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SUNHARY 

1. Two species of macaque monkey, the Macaca mulatta 

and the Macaca fascicularis were chosen for the 

investigation of adrenal steroid metabolism. The 

Macaca mulatta species were prepared with permanently 

implanted cardiac catheters to enable sequential blood 

sampling. During the plasma studies the animals were 

kept lightly sedated with phencyclidine hydrochloride. 

2. A column chromatographic technique using Sephadex 

LI-1720 was developed for the separation of a wide range of 

both plasma and urinary steroids. The technique used 

solvent systems composed of cyclohexane:ethanol, and the 

steroids were separated according to their polarity. 

3. Methods were developed for the measurement of the 

principal corticosteroids in plasma from macaque monkeys. 

A rapid technique for plasma cortisol was developed to 

enable large numbers of small volumes of plasma to be 

assayed. The method involved the extraction of cortisol 

from plasma using methylene chloride and the measurement 

by competitive protein binding. In addition, by the 

• introduction of the chromatographic stage using Sephadex 

LH-20 the specificity of the method could be improved. 

4. The concentration of plasma cortisol in these animals 

was markedly lower than previously reported. The control 

of corticosteroid production by the hypothalamus and 

pituitary was assessed by following changes in plasma 

corticosteroids after the administration of: (i) metyrapone 

(ii) insulin (iii) lysine-vasopressin (iv) dexamethasone 
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(v) synthetic adrenocorticotrophic hormone. 

The results presented indicate that the pituitary adrenal 

axis in these animals behaved aualitatively and quantitatively 

in a similar manner to that of the human. 

5. Radioactive cortisol and corticosterone were 

administered intramuscularly to two animals (Macaca 

fascicularis). The radioactive urinary metaboliteswere 

identified using radio-gas chromatography and combined 

gas chromatography-mass spectrometry. 

The principal metabolites of cortisol were identified 

as.glucuronide conjugates of 11-oxygenated-17-oxosteroids. 

The excretion of tetrahydrocortisol and tetrahydrocortisone 

relative to other corticosteroid metabolites was low 

compared with that of man. 

Two compounds 3P-cortol and 3P-cortolone,which are 

not normally present in human urine,were identified in the 

urine from this species. 

The principal metabolites of corticosterone were 

glucuronide conjugates of hexahydrocompound A and 

hexahydrocorticosterone. Two unidentified radioactive 

compounds were also present. 
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MATERIALS 

1. ORGANIC SOLVENTS 

All solvents were Analar (A.R.) grade and obtained 

from British Drug Houses, Poole, Dorset, England. 

Further purification or distillation of the following 

solvents was carried out:- 

Dichloromethane - washed with concentrated sulphuric 

acid, water, potassium hydroxide (1N) and water; dried 

over anhydrous sodium sulphate, refluxed with phosphorous 

pentoxide and redistilled. 

Hexane - washed with concentrated sulphuric acid, sodium. 

hydroxide (2N) and water; dried over calcium chloride and 

redistilled. 

Chloroform - refluxed with anhydrous potassium carbonate 

filtered and redistilled. 

pyridine - refluxed with potassium hydroxide and 

redistilled. 

Methanol - redistilled. 

2. CHEMICALS AND REAGENTS 

Most chemicals were Analar grade (A.R.) and obtained 

from British Drug Houses, Poole, Dorset, England. The 

main exceptions were:- 

Amberlite XAD-2 (Rohm and Haas Company, Philadelphia, 

U.S.A.) purified by washing with acetone and distilled 

water. 

Sephadex LH-20 (Pharmacia Fine Chemicals, Uppsala, 

Sweden). 

Ketodase 	P-glucuronidase (Warner - Chilcott Laboratories, 

Morris Plains, New Jersey, U.S.A.). 



Hexamethyldisil,,-Izane (Applied Science Labs. Inc., U.S.A.). 

Trimethz.lchl2rosilane (Applied Sciences Labs. Inc., U.S.A.). 

Methoxylamine hydrochloride (Eastman Organic Chemicals, 

Rochester, New York, U.S.A.). 

