reproductive function, 

and suggest a more rational basis for adequate substitution therapy. 

The use of sensitive and specific methods of measurement may also 

be used for the more valid determination of secretion rates, and 

also to elucidate the important problem of the extent to which 

endogenous or exogenous hormone enters the cells of the target 

organ. The measurement of steroid concentrations in tissues is 

also an essential preliminary for the study of the intracellular 

action of the hormones on metabolic processes. 
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The metabolism of proreeterone'in human eeripheral blood. 

The first attempt to establish a quantitative relation- 

ship between the amount of prouesterone secreted by the various 

glands with the amount present in peripheral blood was reported 

by Pearlman in 1957. Ile collected together data on blood 

volume and blood progesterone concentration,.and deduced that 

the turnover time, which may be defined as the tithe taken for 

the endocrine glands to secrete as much hormone as is prenent 

in the circulating blood at one instant, may 

multiplying the blood hormone concentration, 

blood volume, V, and dividing the product by  
rate of hormone production, r, thus: 

T = 
r 

be calculated by 

C, by the total 
the endogenous 

The blood hormone concentration, C, may be determined 

by methods as described in Section I, and the total blood 

volume by he use of dyes, or isotopic labelling of the cells 

or plasma. An estimate of the endogenous rate of progesterone 

production may be obtained by a variety of methods; 

a) 	A known amount of hormone is injected and• the 

percentage of the dose recovered as urinary 

pregnanediol determined.. From the average of 

presdnjection levels of pregnanediol in the urine, 

it is possible to estimate the average rate of 

progeeterone production per 24 hours. 
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b) Method (b) involves the came principle no method (a) 

but much smaller amounts of isotopically labelled 

prousterone are injected, and the specific activity 

of urinary pregnenediol determined. 

c) By the determination of the progesterone concentration 

in blood entering and leaving the endocrine gland, 

and by the simultaneous determination of the blood 

flow through the organ. 

d) By infusing a trace amount of isotopically labelled 

hormone into 'the blood stream until equilibrium is 

reached with respect to the endogenous production, 

and then measuring the rate in decline of the 

specific activity of the hormone in aerial blood 

samples. 

The validity of methods a, b and d depend upon the 

exogenous progesterone being metabolised in an identical manner 

to the endogenous. Furthermore, methods a and b are complicated 

by the formation of urinary pregnonediol from other precursors, 

while method d involves the measurement of small amounts of 

radioactivity and progesterone. Method c is limited by the 

availability of the material. Methods a and b give values for 

24 hours, while methods c and d give values for the time of 

assay. 

The determination of production rates during 

proi,nancy is complicated by the foot that the progesterone is 
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metabolised by the mother and foetus, and it is unlikely that 

progesterone injected into the maternal blood stream is treated 

in-the came manner*. Uowever, Pearlman (1957a) estimated the 

production of progesterone during late pregnancy to be approx. 

imately 250 mg./24 hours* This figure was obtained by 

calculating the specific c,ctivity of urinary rxeunanodiol aftor 

the injection of tritiated proceeterone, and calculting the 

secretion rate from the following ,formula: 

• Secretion rate = a x t 

where R a the amount of radioactivity injected 

a = the specific activity of pregnanediain 
pooled urine 

t = the time during which the urine was 
collected 

Aasuming a blood - volume of 7 litres, a turnover time of 3.3 

minutes was calculated* 

The validity of method'(b) for the determination of 

progesterone accretion rates hoe been investigated by Arcos et 

al., (1964)* 	can authors injected progesterone •• 4- 

and tritiated preg-5.-enolone and determined the ratio of 

carbon 14 to tritium inthe urinary pregnenediol. Analysis 

of the results indicated that preg-5-enolone (or possibly 

preg-5.enolone sulphate) contributed in. a significant amount 

to the level of urinary pregnanediol* 

however the results of Pearlman were 'similar to 



thone c;AculAed by:.ender (1959) who determined the secretion 

rate of proesterone from the concentration of T.rocecterone 

in the uterine venous blood and the rate of blod flow threu 

the orccn. 

s. more specific method than those involviac urinal car 

for determination of the secretion rate of prowenterone*  is by 

the intravenouc administrption of n small dose of labelled 

probe; terone (method d) until blood analyces show the exoL;eno:zs 

hormone to be in equilibrium with the endcn;enouo. It io then 

poesible to atop infusion mid measure the removal rate of 

labelled pronenterone from the blood. Ibis method Lao been 

successfully nxlied to male subjects by icomanoff.ot ca.* (1963). 

The early work of Vnekine*  (1950)*  on the develoi,. 

ment of a chemical method for the determination of dlacmn 

proLxsterone indicated that the rate of removal of intrnvenous 

administered proixoterone - from the blood depended on its 

concentration. valhis obnervation hoc been confirmed by enboequent 

workern nnd furthermore it hue b(Jen shown thnt the removal 

approuinntec to a firot order reaction. This wort: s led to 

the concept of a half life of proGi:cterone in blood*  rather 

than to o turnover time.. The relationohip between the two int 

'iolf-life 0 

Me Dail`-life ray ho defined no the tine taken for 

the total blood hormone level to fall by half shoAd the 
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endogenous secretion cease. This situation may occurat the 

end of pregnancy-after removal of- the placenta.. Short and 

Eton, (1959), assumed that the ovarian and adrenal secretion 

wasnegligible at this time, and calculated the half-life of 

progesterone in women undergoing Caesarian section. In these 

subjects the- removal of the placenta could be accurately timed 

in relation to the collection of blood samples. Using this 

method they arrived et a half-life of five minutes, which is 

longer than predicted by the turnover time of Pearlman, (1957b). 

Future work with more Sensitive and specific methods may 

obviate,these atomallea and illUstrate some relationship between 

the secretion of progesterone and the leVel in circulating 

blood. 

e admin ation,of labelled progesterone, besides 

contributing valuable infermation on the secretion rate_ of 

endogenoUs progesterone* has also Solved many problems regarding 

its metabolism. Ihtmerous experiments using this technique 

• have ehown that probably the most important factors accounting .  

for the rapid didappearance of_progesterene from the blood are 

the *bUffering action' of the subcutaneoge tissues, and the 

rapid c ange to ' biologically inactive.metabolites. 

The first *in vivo experiments .= blood levels 
• with progesterone 	14 C were reperted by Davis et: al.,:(1956)(1956). 

They injected the hermone intramuscularly to a woman during • 



the eleventh week of pregnancy and found a peak of plasma 

radioactivity twenty-five hours later, with radioactivity still 

.detectable up' to thirteen days after the injection. Those 

results showed a slow release of radioactivity from the site 

of injection but gave no indication as to the identity of 

the radioactive compounds.. 

A study upon the intravenous injection of labelled 

progesterone was reported by Plots and Davis in 1957  followed 

by a more detailed account; using both progeaterone 4. 4 - 14c 

and progeatorone .0 21 
14c,  in 1961 (Plots). They injected 

the labelled compounds into women deatined for therapeutic 

abortion and found that the radioactivity in both free and 

conjugated fractions extracted from the plasma declined rapidly 

during the first two helms, and that only small amounts of 

radioactivity.Were present in both fractions thirty-seven hours 

injection*: 

It was calcula ed that approximately 11% of the 

radioactivity was 

and lungs within 

%of was present in 

these obberVation  

removed from the blood by the kidneys, liver 

brae hours after administration, while only 

the total plasma volume at that time. From 

t was concluded that the majority of the 

radioactivity had rapidly disappeared from the blood into the 

tissues from which it was released more slowly into the 

circula on and subsequently excreted as conjugated metabolites 



through the - urinary and gastrointestinal tracts. 

Another study following the intravenous administration 

of progesterone 4  ' 14c Was reported by andberg had.  

.slaunwhite . in-1958. They extracted the plasma samples for 

total free and ,conjugated steroids and demonatrated that the' 

total free steroid was cleared from the plasma at two different 

rates With half-lives of twenty and ninety minutes respectively.. 

The half-lift of conjugated steroid was considerably longer. 

41 More detailed study tae conducted by Zander in 

19590  He injected pregesterone 	. 14C intravenously into 

-11 postmenopausal woman, and found that nine minutes after the 

:Injection most "of the plasma radioactivity wan already in the 

form of conjugates, Chromatographic analysis of this fraction 

after hydrolysis revealed the presence of pregnanediol and 

mitt 5/3pregnan.I.L20one. The greatest proportion of the 

free radioactivity was tinmetabolised progesterone, but there 

were also email amounts of free prognanolene. nechydroxypregn 

o41.3-one-and pregnanediol„ 

It has boon shown that the excretion of metabolites 

probably starts immediately nfter intravenous injection. in 

the studies by'under 2 of the nose had accumulated in the 

urine by :thirty minutes'  and 9% by four hours. A delayed 

appearance in the faeces as shown'by Pavia and nets (1956), 

and Zander (1959)0  



Metabolic transformation of progesterone in blood 

Notwithstanding the limitations in the methods 

employed and minor differences in results, the half-life of 

progeeterone in blood appears to be very short, and many 

explanations have been put forward-to exnlain this phenomenon. 

Bowevar, little attention has been paid to possible metabolic 

transformations of progesterone by the blood and such evidence 

me has been obtained is cenflicting*- In 1949sHoelcer and 

Forbes reported that the. biological activity of progesterone 

declined rapidly from plasma maintained at body temperature, 

while Edgar, (1953),  using a chemical method for measurement, 

demonstrated that there, was no lobs of progesterone after 

incub tion with whole blood for one hour at 37°C4  

An experiment 4.th ox blood was reported b alert 

in 1958, He incubated Whole blood with progesterone at 370C 

and Withdrew samples. ,every. hour* Analyses indicated the 

presence of a new compound tentatively identified as 20/3hydroxy. 

pregn . 4 . en « 3 one. -The..haif.life of progesterone in 

vitro was calculated to be approximately seven hours*. In 

1958 Axelrod and Werthessen. in, a preliminary report upon the 

metabolism of hormones in human And other ammalian blood 

under aseptic conditions indicated that the conversion woo 

towards biologically inactive forms, and the main conversion 

of progesterone was to 5/Ipregnen 34Kb1«.204iono, 



an extension to these studies," and to investigate 

the possible metabolic contribution of blood to 'in vitro' 

studies with tissues, blood from two womenin.the luteal phase 

of the menstrual cycle and from two during late pregnancy, was 

independently incubated with progesterone. 

METHOD, 

Ten micrograms of progesterone .. 4 .. 14  C in benzene 

were added to each fifty ml. incubation flask, and evaporated 

to dryness under nitrogen. Five thousand units of heparin 

and 20,000 units of penicillin were added to each await, 

followed by twenty ml. of blood and ten ml. of Krebs Ringer 

phosphate buffer pH 7,4 	The flasks wore vibrated at 60 vib./  

in. at 37°C, for four hours, The plasma was then separated 

fro6 the cells by centrifugation and removed by Pasteur pipette. 

The cells were then washedwith ten mlo  saline which was 

retained after centrifugationO 

The plasma was hydrolysed and extracted as in the 

method for plasma progesterOneo  one hundreth was removed for 

liquid scintillation counting and the remainder chromatograp ed, 

on Paper in the system hezano / 85% ago methanol. 