Scintillation Fluid: dissolve NaIpalene (60 g), 2,5- 

diphenyloxazole (4 g), p-bis (2-(5-phenyloxazolyl))-benzene 

(0.4 g), in redistilled methanol (100 ml) and ethanediol 

(20 ml). Hake up to 1 litre with dioxan. All chemicals 

were scintillation grade and obtained from Nuclear 

Enterprises Ltd., Edinburgh, Scotland. 

Borate Buffer (0.05H) dissolve 3.012 g of boric acid in 

water, adjust the pH to 7.8 and make. to 1 litre. 

Acetate buffer(0.05M) pH 4.5 -sodium acetate (0.051) 2 vols: 

acetic acid (0.05M) 3 vols. 

Corticosteroid binding globulin - obtained from normal 

human plasma, zhakuv w411. FloruLL (110 ) b5 Pe.Move EMZ19.512n °US Srero 

cerriftm,ra aKd slzred aE -21e wttL tecrrod ; Utevt. dilkita 	bor41'ebLOr 

. 	30AL CM' Kag>4:,-.. 

.3. REFERENCE STEROIDS 

Reference steroids were obtained from three principal 

sources, and the purity was checked by gas chromatography: 

(i) Koch-Light. Laboratories, Bucks, England. 

(ii) British Drug Houses, Poole, Dorset, England. 

(iii) E.R.C. Steroid Reference Collection, Professor 

W. Klyne T  Chemistry Department, 'olestfield College, 

Hampstead, London N.W.3. 

4. RADIOACTIVE STEROIDS 

The following radiolabelled steroids were obtained from 



the Radiochemical Centre, Amersham, England. 

Cortisol-112-3H specific activity 45 Ci/mM 

Cortisol-1,21617-3H specific activity 107 Ci/mM 

Corticosterone-112-311 specific activity 30 Ci/mM 

Cortisol-4-14C specific activity 54mCi/mM 

Corticosterone-4-140 specific activity 61 mCi/mN 

The following were obtained from New England Nuclear, 

Boston, Mass., U.S.A.: 

17a-hydroxyprof esterone-112-3H specific activity 35 Ci/rni.1 

17a:hyclEaElt1L:1=22Eticosterone-lt2I-LI specific 

activity 49 Ci/mN 

11-Deoxycorticosterone-1&3H specific activity 40 Ci/mM 

5. HORMONE TREATMENTS 

.§1yEasqhen - synthetic p1-24-corticotrophin-250 ,pg/vial 

(Ciba Laboratories, Horshrim, Sussex). 

Dexamethasone (Oradexon) - 5 mg/ml (Organon Laboratories Ltd., 

Crown House, London Road, Norden, Surrey). 

Metyrapone  (Metopiron)-1g/10 ml (Ciba Laboratories, Horsham, 

Sussex). 

Lysine-8-vasopressin-10 P.U./m1 (Sandoz Products Ltd., 

41 Upper. Grosvenor Street, London W.1. 

6. APPARATUS 

(Pye Unicam Ltd., Cambridge, 

England). 

Panax radioEf2 detector sysLera (Panax Equipment, Redhill, 

Surrey, U.K.) 
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Varian MAT 731 as chromELEEEph-mass  spectrometer 

(Varian-MAT, Bremen, Germany. 

Liquid Scintillation Counter - (Philips, Eindhoven, 

Netherlands). 

L.K.B. 8y00 Uvisord II (L.K.B. Productor, Bromma, 

Sweden) Mercury light source wavelength 254 nm -

interference filters wavelength 254 nm and 278 nm. 

EZ2LifIRil2hE22221222h (Pye Unicam Ltd., 0ambridge, 

England) equipped with flame ionisation detector - detector 

oven temperature 2500; pyrolysis oven temperature 650°; 

evaporator oven temperature 1000; wire speed 3 cm/sec. 

Glass opeaL222ed  chromatography  columns  length 30 cm; 

internal diameter 1 cm - not manufactured commercially. 