The cell washings were extracted directly with 2 x 

100 ml. ether and the total number Of counts determined.- 

.The cells were lysecLand - hydrolysed 	 addition  

V/6 sodium hydroxide. extraotedwith 2'x 100 ml.  
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% conversion to 	6.1 	5.1 	4.9 
more polar 
compound 

Table 14 percentagepercentage'conr ersiOn. of progesterone 41 -C to 
more polar compound 

102. 

ether, and the total amount of radioactivity determined. Small 

amounts of quenching were corrected by the addition of a 14C 

hexadecane standard. 

It was found that after this procedure the percentage 

distribution of radioactivity was as shown in Table 13. 

TABLE 13. 

MENSTRUAL CYCLE 
	

PREGNANCY 

I 2 I 2 

89.9 90.2 90,6 92,3 

4.5 5.1 4.7 4.3 
5.6 4 7 4.7 • 3.4 

PLASMA 

CELL WASHING 

CELLS 

The paper chromatogram of the plasma fractions was 

inspected in ultraviolet light and scanned for radioactivity. 

It was found that 4.9 6.8 per cent (Table 14) of the radio- 
activity was transformed to a compound less polar than progeste- 

rone with an Rf of 0.25 similar to that of authentic 20 a hydroxypregn - 

4-44*-3-one and 5 p pregnan.03a-o1-20-one. 

TABLE 14. 
MENSTRUAL CYCLE 	PREGNANCY 



200thydroxypie .4«en.3.one 	'231,0`+,V 

Progesterone 	 49.0% 

5/3pregnan.34tol.20.on• 	28,0% 

of known radionctivearea with 15 1 acetate/methanol 

3:1 and formation of the thiosemicarbazone derivative (case 2) 

there was no peak at 392 Int lowevera - positive Allen Correction 

factor was obtained « corresponding to 0.2pg4 

The Triknown compound from case.1:was eluted in the 

cams manner and -subjected to gas liquid radiocbromatography 

on: 3% 	The radioactivity was found to beidistributed 

an the following Manners 

Steroid % of Initial Radio-
activity in unknown 
compound 

No m 	al other hen progesterone was visible on 

inspection under. ultraviolet light; after- plUtion of the 

The presence of progesterone in thip fraCtion was 

probably due to overloading of the paper chromatogram, 
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The biosynthetis and role of asseeIerone as an intermediary  

compound in ,human ovarian tissue:  

The postibility. that progesterone may function as 

an intermediary compound in the biosynthesis of adrenocortical 

steroids, androgens and oestrogens (Samuels, 1955), arose from 

analytical studies on the hormone producing glands, and from 

yin vivo', perfUsion, and'oin vitroo'studies'involving both 

labelled and non labelled compounds*  Those studies shoved 

that progesterone was synthesized by all steroid producing 

glands, and indicated that a common pathway involving acetate 

--. cholesterol .—m-pregnenolone 	progesterone Was-of 

major importance in these organs, althoUgh the presence of 

alternative schemes were not excluded* 

The present study is concerned with the biosynthesis 

of progesterone and its importance as an intermediary compound 

in the formation ofandrogens and oestrogen6 -in the human ovary. 

It is essential that any study of this kind be correlated with 

ovarian morphology, because the tissue components are in a 

continual state of change: 

The nature of the ovarian secretion is bee 

by a comparison of ovarian arterial and venous blood* - 

greater insight into which ovari 

to this secretion and the mechanic 

of the hormones may be obtained by 

isotopically labelled substrates*  

tructures are eontribu 

involved in the elabor 

lin vitro' studies. w. 

In recent years with the 



OlDonnol to 
(1959) 

Sweet at al., 
(1960) 

Normal 

polcyatta 

stroma or 
corpora lute* 

105, 

increased availability of labelled substrates, much information 

has been obtained upon the mode of steroid transformations 

in the human ovary 	A aummary of this information is given 

in Table 154 

  

TABLE 15,, 

PRECURSOR ; AOSTATX 

  

AUTHORS OVARIAN TISSUE TIZATMENT STEROIDS PRODUCED 

cholesterol 
oestrono 
oestradiol 
progeotcrone  
17cchydroxyproge t 
ieandrostenediono 
gprognenolone 

17,9c 0H pregnenolone 
dehydroepiandrwo 
aterone 

dehydroep do-
rosterons 

As pregnenolono 
progeeterone 
200colpregna4.on..3. 
17,540H progesterone 
W`androstonedione 
oostrone, oestradiol 

chorionic o ran* 
gonedotro 	oestradiol 
phi* 

hum**,  mono» 	oestrone 
pausal Bona oestradio 
dotrophin 

progesterone 

yan Smith, 
(1961a) 

folliolo cym 
linings 

sheep folly  
ale stimulato• 
ins hormo 

11.et. 
(1962) 

Hammerstein 
et al, 
(1964) 

ledge resections "Inman 
Stein.Leventhal pituitary 
syndrome 	lutainising 

Normans 

corpora lutes 
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AUTHORS OVARIAN TISSUE TREATMLNT STLROIDS iliODUCLI; 

1Tuang & corpus - progesterone 
earlman, 
(1963) 

luteum • 1741(011 proGesterone 
204c0H pregn,4-'-
en-3-one 

Bice et al., 
(1964b) 

normal 
stromal 
tissue 

human 
chorionic 
gonadotrophin 

testosterone 

PRECURSOP s 	PREONEVOLONE 

Ryan, (1963) 	corpus 
luteum 

proAsterone 
179011 progesterone 
androstenedione 

4androstenedione 

17000H pregnenolone 
1744011 ProGesterone 
4randrootenedione 

• testosterone 
dehydroepiandro-
sterone 
19 011 androstenedione 
174‘204cdi0U• pro-. 
Gesterone-
170420AdiOR pro- 
gesterone 

progesterone 
174011 proGosterone 
17c4OH pregnenolone 
oestradia 

Lanthier & 	normal 
andor. 
(1960) 

Lanthier & 	polycystic 
Condor, 
(1960) 

Axelrod & 	polycystió  
Goldzieher, 
(1962) 

human 
chorionic 
Gonadotro-
phin 

human 
chorionic 
Gonadotro-
phin 
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AUTHORS 	OVARIAN TISSUE  TREATMENT 	STEROIDS PRODUCED 

PRECURSOR PR >.; ESTERONE 

20oLOR pregn-4..en-3.one 
20/70R pregn.4.-en...3one 
170.00 progesterone 
17as 20E di011 promo 

ti'kandroetenedione 
oestrous 
oestradiol 
pregnanodione 
allopregnanedione 
6,d OR progesterone 

sheep 	oestrone 
follicle 	oestradiol 
s timulat ► 
ing 
hormone 

testosterone 
androstenedione 

17 cc progesterone 
.44. androstenediens 
20oC.OR-pregnAdien 
on. 
progeaterone 

16oLON proses e o 

170011 progesterone 
200tOR pregn*4-403403*one 
20/30R 
170c20ctdiO0pregn..4. 
en...30.one 
1.7020,4diOR pregnA 
en.30-one 
LOandrostenedione 
teatosterone 
19 00 testosterone 
19 OR androstenedion0 
19 aldo.androetenedione 

Sweat et al., 
(1960) 

etroma or 
corpora 
lutes 

Ran & 
Sm
y
ith 

(1961b) 

follicular 
cyst 
linings 

Kase et 
(1961) 

Warren & 
Salhanick 
(1961a) 

polycyeties  
with corpora 
lute* 

'normal and post* 
menopausal 

Warren & 
Salhanick, 
(1961b) 

Axelrod & 
Ooldsieher, 
(1962) 

1 

normal 
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AUTHORS 	OVARIAN 	TREATMENT 	STVROIDS PRODUCED 

6p ell androstenedione 
oestradiol 

Luang & 
	

corpus luteum 	17cLOR progesterone 
Pearlman, 	 200(011 preGnen-4.en- 
(1965) 
	

5-one 

PRECURSOR 1 ANDROSTENIZIONE 

Sweat et al., 	stromal or 	ooatrone 
(1960) 	corpus luteum 	oestradio1-17/0 

Smith & Ryan, 	polycystic 	oestrone 
(1961) 
	

oestradiol 

huang & 	corpus luteum 	Oat 
	 oestrone 

Pearlman, 	 oestradiol 
(1965) 

PRECURSOR : TESTOSTERONE 

Jotiz et al. 	postmenopausal 
(1956) 

+PP oestrone 
oestradip1-133 
oestriol 

Daggett et al., normal 
(1956) 

equine 
follicle 
stimulating 
hormone 

oestrone 
oestradiol-17/1 
eandrostenedione 

These studies have identified numerous intermediary 

compounds and it appears that several interelsted pathways are 

involved in the biosynthesis of androgens and oestrogens. A 

tentative scheme based on probable transformations is shown 

in Fig.19. 
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no. 

The pathway from progesterone to ocetradiol, 

involving 17 hydroxylation, followed by the formation of 
4 androstenedione and testosterone was the first to be 

established (Sweat et el., 1960; Ryan and Smithy 1961; Axelrod 

and Goldzieher, 1962; Lanthier and Sandor, 1962). On the 

other hand there is now convincing evi"ence for the alternative 

pathway from dpregnenolone to eandrostenedione with dehydro-

epiandrosterone an en important intermediary (Axelrod end 

Goldzieher, 1961; Ryan and Smith, 1961d; Noall et al., 1962). 

Other possible transformations are the formation of dehyiro-

epiandrosterone directly from cholesterol with 17, 20 dihydralcy 

cholesterol as an important intermediary, as has been demonstrated 

in an adrenal adenoma (Dual et el., 1962), and the formation 

of testosterone from progesterone without prior formation of 

eandrostenedione,.testosterone acetate being postulated as 

an intermediary (Dorfman et al.,. 1963). 

In view of the many possible pathways of steroid 

transformations it was decided to investigate 'in vitro'' which 

were quantitatively the most important 'in the various components 

of the human ovary in health and di ease. 

MATERIALS AND HETNODS 

a) Solvents and reagentst 

All solvents were purified by standard techniques 

and redistilled prior to use. The silica gel was resieved and 



and purified as previously described. Alumine was prepared 

as in the method of Brown, (1955), for the determination of 

urinary oestrogens. Silica gel 0 for thin-layer chromatography 

was as previously described. 

b) Reference steroids; radioactive standards; and coenzyme. 

Reference steroids were obtained from the MRC 

ollection (by courtesy of Profesaor W. Klyne). 

a Courtin & Werner Ltd., Lewes, Sussex. Sheep FSR 

vino standard) was prepared and distributed by the 

+Study Section, N.I.K,, Bethesda, Maryland,U.S.A.  

aitaary F44.14 containing Approximately 0 1.«ll. was 

sated by Dr. Crooke, Department of Clinical Endocrin *a* 
hexsdecese referonse standards from 

4 Amersham, Bucks 

8 

mc/nM, 	 4 terono.40,  C 21,7 me/M'  

4.2 ma mM, testosterone 4.*14C 2145 me/mN 

12.0 me/m4, oestrone016 11C 32.0 =AM. 

drostenedione.40.14C 

oestrediols16.14C 

The first four 

steroi.do were tested for chemical, and radiochemical purity by 

*liquidgas 	redioachromatogrophy in the Pp, Panchrometor;raph 

using 114 NPGA as the. stationary phesel.the latter two for 

radiochemical purity on paper using the system Petroleum ether 

in 

(NIB 

Endocr 

Human pit  

kindly do 

Birmingham« 

The Radiochemical Con 

c) Substrates; 

The folIO  

tadiochemi cal Centre 

14 



odium contained 

7 4, - plue (Almon 

(40°  60°B.11.) / benzene 50:50 / 	methanol (la). All 

were 	lOW'pure. 

Fig.20 in -a. floe sheet of the ;eti od. 

Human ovor.ea wore obtained direct from the 

operating theatre. an 	erodieseeted under an illuminated 

gasifying lens. - part of the structures isolated were taken 

for histological examination and the remainder chopped:into 

smell pieces (approx. 0.5 mm) with an instrument consisting 

of parallel razor blades 1 mm.apart' held at one end in a 

metal holder (donated b7 Dr Max 'wont Utah, Ug.A.). For  
purposes of comparison 0.5 g. of tisane was taken, but in some 

cages only 0,2 e. of tinsuo was available. 
Incubation: 

ncubations were started wit 
	

hi ty•minutes 

rafter interrupt .on of the blood Supply, the tissues being 

room temperature during we=ighing and mincing. The radioactive 

substrates-prepared in benzene were added tp each 25 ml. 

incubation flask and dried under n'strcom of nitrogen. The 

weighed tissue was then washed into the flank with Krebs hinter 

phosphate buffer, and the eoenzymea and gonadotrophins added 

to give a final ratio of tissue to buffer of 115 w/v.. 

The finalincubatio 

irebo anger Phonahate buffer 

NAD 1)01 Nicotinamide.adonine dinucleotide (raln). 

NADP 1):M Nicotinamide..adenine dinuoleotide phosphate (TPN) 



0.4 	 0.2 - 0.5 C. 
SUBSTRATES 	 TISSUE MINCE • 	NAD 	• 	OVINE OR 

In 	 :NADU • HUMAN 
Krebs Ringer 	NADP 	- PITUITARY 

Phosphate Buffer 	NADPU 	F.S.B. • 
( glucose) 
	

ATP 

INCUBATION or  for k hrs.) 

Acetonel  + refrig. 

Prelim. extr. (acetone at 50°C.) 

Alkali pretreatment 

EXTRACTION (5 X ethertmethedichlor.) 

SILICA GEL DEFATTING COLUMN 

Sops of neutral & phenolic fractions 

NEUTRAL FRACTION 
I f 	• 

PAPER CNROMATOGRAPRY 

FORNATION OF DERIVATIVES 

RECHROMIATOGRAPKY ON PAPER 

. 01? TNIN-LAYER 

PUENOLIC FRACTION 

PAPER CUROMATOGRAPHY 

OR 

TUIN-LAYER 1CNROM. 

 

  

LIQUID
SCIlaILLATIO 

COUNTING 

SPECTROPHOTOMETRY 
(Thiosemicarbasido 
at Kober reactions) 

GAS-LIQUID 
RADIOCHROMATOGRAPNY 

F g.20. The 'in vi re transformation and analyses of 
iootopically labelled steroids by human ovarian 
tissue, 
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VADU 1 )04f reduced Uicotinamide.adenine dinucleotide (DPNfl) 

VADPH 1 aM reduced Vicotinamide.adenine dinucleotide phosphate 

(MR) 

ATP 1 mg. Adenosine triphosphate 

FLUI 2 mg. Follicle stimulating hormone 

In the cases where dpregnenolones  progesterone or 

testosterone was the substrates  10 jag. of steroid was added, 

whereas to obtain a similar number of counts it was necessary 

to use 25 pg., eandrostened.i.one• The flasks were then placed 

in a mechanical shaker at 37°C., and incubated for four hours 

at 120 vib./Mins  

Extraction: 

The reaction was terminated by the addition of 

20 ml. acetone to each flask to precipitate the protein and 

extract the steroids. Each flask was agitated by hands  and 

left in the refrigerator overnight at 400. The flasks were 

then re.extracted with 230 ml hot acetone (50°C.), and filt:.red 

into a 250 ml. centrifuge bottle. The recovery of radio- 

activity at this stage varied between 95 . 100%. The acetone/ 

buffer mixture was then evaporated until reappearance of the 

:buffer under vacuum. 

Alkali pre.treatments 

Twenty ml. of sodium hydroxide (ph 9 0) was added 

to each bottle and shaken by hand for. ten minutes.. The teroide 

were then re-extracted five times with 150 ml. ether/methylene 



dichloride 80:20, the extract siphoned into a round—bottomed 

flask and evaporated to dryness under vacuum. The recovery 

was 90 — 100% of the previous step. 

lie-fatting columns 

This procedure was only employed if the extract from 

the ether/methylene dichloride extraction was so impure. that 

emulsion formation during the eubeequent separation of neutral 

and phenolic fractions was anticipated. 

Et, slight modification of the method of Goldzieher 

et al., (1961) was used. 

I plug of cotton wool was placed in the base of the 

column whiph was filled with hexane. The column was then 

packed with two gm silica gel 200/300 mesh. The dried lipid 

extract was dissolved in 1.5 ml. hexane, and left overnight 

or for at least one hour, and then applied to the column. 

The vessel was then rinsed with another 5,m1 hexane which 

was also applied to the column, followed by 35 ml. of 5% etbArr 

in benzene (v/v). Finally, 50 ml. of ethyl acetate was added 

to the column and the oluate collected. The first portion 

of this.solvent was added when about 3.c 0  of the ether/ 

benzene mixture was shove the silica gel; further portions 

were added until the transition from one solvent to the other 

was complete. The ethyl acetate fraction was collected in 

a 100 ml. round—bottomed flak and evaporat d to dryness under 

reduced pressure, 
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1.0 - 3.5% of the preceding radioactivity was 

found on pooling the hexane and ether/benzene fractions and 

from 4 - 7;; on stripping the column with 90% ethanol. 

Separation of neutral and phenolic fractionst 

The neutral and nhenolic fractions were separated 

ccording to the method of crown, (1955), for the determination 

of urinary oestrogens. 1.0 mi. of ethanol wac added to the 

ethyl acetate extract and the sample transferred with 25 ml. 

benzene to a separating funnel containing 25 mi. 1.6% sodium 

hydroxide and 25 ml. petroleum ether (40°  60°G.). The 

mixture was extracted twice with 25 ml. 1.6% sodium hydroxide, 

and the extracts run into another separating funnel. The 

petroleum ether/benzene fraction was washed twice with 15 ml 

distilled water, and the washings transferred to the phenolic 

fraction. 

The neutral fraction was evaporated under reduced 

pressure, transferred to a pointed tube and dried under 

nitrogen at 60°6. 

The phenolic fraction was adjusted to pfl 7.0,with 

conc. hydrochloric acid, re-extracted with 2 x 150 mi. ether, 

washed with 25 ml. distilled water, and evaporated under 

reduced pressure, transferred to a pointed tube and re-evaporated 

under nitrogen at 60°C. 

Analysis of neutral fraction: 

The neutral extracts were dissolved in 0,1 mlit 



chloroform/Methanol 1:1 and transferred with glsno capillaries 

to Alotman 1:o. 2. chromate -;Ey paper .previously washed for 

46 hours with 70 methanol and cut into strips seer 1 cm. width. 

The extract was oplied•nt•the-nterting line nbove a stream 

of nitro on dulivQred by a Loll chromntck;ram spotter, 	,very 

vessel c.ns re-washed twice with 0.05 ml. chloroform/methanol 

mixture tnd zap:-lied to the paper in the same manner. 	dio- 

active stanCarde orAe-3.ketosteroids (visible in U.V. licht) 

wore applied to parallel stripe. The initial chromstoLraphic 

system woos hexano/85 aqueous methanol. 

This system effectively separated the neutral 

fraction into four regions which were deaf:Anted:4, 	andA 

(Fig.21). 	subserluent treetment depended upon the substrate 

used, 

Ifdprecnenolone wan the substrate thecitfreti:m 

wao eluted in the Camlab apparatue with 20ml. ethyl ocettAe/ 

methanol 2:1 and rerun in the eyotem petroleum ether (40 GO G.): 

benzene 50:50 / methanol:water- 70'30. 

ti:estosterone weo cubsequently sepnrated from 17schydroxy- 

proz;esterone and 170Lhydroxypregnenolone by ncetylatinc the 

mixture and re-running in the hexane/65 methanol system. 

t,fter reduction with aodium borohydride nod subnoquent oxidation 

with sodium bismuthatet.the two 17 hydroxy compoUnds were 

separated-esti androetenidione and dehydroepiandrosterono in .  

the system Lexane/L5 methanol. 



70- 

60- 

SO 

40- 

30- 

20- 

1 

4 OC 

ue• 

fro* patient cith 
tea 	41s .pregnenolene4.• et 
papero a w am 	neutral traction scanned for 
radios 
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170Ls 20Edihydroxyprogesterone and 170c: 20fdihydroxypreg-

nenOlone (pregnenetriol) were also separated and measured as 

Aandrostenedione and dehydroepiandrosterone after oxidation 

with sodium bismuthate. 

Theft fraction srao eluted in the same manner and run 

on twin-layer chromatography-using 	G and the System 

ether : chloroform 9:1. This system Separates deandrestenedione, 

dehydroepiandrosterone and 20oChydroXypregn 4 en-3fone. 

The tWo44-3-ketoaterolds may be located under ultraviolet 

lights  and these.ld.hydroxycompounds With 1O phosphomoleedic 

acid in ethanol. Alternatively the steroids may be located 

by autoradiographic techniques. 

The rfraction was acetylated end rerun in the 

system hexane/85/ methanol. 'The steroids were located by 

viewing under ultraviolet li.ht and by scanning the strip for 

radioactivity. 

Theafraction was only obtained whenA rregnenolone 

was the substrate. Gas-liquid r diochromatography indicated 

that the compounds were relatively volatile and suggested 

members of the 4
'
series (Brookebank and Gower, 1964), Further 

separation on hin-layerplates (before and after acetylation) 

accordingaccordii.ng to the methods of 	..(1964)“ollowed by gas 

liquid chromate; reap en 31vP.D.M.S at 190"C. suggested the 

presence Of androeta»5 16 dien!,14;o1 andat'least two other 

steroids of the same series. The formation of this fraction 
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from various substrates by both human ovarian and testicular 

tissue has been the subject of a special study not relevant 

to the present thesis. 

The total number of counts in each fraction was 

determined by removing the paper containing the compound from 

the chromatogram and counting directly in a toluene based 

scintillating fluid. _If thin layer chromatography was used 

the silica gel containing the compound was removed by vacuum 

as previously described and eluted into a counting vial, 

thoroughly dried, and scintillating fluid added. Small amounts 

of quenching were corrected by the addition of 014 hexadocane 

standard. 

Analysis o the phenolic fractions 

The extracts were transferred to paper as previously 

described and run in the system petroleum ether (40°  . 60°00: 

benzene 50 50/methanol water 70:30, for one hour at 37°C. 

The pepperwas then scanned for radioactivity, 	Five areas of 

radioactivity were often recorded, three of which correspAaded 

to standard oestriol (at origin), oestradiol and oestrone, the 

other t o have not yet been identified. 