ABBREVIATIONS 

STEROID ABBREVIATIONS 

Trivial name  

Aetiocholanolone 

Aldosterone 

Androsterone 

Cholanediol 

Cholosteryl butyrate 

Corticosterone 

Cortisol 

Cortisone 

Cortol 

Cortolone 

Dehydrocorticosterone 

Deoxycorticosterone (DOC) 

11-Deoxycortisol 

Hexahydrocorticosterone 

Hexahydrocomoound A 

Pregnenolone 

Progesterone 

Tetrahydroaldosterone 

Tetrahydrocorticosterone 

Systematic name  

3a-Hydroxy-5P-androstane -17-one 

1113,21-Dihydroxypregn-4-ene-3120- 
dion-18-al 

- 3a-Hydroxy-5a-androstan -17-one 

- 5P-Cholane-3a, 24-diol 

- 5-Cholestene-3r3-yl-butyrate 

- 11p121-Dihydroxypregn-4-ene 3,20-dione.  

- 1113,17a1 21-Trihydroxypregn-4-ene-31  
20-dione 

- 17a121-pihydroxypregn-4-ene-3111,20- 
trione 

- 3a111p117a120a121-Pentahydroxy-513-
pregnane 

3D,,17a120a,21-Tetrahydroxy-5P-
pregnan -11-one 

- 21-Hydroxypregn-4-ene 3111,20-trione 

- 21-Hydroxypregn-4-ene-3,20-dione 

17a-21 dihydroxy-pregn-4-ene-3,20-ad 
one 

- 3a111P,203,21-tetrahydroxy-5P-
pregnane 

- 3a120P,21-Trihydroxy-5P-pregnan 
11-one 

- 3p-Hydroxypregn-5-em-20-one 

Pregn-4-ene-3,20-dione 

- 3a111p,21-trihydroxy-5P-pregnan -
20-on-18-al 

- 3a,11p121-trihydroxy-53-pregnan.-20- 
one 
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Tetrahydrocortisol (THF) 
	- 3a,11p117a121-Tetrahydroxy-513- 

pregnane-20-one 

Tetrahydrocortisone (THE) 	- 30:117a,21-Trihydroxy-53-pregnane- 
11;20-dione 

Notes 

1. Saturated metabolites of corticosteroids are indicated by 

the prefixes "tetrahydro" (3a-hydroxy-50 and "allotetrahydro" 

(3a-hydroxy-5a). 

2. Additional hydroxyl and ketone groups are indicated by 

the prefixes -"hydroxyl"- and -"oxo"- respectively. 

GENERAL ABBREVIATIONS 

ACTH 	 adrenocorticotrophic hormone, 
corticotrophin 

G.H. 	- growth hormone 

11-OHCS 	11-Hydroxycorticosteroids 

17-0HCS 	- 17-Hydroxycorticosteroids 

CBG 	 corticosteroid binding globulin 

CPB 	 - competitive protein binding 

RIA 	 - radioimmunoassay 

GC-MB 	 gas chromatography-mass 
spectrometry 

TLC 	 - thin layer chromatography 

Imps 	 - hexamethyldisilazane 

TMCS 	 trimethylchlorosilame 

TMSi or silyl ether 	trimethylsilyl ether 

MO-TMSi or oxime silyl 	methyloxime-trimethylsilyl ether 

m.u . 

m/e 

- methylene unit 

- mass/charge ratio 

- molecular ion 

- intramuscular 

intravenous 
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GENERAL INTRODUCTION 
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6. The metabolism of corticosteroids in non-human 

primates 
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1. BACKGROUND TO Ti_; WORK 

It has been known for some years that steroid 

metabolism in the human infant is considerably different 

to that of the adult. Mitchell (1967) found that steroids 

present in infant urine were unique and many previously 

unidentified steroids were discovered in large amounts. 

These steroids all had in common a 3p-hydroxy-5-ene group 

unlike those of the adult which have the corresponding 

3-oxo-4-ene structure. 

The significance of these steroids is unknown and 

for ethical reasons it is not possible to carry out 

experiments on the human at this period of life to determine 

the source, control and reason for the production of these 

steroids. An attempt has therefore been made in the 

present study to find an animal model on which this work 

could be carried out. 

Monkeys and apes, due to their phylogenetic 

similarity to man, have become of great importance as 

models with which to find the solution to many problems 

in human biology and pathology. Experimental work in such 

fields as infectious pathology, oncology, haematology, 

;neuroendocrinology and reproduction over the last few decades 

have illustrated that monkeys physiologically and 

pathologically are considerably closer to man than most 

classical laboratory animals such as rats, mice and 

guinea-pigs. 