Initially the areas corresponding to oestriol, 

oestradiol and oestrone were eluted and, after he addition of 

respective non.labeIled carriers 	taken through the 

methylation and alumina chromatography according to the ©tiled 

of Brown (1955), for the determination of urinary oestrogens, 



Aliquots were taken for the Kober reaction to determine the 

recovery of the carrier, and a fraction counted in a liquid 

scintillation counter. When the number of counts wore 

sufficient for detection on paper, the methyl ethers were 

chromatographed in a Bush A system, eluted, and aubjected to 

gas liquid radiocbromatography loins 1% CDMS ae stationary 

/Amps!  

In these studies, after extraction of the methyl 

ethers with petroleum ether and benzene, the sodium hydroxide 

fraction was adjusted with conc. hydrochloric acid to pia 7,0 

and re-extracted with ether. The ether extract from the 

loestriol' fraction contained from 8o - 1O0 of the starting 
radioactivity prior to methylatien. After acetylation„ the 

compound had the same Rf as standard 19 hydroxy-androst-4-

endione acetate in a Bush B1 system. 

Ia.the latter experiments he eluatea of the three 

oaatrogenn from the first chromatogram lore rerun on thin 

layer in the system chloroform: acetone 70. The compounds 

wore located by autoradiography, and the respective eluates 

aoetylated and rung on gas-liquid radiochromatography usiug 3% 
s.L. 30 as stationary phase, 

IDENTIFICiT 	OF COM 	rDS 

Formation of derivatess 

Acotylation. 

The extract was dissolved in 04,1'ml. pyridine and 



sodiUm sulphlt 

3. Reduction. 

The extract dissolved in 2 ml, meths 1 and 

and evaporated under vacuum, 

122. 

'an equal volume of acetic anhydride added. The mixture was 

left overnight et room temperature. or heated for- .1 hour at 

609C. The reagents ware removed by evaporation under a stream 

of nitrogen at 60°C.$  1.0 ml. of methanol was added and re-

evaporated under nitrogen. 

2 Oxidation. 

The extract was dissolved in asmall volume of 

aqueous acetic acid '(OW v/v 0.5 ml.). and an aqueous solution 

of sodium m taperiodate (I% w/v 1.0m1.) added. The tube.. 

was gently shaken stoppered and left in the dark feir 14 hours 

at room temperature. The solution was diluted with 5 . 10 

volumes of distilled water. extracted with ethyl acetate and 

washed with saturated.sodium bicarbonate (5 Ml.) and water 

(5 ml.).-  The ethyl acetate extract was dried over enhydrous 

10 mg. sodium borohydride was added.. lifter 90 Minutes et 0 C.. 

excess glaciel acetic acid was added to. decompose the reagent.  

The methanol was removed under vacuum, water added and the. 

:steroid extracted with ethy .adetate. 

hydrolysis of acetate esters. 

e extract wee diwAlved in phoaphr4e buffer ph 

o 7.4 and incubated for 4 hoursAt 37 C. WithaCylase from 



L. Light & Co. Ltd., England. The products were extracted 

with ethyl acetate. 

5. 'Methylation. 

The extract wan dissolved in 25 ml. of 1.6% sodium 

hydroxide,to which 0.9 g. of boric acid WAS added. Dimethyl 

sulphate, (1.0 ml.) wan added using a safety -pipette. 	The 

flask was shaken until the boric acid and dimethyl sulphate 

had ditoolVed and was then Placed in an oven at 37°C. for 

20 minutes. The procedure was repeated by adding more 

dimethyl nulphate (1.0 r]..) together with CC sodium hydroxide 

(2 ml.). The flask was shaken and maintained at 3? C. for 

a further 30 minutes or allowed to send at room temperature 

overnight. The flasks containing the oeatradiol and oestrone 

fractions were extracted with petroleum ether (40° - 60°C.), 

while the oectriol fraction Was extracted with benzene. 

6. Thionemicarbazone formation. 

liosemicarbazid(OL. Light & Co. Ltd., Ealland) 

re-Crystallised from methanol, wee diesolved in 20 ml. 1/10 

N hCL (previously filtered) and 100 ml.-absolute ethanol 

(epectroaol grade) added.. The extract vac dissolved in 1.2 

1. reaaent maintained at 5°C. for 11 hours, and read in 

spectrophotometer gainct a. paper blank. 

As 	enolianet 

IDENTIFICATION 0 nuo;Ds. 

same Rf as standard on paper in cyttem hexane/85% 



methanol, forms acetate with came Rf as standard on paper in 

the system methylcyclohexane/acetic acid : water 9:le Same 

retention time as standard As 	and after acetylation 

same retention time asdpregnenolone acetate on gas-liquid 

radiochrom tocraphy using 1; NPOA as stationary phase. 

Progesterone: 

Abs. spectrum (max, abs. 240 mu) forms bisthiosemi-

carbazone with max. Os. at 302 91, same Rf as standard on 

paper in the system hexane/83Z methanol, same 1f on thin-layer 

chromatography in the system benzene ethyl acetate.312, 

resists acetylation, same retention time as standard in gas-

liquid radiochromatogtaphy using 1% }PGA, 1% CDMS and 0 Q817  IA,  

as stationary phases. 

174ehydrovprogesterones  

Same Rf as standard on paper in system hexane/8Z 

hanol, resists 	 tyletion, came Rf as standard on thin-

layer chromatography in the system chloroform acetone 7:3.  

On oxidation yieldsd44androstenedione* 

17mohydroxypregnenolones 

Same Rf as standard on paper in the system petroleum 

ether (k©  60°C.) benzene la 70;; methanol 5005040  

Separated from 15shydroxyprog terone on thin-layer chromato-

graphy using the system chloroform methanol 99:1. Cu 

xidation yields dehydroepiandrosteronew 



lane. 

gendreeteneclienet  • 

Ab 	spettrum (rax. abc. 240 ru), Gana fAandDrd 

:-eS•paper in'tbe oyntem 1.1exan0,4- riot: eno/ recisto ncetylotiou, 

:on roduction.yieldo teat° terene. :;are retention tine c,G 

standord'en tni.liquid rvdiect:rorntoErephy. 

.2004.1wdroxyrefji,  

s.octrum (max. nbn. 240 uu) ()tits nn ecotate 

whieb•tnu the-samelitie. ttanaird on paper in the cyntom 

mit4ylet.eiii.hmenne 

4i044, 

Sootier : cold unter'.9t1. (n oxidation 

teSteiterenet:  

Abe. mpentrum (r x. an. 240 61), Gam Et 

n eystem petroleum ether Me GeC.) s: benione / Methanol. 

Leter 	forms tleat;,te 6=0 at. as t endnrd in the ayatep 

licxano/45 ele.,thcze  91. 4'`'i.eicla Ailandrasteneillanti:: an.ead.fiati.on. 

t,eparntad frac 1741;ydraxypro„;z: roue on parlor after accitsr.tationt  

tree CespeundsAms thin.leyer chtleviti&sPh“n the 

:eiestem 0.11prefOrmuceetene.7s.3. 	rice steroid one acetate 

125. 

e4ydrOo3d.andro:Aeronc:  

,mmo Er at; atan6nrd on piper 	syntem texenc/  

5'4 oethauoli sepLrated from 204‘hydrekypregn--4.on.3.one on 

er ehromatoGrsphy, in the cyntem chloroform tether 
• 

..nme retention time is free Wtero3.d and a* ricetate etunthIrd 

cap.liquid redieehreiatogrop4 	CW no atationary 
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has same retention time no standards oh gasftlicuid radiochromato. 

graphy using14; CDPS as stationary phase. 

Pestrone; 

 

• Zama -Rf. n standard on paper in the system petroleum 

60°C.) s'benzena /methanol water 70:30. Same 

Rf on thin»layer chromatography in the s ysltem chloroform I 

acetone 7:3. Forma acetate with same Et as standard on GLRC 

using 3  E.E.30. as stationary phase. Forms methyl ether 

same ;:f• as standard on paper and in nma. 
C.iestradiolia7/01  

same Rf As standard on paper n the system petroleum 
ether : benzene /7©a methanol. Same Rf on thin..layer chromator 

graphy:in the syStem chloroform acetone 7:3. Forms ;lactate 

and methyl ether with same retention times as standards on 

gas-liquid radiochramatoaraphy using l% CDMS as stationary 

phase. 

RESULTS' 

The ovarian cells which have been shown by trana-

plantation and hiatochemical studiea to have a posAble role 

hormene synthesis include the granulona and theca cells 

of the follicle and corpus luteumf  the ovarian strom 1 cells 

and their luteinised derivatives, and the Filar Leydig type 

calls (Morris and Sculley, 1958)4 In ovarian tumours other 

types of active cells may also be endoUnteredi: 

In an attempt to evaluate the function of these 



cells, and the structures they comprise, ovarian tissues 

obtained from the operating theatre were divided into .their 

main constituents and incubated with a variety of labelled 

pubstrates. 

The total number of counts (corr. for quenching 

and counting efficiency) was determined at each successive 

step in the isolation of the radio metabolites, At each 

step, the recovery of steroid was corrected to 100% in terms 

of loss of total counts. The results are expressed as 

percentage conversion of substrates 

Steroid recovered (d*pes* corr.)  
Substrate added (d.p.s.) 

The recovery in the total neutral and total phenolic 

fraction includes unidentified products* 

Follicular Tissue: 

a) Incubation with Atle prer olon  

500 mg, of ovarian tissue obtained ten days after 

the last menstrual period was incubated with 10 )E. 4epregnenolone. 

Histological examination of a portion of the same tissue 

indicated the presence of developing follicles surrounded by 

stromal tissue* lifter extraction, 88% of the total radio. 

activity was recovered in the neutral fraction and 12' in the 

phenolic fraction* 

The percentage of total radioactivity rccav cd in 

the identified metabolites is shown in Fig* 22. 
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It may be seen that there was a high conversion of 

substrate with a good yield of testosterone, oectrone And 

oestradiol. More radioactivity had accumulated in the 

A3khydroxycteroids prior to the formation ofeandrostenedioue 
than in the C21 .4 -3-ketosteroids. There was characteriE-a:ble 

amounts of D androstenedione and a small accumulation of 

17:20td10H pregnenclone, but an undetectable amount of 200t- 

hydroxypregpt-4.en.3-one and low concentrations of 17:201- 
prega474-en-3.one. 

b) Incubation with progesterone -4-14C. 
Two samples of ovarian tissue containing normal 

developing follicles and atromal tissue were incubated with 

progcsterone. The percentage transformations et substrates 

are shown in Table 16. 

T IJ3LE 16. 

AG 37 43 

DAY OF CYCL post FSH and 
ncG 

24 

7L neutral fraction 92.9 92.3 

progesterone 4.3 12.9 
20et.Cin pregn-4-en- 	one 1.2 0.2 
17:20 	diOli pregn.4-en-3-one 37.2 28.8 . 
174t0h progesterone 34.2 31.7 
A:tandrostenedione 6.7 11.4 
testosterone 7.6 6.8 

1,:!, phenolic fraction 7.1 7.7 
oestriol 
oestradiol 	1.5 
oestrone 	0.1 	0.05 



1 

It'may be seen that on incubation of follicular .tin sue 

with progesterone there was , a high transformation with good 

evidenco of 17 hydroxylation and desmolase activity* In both 

cases there was only a small yield of 20gthydroxypregnen.4.en. 

3•»ono* but in both a. high conversion to 179t: 20Ed1011 pregnen-

k.en-3.one. 

c) 	Incubation with A4  androstenedione-4-14q. 

Two pieces of ovarian tissue containing developing 

follicles were incubated with androstenedione* The percentage 

of radioactivity in the' metabolites is shown in • Table 17e  

TABLE 17. 

AGE 	37 

DAY OF CYCLE 
	

post'PE and 	24; 
EGO. 

neutral freatiOni: 	96*4 
	978 

04 androstenedione 
	55.0 	72*3 

testosterone 
	

2,.1. 	9.2 

% phenolics traction 	 5.4 	• 

a 
oeetrene 	 4.2 

	 o. o6 
estradiel 	 0.7 

	 0.8 



Testoeterone was the main radiometabolite identified; 

from these two experiments there was no indication - that the 

yield of oestrogen was creator than when progesterone or 

415 pregnenolone was substrate. When the 'androstenedione 

.fraction,  Was acetylated and re-run in the system hexane/35; 

methanol a small compound tentatively identified 80 andro--

storone acetate appeared near the solvent front, 

d) Incubation with testoeterone- 4.14c.  

Only one cortex containing some developing follicles 

was incubated with testosterone. The percentage of radio- 

activity associated with the identified metabolites is shown 

in Table 18. 

TABLE 18. 

AGE 	37 

day of cycle 	22 

% neutral fraction 	95.9 

A" androstenedione 	15.5 

testosterone 
	78.7 

)henolic fraction 	4.1 

oestriol 

oestrone 
	0.01 

oestradiol 
	

1.3 
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It may be seen that A4  androstenedione and oestradiol 

were identified as the principal radiometabolites. 

2. Eicropolycystic ovaries associated with the Stein-Leventhal 
Syndrome: 

In 1935 Stein and Leventhal reported a series of 

cases_ in which amenorrhea or oligomenorrhea and sterility were 

associated with enlarged polycystic ovaries. Iiirsutiste. 

virilism, or obeisity were alto present in a number of cases. 

In the present study ovarian wedge resections containing 

microcysts from patients labelled Stein-Leventhal Syndrome 

wore examined as in the previous study. The intUbutions were 

limitedto thoseloVaries which were shiny pearly white; 

moderately:or grosslyenlarged with irregular surfaces due to 

the presence of numerousAsiall eubeapsular cysts. 

a) 	Incubation with 4.e. pregnenolone.k. 14ce 

500 mgr  of ovarian tissue containing numerous micro. 

•cytts, obtained at wedge resection. was incubated with 	preg. 

nenolone. The patient was 18 years old and designated as 

Stein-Leventhal syndrome after careful investigation. 

The percentage.diatribution of radioactivity in the 

ed metabolites i shown in Yig023, 

It maybe aeen'that the radie.metab lites containing 

45  -31s 	group appear to contain most of the radio-

activity prior to the formation ofA4androstenedione. 'In 

keeping with similar investigations in this syndrome (Axelrod 
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a sinol* follicular c 	per case) and a 
from a aiaraYalla7wtic ow, (lower cap') 
1Vmpregainolone40.14a6 



radioactivit 

Table 19* 

is the identified metabolites is shown in 

Progesterone 

17 °LIM proges t o It 

20 ccOli pregc.4.4005•4 

17* 20 diOR pregn.4.4n 	• 

dy  androateaadians 

tostosterosis 

oestrio/ 

oestrous 

asatradial 

and Gold *her. 1965) 

A4sadroeteaedionet  

of free oestrogens. 

b) 	w  

there yeas a large c 	lation of 

b little evideoco for the production 

t crogest  

POO ag4t. of tisane obtained at wedge *section from 

a secaa4 *tient tags 22 :mime) ead.opotaising multiple alerow 

Cysts was incubated With Frogs* erase* The percentage of 
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c) IncubtAion v 	A ith mciro:-stfineijit:  

500 mc of wedge rtnection osue from n third 

aubjectAtice 19 }ecru) was incanted udtb if endrontencdione. 

Tbe:distribution of radioctivity in the identified radio-

cotebolitolvia 0:own in 

TABLE 2 0. . 

neutrel4reetion 	94.8 

tostorone 	7,3 

:phenolic fraction 

It meyliiseoi-tleettle*.idelli. 	.01140101ribiitiod 

to toot° tcrone but no oectroageret4reictierocterionblea 

;4=4 teutativo evidence for tl-o vroduction, of 5£ androstnnoeilopet  

undrooterono and aetiocholanolono or &hydrae 1.endreeterono. 

11.5intle Follicular yet: 

ncle o4.1icular cyittio removed  roz 12 ziePr 

144.0 juvenile netropathia,which wns tucpectcd to be 

orisoeiited*ith ovarian bzFperfwiction.:  antolo5ical exaniantion_, 

rovcaled curked hyperpleide of tie t.cca coils with .only licit • 
retention of the grE010se var. 	of ti-,o cyst tide 
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homogenised with a glass hand homogeniser in 5 ml. Krebs Ringer 

Phosphate buffer, and separate portions of the ammo tissue 

were incubated with Ypregnenolone, progesterone, Q4  andros ens.. 

dips* and testosterone. 

Ineubation wi 	vegnenalppr.401  C. 
After extraetions 20% of the radioactivity was found 

in the phenolto fraction. The percentage of radioactivity 

recovered in the identified metabolites is shown in Figi25. 

It may be seen that there wee a good transformation 

to oestradiol and oestrous from only 40 mg. of tissue. Again 

m ire radto*otieity had aasumulated in the as 03fi -12,ydroxisteroids 

prior to the formation of eandrostenedione than in the 

E 4034setosteroids related to progesterone. 

b) 	;Pflik k#oacAAPh vroNWeAlm0+"1  -C. 
After extraction 19.7% of the radioao^tietty was 

ution, of 

progeetc rone 
VOL OR progea 
200.08 pregn-4..40•3..one 
17820 diOg pregn,..44.en 3.0ne 
44  androstenedione 
teatosterone 
oestriol 
peatradiol 
oestrous  

40.0 
7 

5.6 
1%3 
0.7 

N.D. 
4.2 
1.4 



In this tissue a much smaller amount of exogenous 

progesterone Fxs metabolised, but there was evidence 417 hydrox 

lation and desmolase activity with the formation of oestradiol. 

There was little accumulation ofeandrostenedione4  A 

compound less polar than proGesturone was identified as 

5/3pregnane-3120-dione. 

c) Incubation witheandrostenedione. 4_1c. 

The distribution of radioactivity in the identified  

metabolites was as follows: 

androstenedione 80% testosterone 2.0 

oestrone 	2.8 oestradiol 4.6 

20.3%:, of the radioactivity was recovered in the 

phenolic fraction. 

d) Incubation with testosterone-4.140.  

After extraction 22465 of the radioactivity was 

recovered in the phenolic fraction. The percentage .distribution 

of rz dioactivity is shown below:- 

testosterone 71.0% androstonedione 1042 

oestradiol 	3.6 	oevtrone 	1.6 

may be seen that when 44  androstenedione and 

testosterone were the substrates there was a gocid transformation 

to oestrone and oestradiol. although 70 80% of the radio- 

activity was recovered as substrate 	When g-androstenedione 

was substrate there was more oestrone formed than oestradiol. 

There was also less gandrostenedione formed when 
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138. 
testosterone was substrate, than testosterone when andro. 

stenedione wee substrate. 

4. 	Corpus Lutoum, 

Two corpora lutea removed on day 22 and day 13 
after the last menstrual periodi were incubated with 10,1g. 

!SS pregnenolont. 

It may be seen (Ft g.24) that there is more radio« 

activity associated with the /14 ,3«ketosteroids prior to the 

formation of androstenedione than in the 44,4/6«hydroxisteroids. 

There was a similar yield of oestrous and oestradiol to 

follicular tissue. 

a) Incubation with 	«4", 
rive corpora Zutsa were incubated with progesterone. 

The reaulta are abown in Table. 224 
ABLE  

(1) 
AGE 	37 

(5) 

DAT OF CYCLE 

progesterone 
17004 promoter° 
204:L0N pregn«4«On 
17120 diON pregn 
4&androstenodione 
testosterone 
ioestradiol 
oestrote 
oeetriOX :  

post FM & 
co 

41.7 
25.8 
3.6 
7.3 
2.5 
2.3 
2.8 
0.2 

24 22 

84.2 95.9 94.6 86.4 

35.0 5.8 51.9 46.4 
1648 65.9 23.4 21=7 
542 4.6 4.2 44 
174 7.6. 9.3 807 
2.0 1.1 6,4 5.9 

6.6.  3.4 1.8 
8.2. 0.8 048 14 
0.09 0.06 041 0,A 
0,7X.D. /14,0  NO 

utral raOtios 
	93.0 



CORPORA LUTEA  

MENORRHAGIA (AGE 48 yrs) DAY 20 

MENORRHAGIA (AGE 31yrs) DAY 13 

20 •_ > 

0 15 0 
—0 0 a._ 

0 
0 
0 

0 

N. D . N.D. 
A5 	170H 17:20 DHA PRO 	170H 17:20 2040H A4  

PREG PREG di OH 	 PRO dl OH PRO '—' DIONE PREG 	 PRO 

E 

radioactivit* after tbe incuba 
a with 4‘. ii.pregninolone..44•14C 

.12  20 
0 

0 

N.D. 
65 	170H 17:20 DHA 	PRO 	I OH 17:20 20ZAH 

PREG PREG. di OH 	 PRO d I OH PRO DIONE 
PREG 	 PRO 

Dia r bat 
of corpora 



oestradiol 1,4 0.7 
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In all caes there was a hich transformation of 

substrate with rood evidence of 17-hydroxylation and 20-hydro- 

- 	enation. however, there was only _e small accumulation of 

androstenedione. There was a similar aroduction of. 

oestrogens ae in follicular tissue. 

14 b) and c) Incubation withti46 andrortenedione.4. C and 
testosterone.4.14C. 

Four aliquots of corpora lutea were incubated with 

androstenedione, and two aliquots with testosterone. The 

results were es follows:. 

With androstenedione as substrate. 

1. 
37 

2. 

38 .48 

'est nil 
& JhCG 

.24 

97.7 91.1 96.4 

84.3 
3.0 

56.6 
30.9 

- 

89.1 
. 	4.0 

1.2 

2.3 84.9 

0.1 
1.2 

0.2 

ACE 

OF. CYCLE 

neutral fraction. 

eandrostenedione 
testoaterone 

5/3androstaaedione 

phenolic fraction 

dostriol 

oeotrone 

4. 
51 

89.1 

90.1 
2.3 

Q.9 

0.6 

	

It may be scen t 
	oaterone was formed i.n all 

cases. with a high yield in coat) 2. A high percentage of the 

	

radioactivity.Weerecovo ,d. 	substrata 	 wee the case with. 

follicular tissue, 
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rosults wc,re as follows:. 

ith testosterone  as substrate. 

LGE 

1. 
48 

2. 
53. 