The only endocrine system which in early life is 

similar to that of man is found in the primate order. The 



young chimpanzee and the orang-utan show almost 

identical urinary steroid patterns to those of the 

human infant (Shackleton and Gustaffson, 1971). 

Unfortunately chimpanzees are expensive and rarely breed 

in captivity, and are impracticable to keep. This led 

to the thorough investigation of the steroid biochemistry 

of both adult and infant species of non-human primates, 

and in particular themacaque monkey. 

An attempt has been made in the work described 

here to.assess pituitary adrenal function in the adult 

macaque monkey and to determine the metabolic fate of the 

principal corticosteroids in species of macaque monkeys. 

2. THE CLASSIFICATION OF LIVING PRIMATES 

Living primates are classified morphologically into 

twelve families ('rapier and Napier, 1967). Six groups 

comprise the Prosimian families and six groups the 

Anthropoid families viz: 

1. Tupaiidae 	- comprising the treeshrews 

2. Lemuridae 	- the Madagascar family including 

the lemurs 

3. Indriidae 	- including the long legged lemur 

4. Daubentoniidae - monotypic family of the Madagascan 

lemur, the Aye Aye 

5. Lorisidae 

6. Tarsiidae 
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7. Callitrichidae 

8. Cebidae 

9. Cercopithecidae 

10. Hylobatidae 

11. Pongidae 

12. Hominidae 

- New World monkeys 

- the largest family of New World 

monkeys 

- the monkeys of the Old World 

including the Nacaca species 

- the lesser apes of the Far East 

- the great apes of the Old World, 

the chimpanzee, baboon 

- i.e. man 

The macaque genera are one of 14 found within the 

Cercopithecidae family of which the Nacaca mulatta (rhesus 

monkey) and the Macaca fascicularis (cynamologous or crab-

eating monkey) are two of the 12 species of macaque monkeys. 

A simplified scheme illustrates the degree of 

morphological and behavioural development found within the 

primate order. 

Spectrum of evolutionary trend within the primate order  

MAN 

APE 

OLD WORLD MONKEY 	Increasing complexity of 

NEW WORLD MONKEY 	structural and behavioural 

LEMUR 	organisation 

TARSIER 

TREESHREW 

The macaque monkeys are common to both Asia and Africa ' 

and are to be found in areas of tropical rain forest, monsoon 

forest, mangrove swamps and temperate forests of the Ear 

East. The cynamologous monkey lives near the coast in tidal 
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creeks or swamp regions while the rhesus monkey can be 

found in more inland regions, often in villages. Their 

diet consists mainly of fruit, young leaves, roots, insects, 

rice maize, potatoes and sugar cane. The cynamologous or 

crab-eating monkey derives its name from its diet of 

crustaceans. 

The macaque monkeys are medium sized animals, the 

mature adult females weighing between 2.5 - 5 Kg. while the 

males range from 5 - 10 Kg, and sexual maturity is achieved 

after about 4 years of age. 

The menstrual cycle of the macaaue is 28 days, similar 

to that of the human, but the gestation period is approximately. 

167 days compared with 250 days for man. 

3. THE BIOSYNTHESIS AND METABOLISM OF ADRENOCORTICAL STEROIDS 

IN MAN 

This hats been the subject of extensive studies and 

several reviews have been published. (Pincus, 1955; Hayano 

et al. 1956; Heftmann and Mosettig, 1980; Dixon et al. 1972; 

Cope, 1972). It is therefore sufficient to briefly outline 

the general picture of biosynthesis and metabolism. 

The major biosynthetic pathways of the adrenocortical 

steroids are shown in Fig. 1. Cortisol is the principal 

corticosteroid secreted by the adrenal gland and is 

biosynthesised via either cholesterol or acetate (Hechter 

et al.'1953). The formation of pregnenolone from cholesterol 

was shown to be greatly enhanced by ACTH (Stone and Hechter, 

1954; Dorfman 1962). The enzymic conversion of pregnenolone 
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to cortisol takes place through a number of intermediates. 