.DAY OF CYCLE 7 

neutral fraction 91,4 90,6 

testosterone 
A41. androotenedione 
5fiondrontanedione 

81.2 
10.3 
1.6 

86.1 
1.8 
0.6 

% phenolic fraction, 8,6 9,4 

oestriol 
oestrone 
oestradiol 

0.09 
0.91 

0.07 
1.1 

when teatoste 

een that 

one in substrate 

sa eandrostenodione is forced 
4 

h 	testosterone when Ai andro- 

stenedione is substrate 

5. Postmenopauhal Ztromal 'issue: 

Two gm. ofc4arian tissue, from a 62 year old subject, 

was minced in the usual manner and se rate port 	of tee 

sane tissue incubated with Al pregnenolonet  progos ro 

androstenedione and teotosterone. 
5- 14 Incubation with4 prepenolone.4. c 

 

In this incubation (and another. incubation in a 51 
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year old women) two compounds (other than the substrate) were. 

separated on the first chromatogram. One of these was 

tentatively identified as dehydroepiandrosterone, and the other 

as a mixture of 174011 pregnenolone, 17t 20Edihydroxypregneno1one 

and 200ebydroxypregnenolone. However,.thcse only accounted 

for approximately 	— 	of the total radioactivity, the 

remainder being accounted for as unmeiabolised'aubstrate. 

There was no evidence for the production of significant amounts 

of progesterone testosterone or oestrOne or oestradiol• 

b) Incubation with progesterone-4-.1  C. 

There was mar ed - evidenco of 20.hydrocenation with 

the production of approximately 1Z!, 29echydroxypregnc..,4.en-3 

one. Analyses of the incubation products from 6- other post• 

menopausal ovaries indicated that thii conversion varied from 

3 	12%. In 4 .cnaea Ea srnnllyield (approx. 3)  of 5,3 pregnane-

3 G.dione was obtained. There was no sign 'leant yield of 

oectrndiol or - oestrone. 

c) Incubation witheandrostened e."4C  

Four postmenopansal ovaries.w re incubated with 

andros'enedione and the resats.shewn in Table 23. 

Smell amounts of testosterone were produced in cases 

1 and 2. in Cason 1.,2 and 3 small araunts of cestrone, and 

adiol were chars. 



143. 

TABU; 23. 

(1) . 	(2) 	(3) 	(4) 
AGE; 	 • 52 	52 	57 

	64 

2 yrs. 5 mths 9 yrs. 10 yrs. 

neutral friction 
	96.7 	95,7 

	91.5 	98.2 

4" androstenedione 
	74,6 	78.7 	81.9 	98.2 

testosterone 
	16.3 	2.5 

• phenolic fraction 
	3,3 	4,3 	8.5 	1.8 

oer trial 
oestrone 
	0 0.01 0.003 

oestradia 
	

0.28 0.02 0,005 

Incubation ri,th testosterone-4- 
 4_  

Two aliquots of postmenopaus 1 ovarian tissue were 

incubated with testosterone. 	percent e of radioadtivity 

in the identified metabolites 
	follows:. 

(2) 
• AGE 
	 52 

L.M0). 	 .11 yre. 2 -yrs. 

• neutral. fraction 
	92.9 	92.2 

testosterone 
	71.9 	72,4 

androotenedione 
	

17.3 	10.9 

• phenolic fraction 
	7.1 	7.8 

oestriol 
oestrone 
	 0,6 	0,3 

oestradiol 
	 1*3 	1.84 



subject 

b) 	wilt4 Pr°gPo 

progesterone was dateatoble. 
4 

It may be seen that, with this substrate oestrone 

and oeatradiol wore obtained in comparable yield to pre* 

menopausal tissue, 

6. 	Papillary Adenocarcincaas 

100 ga. of ovarian tissue from a 63 year old subject 

with eye Le glandular hyparplaeia of the andometrime was 

divided in half and separate portions incubated with gpragi. 

nenoIone and progesterona0 Histological ovatrai nation indicated 

a papillary adenocarcinoms0 

a) InsiOstion,,witla,vegtenokantit,4.,  14Q  

The radioactivity wse associated with the metuboliten 

shown to 	45o 

It will be seen that there was transformation to 

oestrogens 	the abnormal ovarian tisses of thie postmenopausal 

The radioactivity was ass 

metabolites (Table 24)* 
TAHLE 

ated with the  

progeeterot 64.9% 
270-0H pro o Lora 11.6% 
200LOH press 	n4.3 6*9% 
17120 	di0H pre 3.4% 
trandroatenediono 1,16 
$Apregnane 3120 diono 94% 
oestrone N.D. 
oestradiol N•H• 



PAPILLARY ADENOCARCINOMA (AGE 63yrs) 

A4 
DIONE 

T d6 El 

29 

° 15 

-:51 10 
4-- 0 

5 
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%. 

111 
%)1 A 

131 

1.%). 

P: 	La 2I 	L 	FCSi 

17:20 
di OH 
PREG. 

F113 
DNA PRO 170H 

PRO. 
17:20 
CON 
PRO. 

..??20 •_ > 
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E2 

riga • Dish ibution of a radioastabolttaa after the ineubatiesi 
of a papilla, ad soe tapes of the ovary grith 

opregneeolos 
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It may be seen that there is an increased yield of 

5A.pregnene-3120 dione and a gOod yield of 20.thydroxypregn.- 

4-en-3.one indicative of increased atromal cell activity but 

fcJr the first time in postmenopausal ovarian tisaue there was 

good evidence for 17 hydroxylation. There was only a small 

yield oriPandroctenedionet  oentrone and oestradiol• 
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The metabolism of proesterone in human myometrium and 

myometrial fibroid tissue. 

Notwithetandinc the /erge production of progesterone 

during the menstrual cycle and pregnancy*  the myometrium does 

not appear. to'concentrate the hormone to any great extent. 

The experiments of.;lander, (1961), and 1-1otz, (1961), involving 

the injection of C14  progesterone indicated that the concentration 

was of the order of 0.6 . 	11)16/gm...Of tishues 

The first 'chemical measurement of progesterone in 

myometrium during late pregnancy was intimated by Rumor et al., 

and reported in more detail by Barnes et al., (1962). They 

analysed four eamploe and found levels betWeen 0.1 0.6 pc./ 

m, wet weight of ti cue 	Similar concentrations to these 

were found during the preeent study. 

There bee 	been little investigation into the 

metabolism f pregeoterone by uterine Muscle. In the 'in vivo' 

experimente of 'ender, (1961), with proce8terono-4.14  C,:most 

of the free radioactive steroide recovered from the myometrium 

could be accounted for r'c progesterone. 

Some 'in vitro,  etUdide with cultured human uterine 

fibroblaste were reported by Sweat et al., (1958). These 

authors incubated the fibroblasts witkC/4progesterone evernight 

at 37°C. in a !stationary position, and then in a roller 

apparatus for an additional four daya. 	 be reaction mixture 

was then extracted four times with warm acetone and filtered. 
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The acetone was removed under vacuum in the presence of a stream 

Of nitrogen. The aqueous residue was re-extracted with 

chloroform, evaporated, dediasolved in methanollehloroform 1:1 

and chromatographed on paper in the system hexane / formamide. 

This procedure resolved the radiometabolites into 

six pedka, from which 204xhydron-progn,-4.-on-3-one 20/Ihydroxy-

pregn 4.‘en.34•one and allopregnanedione, and unmetabolised 

progesterone were identified. Evidence was also presented 

for Uresence of 54(pr 5ft pregnan-20ao1.3-one and tor their 

epi-isomers of 5.00r513preEnan.3001 2°.one,and / or their 

epi-isomers. 

These resuiate prompted further Studies into the 

metabolieM of progeaterone 	vitro' by myometrial tissue 

from non pregnant Subjects.. 

METHOD 

41,he tissue obtained directly from the operat 

theatre use processed and incubated withiprogesterone.4./4  

as previously described for the experiments with ovarian tissue. 

The products were again extracted with hot acetone followed 

by a re-.extraction of the alkaline aqueous extract,with ether / 

methylene dichloride 4:1. The extract was then transferred 

directly to paper with methanol / chloroform 111 and chrom to. 

raphed in the system hexane,/ 85% aqs methanol ltl. 

The chromatogram was subdivided as slown 
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A 

Ineubotion of 130111.1tria itosuo witk ;lro tE 
,paper ohromatograw. of neutral fraction noanna 
radioactivity' 
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ThelEfraetion was eluted and re-run in the system 

petroleum ether (40°  60°C.) / benzene 50:50 / 70% age 

methanol 1:1, acetylated and re-run in hexane /85% sq. methanol. 

The/lfraction was eluted and subjected to gas- 

liquid radiocbromatography using 1% CDMS as stationary phase. 

The erraction was eluted, acetylated and re-run 

in the same system. 

The total number of *aunts in each fraction was 

caloulated as in the experiments with ovarian tissue. 

RESULTS 

1. TimeStudy:  

Five flasks each containing 500 rig, of myometrium 

and lOyg. of progesterone 	were incubated at 37°C. One 

flask was removed every hour and the reaction termined by the 

addition of 20 ml. acetone. On analysis a radioactive spot was 

found with Rf 0.25 in the system hexane / 85;4 methanol. 

Time (Hrs.) d,ps. (Corr.) % of- substrate 
transformed 

1 74  2.9 

2 156 	• 6.1 

3 199 7.8 

4 260 10.2 

5 330  12,0 

The unUbown compound was eluted from each strip with  

15 ml. ethyl acetate / methhnol 3:1, pooled and subjected to 



gasusli mid radioohromatography on 1% CMS 	The radioactivity 

Wee associated with the following compounds, 

progesterone 

518 pre nan.3 	*041-200.one 	40% 
2004.011 pregn..4—ea.-3*ona 	3814 

2. 	Hormel myomotrium after g hours incubations 

Pati 	1, 	2. 
Age 47 39 

Progeaterono 88.4 90.1 
pregnithe 5s20 d o N.D. 3.2 

200‘ ON pregnAmen•• 
pr • gnanolons 

6.3 3*1 

Fibroid Tissue?* 

PetfOnt 
Age 47 

Progesterone 67.4 82.4 
3Apregnans 3$20 d ono 5.4 3.0 
200.011 pregnAdoon..3whon. ) 15.1 9.2 
5/3prognanolono 

°milt of these etudlt it was decided to stud,' 

the exogenous 
	holism of progesterone by normal myomatriun 

and fibroid tieerau from the ease uterus* 
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Patient 1. 2. 3. 

Age 42 46 48 

F Ii F M 

kTogcsterone 	81.7 78.3 89.4 8C.0 87.4 31.4 
5/1prognanp 3:20 dione 	3.7 7,9 0.3 1,0 . 
200KOE pregn.4-en-3-one ) 

) 14.5 53preGnanolone 13.8 6.9 7,5 9.2 11.2 

The possible presence of10 . 3/101 dehydrogenase 

activity in .human uterine tissue was investigated by incubating 

one gm. of fibroid tissue with pregnenolone -4 - 14c, In  

this experiment all the radioactivity was recovered as )0 - 

pregnenolone. 

DISCUwSION 

Although tin vitro' techniques may sugr st many 

possible transformations of steroid substrates in various 

tissues, the results must be interpreted with cautions  for 

there a.re many possible limitations inherent in this approach 

to the study of metabolism, 

The first essential requirement is a stable substrate 

of adequate purity. The , q progesterone used was tested for 

purity in a liquid-liquid partition paper chrothatographic 

system, on'thin-layer chromatography and gas liquid radio- 

chrorhato ;raphy. In the first two systems only one spot was 

visible under ultraviolet light, and only one peak obtained 

on scanning the paper strip for radioactivity. however, when 
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subjected to gas—liquid radiochromatography using 14; NPGA 

and 1% CMS as stationary phases, a small peak, tentatively 

identified as the 174ocepimer, and constituting 2.5% of the 

total radioactivity, was observed immediately Preceding the 

main peak. 

When progesterone was incubated with buffer and 

coenzymes alone at 370C. for 4 hours, extracted with ether, 

and chromatographed on paper in the system hexane / 857,  

methanol, a small unidentified peak (approx. 3% of total 

radioactivity) with a Bf of 0.19 was observed on scanning the 

strip for radioactivity. 

The preliminary studies on the incubation of 

progesterone with blood afforded evidence on the presence or 

absenc syMes in the circulating fluid under physiological 

conditions, and at the tame time served as a control for the 

vitro' experiments with tissue. 

metabolic activity of the periphera 

In this respect the 

plasma appears to be low 

as only 4 . 7% of the progesterone was reduced at either C = 20, 

or at C = 3 and C = 5. Since the largest amount of tiasue . 

used was 500 mg it would appear that any blood:present would 

not oignificantly contribute to the metabolic activity 

attributed to the tissue 'in vitro 

Similar precautions with regard to pur 

control incubations with buffer and coenzymes, were applied to 

all substrates used, All were found to be 97 — 100;1, pure 



354. 

initially, and after incubation without tissue .96,- 10Z of 

the radioactivity was recovered as the original substrate. 

Implicit'in the interpretation of results involving 

minced tissue is the assumption that all substrates can enter 

the cells and all at comparable rates. Since in most cases 

up to 75% of the substrate may be metabolised the first part 

of the assumption would, appe r to be. valid, and since similar 

results are obtained with Homogenised tissue the rate of 

uptake would not appear to affect the result. 

During the study on the relative importance and ;  

inter.relationship of various pathways in the biosynthesis of 

steroid hormones in the human ovary, it was apparent that the 

-:resulte obtained would be influenced by the concentration of 

substrate available for the respective enzymes. Consequently 

whenever sufficient material was available, the tissue was 

minced, SubdiVided and separate portions incubated with different 

substrates in order to evaluate the relative enzyme activities 

more effectively 	HoweVer, due to the unpredictable avail-

ability ofiman-material this approach wan not always possible, 

for in various pathological conditions (e.g.Stain-Leventhal 

syndromtionly portions of the ovaries were obtained. 

The results frem'evariah,tissUe, although in a 

preliminary stage, do appear to suggest marked difference in 

enzyme activity within the various ovarian components. Dowever, 
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this assumes an adequate supply of 4 pregnenolone to all 

structures 'in vivo', and the presence of alternative pathways 

not involving pregnenolone should not be precluded. 

The developing follicles showed a preference for 

retaining the A' 3/41.hydroxy group prior to the formation 

ofAi4androstenedione, rather than an immediate production of 

progesterone and related /14 3 . ketosteroids. All the 

enzymes necessary for the formation of testosterone, oestrone 

and oestrad.ol from A .pregnenolone were shown to be present. 

was a 

then progesterone was used as a substrate there 

h transformation to 17et011 progesterone, 41 	andro- 

 

steno on.  testosterone, oestrone and oestradiol. 

4 
Incubation with )1 	androstenedione gave a small 

yield of-testocterone and no consistent increase in the yields 

of oestrone and ocetrudiol. These results and similar 

observations with corpora lutes tend to indicate that the 

of aromatioation is a rate limiting step in the 

production of -Oestrogens. 

Incubation.of follicular tissue with testosterone 
-- 	- gave Slightly larger yields of A 	androstenedione, than 

testoaterone When Ate  androstehedionewas subetrate. This 

indicates that unddr these conditions the reaction equilibrium 

-JendM to favour.the formation of 4 = androstenedione. 

From these results it would appear that the 

developing follicle is capable of producing progesterone, 



testosterone, oestrene and oestradiol. Dowever, it would 

r,ppear that in this structure progstcrone is Hot an obligatory 

intermediary in the biosynt, esis of both androgens and oestro6ens. 

Similar results to these have recently boon pre- 

sented by Goepodarowics, (196ka,b), for steroid, transformations 

in the rabbit follicle. 

The multiple raicrocysta associated with the Stein- 

Leventhal, syndrome appeared to have a similar pattern with 

retard to the production of other, -3/3hydroxycompounds'from 

2c PregnenOlone but dif 'ered from normal follicles in the 
4 

accumulation of .4 -androstenedione and the complete or talrnoat 

complete blockage in the biosynthesis of free oestrogens,. 

When protesterone is added as substrate there is 

mein a rapid- metabOlism with an accumulation of e.androatene- 

dione and, as with the. incubations with 20 ..pregnenolonel . 

no siLnificant amos.ersts of oestrogens are prodUced,' 

Incubation of this tissue 	varian wedge sections 

With 	androstenedione results in the production of testosterone 

and small amounts of various reduction productsAentatively 

identified ss androstanedione, androsterone and setiocholanolone 

or dehydroepi ndrosterohe• A. similar equilibrium between 

testosterone and 424  zdrostonedione is observed in theSe 

structures as in nor ra.l folliclet. It would appear that in 

these polycyotic ovaries .there is a metabolic blpeliy probably': 

in l9r.hydroxylation which impedes the formation of oestrogens, 
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and probably results in the secretion of androgenic precursors 

which roAA account for the virilism and dasculinisation 

associated with this syndrome. 

In the case of juvenile metropathis:in the twelve 

year old subject, there wee a very high excretion of.oestrogens 

in the urine, ' : At laperotomy a emall,sincle follicular cyst 

Was removed for histologicel and 'in vitro' metabolic inw-sti-

cation. :In this instance 200 mg. of tissue was homogenised 

in Krebs Ringer phosphate buffer end separate aliquots 

incubated with the precursors previously mentioned. Analysis 

of all the radiometabolites indicated that the tissue wee 

potentially cap.ble of producing large amounts of oestrogen, 

and wee-in act the most active tissue studied in the present 

.aeries, when compared to constant weight. 
5 

Incubation with 	pregnenolone cove only a small 

yield of progest'-rona,. and when,progesterone was used as .  

substrate only ,1.all percentage wan metabolised. Also mor 

ondrostenedione was formed When 415  pregnenoIone:was substrate 

than when progesterone was substrate., Litubstionwith 

androstonediene gave results essentially similar to those 

recorded for normal follicular tissue. 

From :these results it would appear that biosynthetic : 

pathways other':than time() involving'pregestOope are relatively 

more important in many forms of follicular tissue. 

After ovulation, follevcd by luteinisation of the 



urinary 
boti 
of /these ructuree 

aye is probably the result of 	continued activity 

Incubation of corpora lutea with progesterone 
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Granulosa cell layer and the possible migration of *V,* cells 

from the theca into the granulosa layer, the resultant corpus 

luteum exhibits chances in the te mboliem of exogenous substrates. 

In -corpora lutes incubation with 45 	pregnenoiotie 

resulta in .he formation of larger quantities of progesterone 

and related Q . ketesteroids. however, there is eti11 a - 

Good yield of testocterone, ocetrone and oestradiol as in the 

developing follicle. T4o increase in hormone secretion in 

this phase of the cycle as demonstrated by both blood and 

demonstrates 20.hydrogenation with increased yields of 20Ce.' 

hydroxy.pregn 4-en-3-one.and 17:20EdihydroxYprocesterone trhea 

compared with follicular tissue. The later compound was 

forMerly conadered to be an important intermediary in the 

formation of e.androstenedione (Sweat et .al., 1960). However, 

more recent studies by Sweat et nl. '(Personal Communication), 

Ball and Kadis, (1964) and -Axelrod.. (1 65)':have shown that it 

is not 'an intermediary compound and may represent an a tefact 

of the 'in vitro* system due to the unphysiological level-pf 

substrate available 	The studies of Ball and ,adie, (1964), 

have also shown that i.n the sow over, 17.hydroxylation must 

precede 20-hydrogenation. 

In all studies with corpora lutca ;-here was a much 
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lower yield ofe..androstentcliano tiAin with 	 tissue, 

but on using; Am4  
androstenedione es substrate Comparble yields 

of otatrane and oestradioi wort obtained* 

.The -function and possible endocrine activity of 

ovarian otroma cells hns been the subject o a ter cat deal of, 

I direct study uthce is perpX*41.v of these c..-11c hod 

associat ere t2ith cancer 	 the,brenst and varieus. postmenopausal 

synenolo cal disorders* 	 oxreriments with 

lab lied sodium acetate .(sextont al., 1958) indictIted tLat 

these cells could synthesize oestroEtne althouch the yields 

were extremely amall d no intermediary coMpounds were 

ideatl iedi Warren and ZaIhanick (194) snorted that 

incubation of postmcnopaUsal.stromal "tissue with progesterone- 
14 	- 

C resulted,in the formatien Of . 04ShydroxypreEnm enm3mon 

While,,Irranlo,herettudy, getit et al*, (1956), reported that 

teatosterone 0e4Cbe transformed to oestrogens by this tissues. 

In the ptecent werki  experiments with t  pretAenolone 

show that only s small percentate pi the efubstrate. was.  

metabolised to 	ield of de4droepiendrostrone,and 

that arm* velar compound, tentatively Identified as 200...dim 

hydroviireGnenolene wen produced* 

: th*vsyntheois,of:progesterane*  

111.pra was no evidence for 
- - 

Cmallimounts of radioactivity 

:were asp:last° With nonMlabelled oaatrone and oestraeiol 

,ineuTficiedt for opMplite identificatibni 

• 



Incubation with progesterone resulted in its 

reduction to 200Chydroxy-pregn-4.en-3.one in amounts varying 

from 3 12% as previously found by Warren, although the 

presence of 5/gpregnano1one in thin fraction was riot excluded* 

One ovary produced a z yield of a compound tentatively identified 

as 20f.hydroxypregn -4.en.3.ene* 17.bydroxylation apIlearod 

to be completely absent*  

Intubation with eandrostenedione gave a small 

yield of testosterone and slightly increased amounts of 

oestrogens* In contrast with the previous results, incubation 

with testosterone gave oestrogens in yields comparable to 

premenopausal tissue* This indicates that testosterone csn be 

converted to oestrogen without the formation of androstenedione 

en intermediary compound. 

It mulct appear that if these stromal cells are 

active 'in situ', :and ovarlectomy:Aans limited to those post. 

menopeUsal ovaries which were thought to be active, only small 

amounts of oestrogen are produced'comvred with premenopausal 

tissue and progesterone does not appear to be an important 

intermediary compound. These studies do not preclude the 

possibility that laargcr amounts of Oestrogenic materiel are 

produced by completely different routes to those studied* 

The effects of 	CG and HMG on progesterone 

riotabolism by postmenopausal ovaries was investigated by sub-

dividing tissue from the same patient; adding progesterone as 
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substrate and comparing results after the addition of various 

gonadotrophic preparations, No increase in metabolism was 

Obeerved with any of the preparations. 

4.itudiei on thetissue from the case of. papillary 

. adenocarcinoma of the.ovary was an extension to thope investi-

zationso Separate portions of the tiesue were incubated with 

AS. pregnenolone and progesterone, The incubation with45 preg-

nenolone gave characterisable amounts of oestrogens but no 

progesterone war detectable and mast radioactivity in the 

intermediaries prior to the formation of A"androstenedione 

resided in the A' .3/1- hydroxycteroids, On incubation with 

progesterone there were increased yields of 5/3pregnanedione 

and 204hydroxypregn, 4-en-3-one indicative of increased 

stromal cell activity, and for the first time in ovarian tissue 

,of this age there was evidence for the production of 170Lhydroxy-

Progesterone, However- the yields ofeeandroatenedione, 

oeatrone and eestradiol were very low, 

The metabolism of progepteroneby ova an fibroid 

tissue was investigated in a 23 year old patient, and' once 

again there was only a 1?;-reduction at'earbon 20. 

Recent 'in vitro' studies by Rice et al (19(4b) 

- on aroma' tissue from normal premenopausal ovaries have: 

indic=ated that these cells produce testosterone from acetate 

the conversion being enl anced by preparations of trophic hormones 

with ldkeinising action, 
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In one case in the present study where hilt= tissue 

was obtained, incubation with progesterone again yielded a 

small percentage or2Ogehydroxypregn7-4-en-3.one,.and if androgens 

are produced by these cells as hum been suggested due to their 

histological similarity to Leydig cells in the testis, pro- 

esteron does not :Appear to be an important intermediary 

in the process. 

From these studies it would appear that progesterone 

is not an obligatory intermediary compound in the biosynthesis 

of androgene and oestrogens in the human ovary, and indeed in 

Many of the Ovarian tissues it does not.appear to be of major 

importance as an intermediary. However, it must be stressed 

that far more.muet be learned about the relationship between 

production and secretion and factors controlling secretion before 

the true significance of these results can be ascertained, 

The 'in vitro' experiments with myemetrial tissue 

illustrate that, although progesterone has an undoubted 

biological 	t on this tiesue., it is comparatively slowly 

metabolised. The fecal points for enzymatic change appear to 

be reduction of the double bond at C 5, and reduction of the 

ketone groups at carbon atoms 3 and 20. The order of these 

metabolic reductions is unknown. Analyses of the results 

did not reveal any consistent pattern in these changes, or 

between normal myemetrial tissue and myometrial fibroids. NO 

pregnanediol 1,an identified in these studies and there was also 
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no evidence for-the -formation of either.200kor 20/1.hydroxyprecn. 

Tf the steroid metabolism observed in the same 'in 

situ where there is far less substrate, the question remains 

as to whether the conversions are aeaoci•=ted with the mechanism 

of hormone action or represent a process employed by the cell 

to remove excess hormonal stimulations 



164. 

ADDLIIDUI4 



ADDEVJ 	elated at: meets of r,ro 	t,,,rone metabolism. 

'The preceding sections have been particularly 

concerned with two approaches to the study of progesterone 

metabolism, These have been the development of a new micro 

method for the quantitative determination of progesterone in 

body fluids and tineuem and the application of 'in vitro' 

techniques to the investigation of ovarian steroidogenesis. 

Generally speaking, because of the necessity for 

the development and application of specialis d techniques, 

individual research workers can only cover A few aspects of 

any biochemical problem, and for thin reason it is vitally 

important to constantly relate and integrate the results' 

obtained by other experimental approaches. Furthermore, the 

constant introduction of new techniques in all dinciplines 

has generally exposed far more problems than the techniues 

were originally intended to remolve, 	is has necesci.ated 

the repeated reappraisal and restate 	of the stablishedl 

facto. 

faith these premines'in mind the following brief 

comments are intended to place the work reported in the 

present study in a more zeneral-sontext with regard to the 

collection of- e86ential information for-  rational • therapy in 

placental and ovarian dysfunction. The' ituation at. the 

present time may be summarised an. followss 

1# 	Biosynthesis of progentrone and effect of gonadotrophine. 



1:onrpregnant women. 

During a normal cycle it would appear that up to 

30  mL, of pro6etcrone are secreted daily by the combined 

production of the follidles, corpus luteum and to a lesser 

extent the adrenal cortex. The secretion rates during the 

follicular phase and the variation between individuals in 

health and disease has yet to be cletcrnined. The resolution 

of this problem necessitate the development of more specific 

methods which may be conveniently performed for the deterMination 

of secretion rates. 

Tentative evidence has been presented that the 

largo t concentration of enzymet associt7ted with the biosynthesis 

of - progesterone are present in the luteinieed granulosa cells 

of.the corpus luteum but the inter-relationship 'of these 

Celle with others within the corpus luteum and turro4idinx 

tissue is unknown. Thi'tubeellular localisation of thzymes 

responsible forHprogesteront:bio 
	

heat in ovarian tissue is 

also at- yet unknown. 

Little is known with regerd to the ffect of 

1.1,11 and luteotrophicrhermene on progetterone prOductions 	'In 

vitre studies with eorport-lutea have suggented tiOtt 1,11 

promotes the incorporation of labelled acetate into a variety 

of intermediary compound° (Rice et al 1964a), but these 

'observations have still to be eenfirmed.lin 	' -The 

differences between the two approaches could be explained by 
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the differences in production and secretion (Chort, 1964). 

The mechanism of progesterone secretion ias not 

yet been explored, and the. regulatory mechanisms- are not 

clearly defined* However, if all the proccetcrone produced 

is immediately secreted then the activity of the rate limiting.  

enzymes in its production could also control secretion. The 

:function of the gonadotrophins is important. in this connection, 

for if they regulate the formation of AO- pregnenolone from 

cholesterol as is postulated for ACTH in the adrenal cortex, 

then the gonadotrophina could control the secretion of 

Trogesterone* However, in the ovary where the biOsynthetically 

active structures :re under constant morphological change, the 

aetion of the gonadetrophine may occur in the regulation of 

the growth of structures which produce the:hormones and the 

actual quantity produced and secreted may by ubject to 

additional factors*  

b) Pregnant women, 

During pregnancy there is good evidence. that the 

Placenta also secretes ,progesterone end the total produttion 

increases until at the end Of' gestation at least 200 . 300 mg*/ 

24 hours are secreted, 

secretion and metabolic of steroids by the developing fOe tiarr 

As with the ovary 	cells involved end the biosynthetic 

pathWaya and subcellular 	 ation. of,enzymes ft* rogeater 

The situation la complicated by t 10 
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biosynthesis is still under investigation. The problem as 

to whether the initia Lion of laboUr is the result of a 

decrease in progesterone production by the placenta is still 

unresolved. 

2. Distribtion and concentration in peripheral blood. 

After release into the blood stream the progeeterone 

rapidly disavears from the circulation. This appears to be 

due in the main to rapid redUction and conjugation in the 

liVer (Atherden 1959), and also to a rapid diffusion into 

body tissues, particularly into the subcutaneoUs fat. FUrther- 

more it has been chown by both Plots (1961) and 'Zander (1961) 

that although the excretion of metabolites starts almost  

immediately after intravenous injection -of the C
14  labelled 

hormone, this fact does not significantly account far the 

disappearance of more than 90r;f, of the dose from the plasma ri 

25 minutes. 

It is apparent that the production, reduction, 

conjugation, diffusion and rediffusion, determine to A ,scat 

extent the level of the substance in the blood under both 

physiological and pathological conditions. 

Characteristic changes in the level of p 

Progesterone have been shown in the menstrual cycle, and 

these probably reflect the development maturation and re. 

gression of the corpus luteum. With regard to the prtv;eat 0 0 
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concentration in peripheral venous pinema of pregnant women, 

most authors agree that there appears to be a rise especially 

during labour, but it remains to be de ermined what factors 

are reeponsible - for the rise. At the moment it is impossible 

to draw any definite conclusions with regard to the physiological 

significance of these Changes. 

It has been established that progesterone is trans- 

. ported in the blood-in association with the albumin fraction 

of the plasm proteins, but the physiological significance of 

this phenomenon, apart from increasing the solubility of 

rogesterone is unknown, • 

- 3. Concentration at target tissues. 

The concentration of progesterone at target tissues 

is very low and the high .rate of aroduction and - metabolis 

may provide the ttirget cells with a slow sustained stimulus. 

The myoretrial-  cells do not appear to metabolise 

progesterone very rapid' but over a period of time effect 

s all reducitions (in vitro) at -C 5 C 3 and C 
	

The order 

significancerind 	of these changes is unknown", but it has 

been postulated that they may represent changeis in the molecule 

during the regulation of certain aspects of intermediary 

me tabolism, or represent an effort by the cells to remove 

excessive stimulation. 

4. 	Peehanism of action t the molecular leVel 

Just as the current trend is for chemical determination 



rather than biological anany$  so. chemical.explanations are 

being sought for-the diverse biological effects of progesterone* 

The pure compound has been shown to affect various isolated 

enzyme systems and has also been observed to decrease /O 

ratios in rat liver (ade and Jones, 1956a,b)* This basic 

effect on energy production could account for many of the 

'..observed effects 'in vivo' but remains to bp explored in far 

• greater detail. 

Another method by ich the progesterone molecule 

might affect metabolic processes is in the provision-of 

- oxidised coenzymes during extensive reduction in the neripheral 

tissues* 

Other possibilities include a direct effect on 

protein synthesis and since all enzymes are proteins .this 

wev,Id have far reaching effects on cellular biochemistry. It 

probably:that far more emphasis will be pasted on this 

ortant line' cif research in the future 

Finally with regard to the basic problem t sat 

many forms of therapy are based upon unsupportable hypothesis 

of absolute progesterone deficiency or relative deficiency 

sociated with defects in bioayhtheeis or Metabolism 

would appear that one of the moat difficult criteria to 

investigate is whether or not the target cells arcs receiving 

an adenu3te euvly of hormonelm the right form, 	rthermore, 



since the analysis of Gonadal and peripheral venous blood 

indicates that the regulation of metabolic processes 

associated with reproduction may de,end upon a close balance 

of numerous related compounds, more precise information about 

this balance and the factors responsible4or its regulation, 

should lead to important advnnees, in therapy. 
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Trivial Name. 

progesterone 

17 OH progesterone 

pregnanedione 

pregnanolone 

pregnanediol 

pregnonolone 

dehydroepianaro iterone 

17 OH pregnenalonr 

androstenedione 

androstanedione 

testosterone 

oestrome 

oeetradiol..17 

190, 

Nomenclature. 

The trivial names of the principal steroid hormones 

and their metabolites are well established. and to facilitate 

reading have been used in the present thesis, However for 

reference purposes the systematic names are 1 ted belowt 

Sistaimatio Name. 

progn04,0ene.-3t20-dione 

170Lhydrozypregn4gben.4so * 

5/3.ipregnane441204,dione 

5/1*pregnan 3cL...o1.20i•one 

3/50pregnan 34200L*dio1 

.iborotyptegnoPons2owon• 
'VS m,hydroxyandrost-54en*17.mone 

17o(*hydrczyprega05,4011•20mono 

androet4.eneoll2tliktione 

3A0androstane4.347.4ione 

17flyhydramyeadrost4wane.30 

3..hydromyoestra413:5(10)*triene-17sone 

oestra‘I*1.5(10)...triene-,3417(30.diol 

oestramiolt313(10)*trieneolt3p *trio 
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