The first stage is the conversion of pregnenolone to 

progesterone which is catalysed by a 3P-hydroxy steroid 

dehydrogenase and a A5-  isomerase. The former enzyme, 

which is found in the liver microsomes, is highly stereo-

specific and has no action on 3a-isomers. The isomerase 

enzyme has been isolated in the cell cytoplasm. Both enzymes 

have also been found in the corpora lutea and the placenta. 

(Cheatum and Warren, 1966; Koide and Torres, 1966). The 

conversion of progesterone to cortisol requires successive 

hydroxylations at the 11, 17 and 21 positions in the molecule, 

while aldosterone requires an 18-hydroxylation. The 

sequence of hydroxylations is generally considered to occur 

in the order 17, 21 and 11 although this sequence may be 

altered in pathological conditions. 

The 17 hydroxylation process has been shown by 'in vitro' 

studies to take place in many tissues other than the adrenals 

(Solomon et al. 1958, Little and Shaw, 1960). This 

hydroxylation converts pregnenolone to 17a-hydroxypregnenolone 

and progesterone to 17a-hydroxyprogesterone. The 'in vitro' 

conversion of 17a-hydroxypregnenolone to 17a-hydroxy-

progesterone has been demonstrated using both human and 

animal adrenal slices (Lipsett and Hokfelt, 1961). 

The importance of 17a-hydroxyprogesterone as a 

precursor of cortisol Las been the subject of much speculation. 

Brooks_(1960) showed that after the administration of 

17a-hydroxyprogesterone a considerable increase in the 

urinary excretion of C,9-saturated metabolites, in particular 

pregnanetriol, occurred whereas the increase in the cortisol 



TABLE 1 

CONCENTRATIONS OF THE MAIN - CORTICOSTEROIDS IN HUMAN PLASMA 

Reference Steroid Concentration Method of Analysis 	- 

Cortisol 

Corticosterone 

8-24 ug/100 ml 

0.5 - 2.0 ug/100 ml 

Competitive protein binding 

Isotope dilution 

Nugent and Mayes (1966) 

Peterson (1956) 

Cortisone 

11-Deoxycortisol 

- 1.8 ug/100 ml 

0.17 - 0.19 ug/100 ml 

Competitive protein binding 

Competitive protein binding 

--Newsome et al, 	(1972) 
tt 	 tt 

11-Deoxycortico-
sterone 

1-12 ng/100 ml Radioimmunoassay Arnold and James (1971) 

17-Hydroxy-
progesterone 0.3 - 2.2 ng/100 ml Radioimmunoassay Abraham et al, (1971) 
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metabolite tetrahydrocortisol was relatively small. 

possible explanation for this may however be that the 

exogenous steroid does not enter the adrenal pool. 

It is generally accepted that the next hydroxylation 

to occur is in the C-2I position to give 11-deoxycortisol 

(Lombardo and Hudson, 1959). This compound is normally 

present in urine in small amounts but large quantities can 

be demonstrated when. 113-hydroxylation is inhibited with 

the drug metyrapone. The final hydroxylation involves the 

conversion of 11-deoxycortisol to cortisol catalysed by an 

11p-hydroxylase. Although there may be alternative routes 

of biosynthesis, the principAl precursors of cortisol are 

those described and any other intermediate compounds are 

likely to be present in plasma in extremely small quantities. 

The biosynthesis of corticosterone, the principal minor 

corticosteroid and the precursor of the mineralocorticoid, 

aldosterone, occurs via successive 21 and 11 hydroxylations 

of progesterone. Lombardo and Hudson (1959) demonstrated 

that the conversion of corticosterone to cortisol by a 

17-hydroxylation did not occur. The formation of aldosterone 

involves an additional hydroxylation of corticosterone in 

the C-18 position. 

The concentrations of the principal corticosteroids 

in peripheral plasma are summarised in Table 1. Cortisol 

is the major corticosteroid and cortisone and corticosterone 

are minor steroids. 

The metabolism of cortisol occurs mainly in the liver 

and the principal reactions, as illustrated in Fig. 2, can 
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be summarised as:- 

(i) the oxidation of the 11-hydroxyl to form an 11-oxo group 

(Hubener et al. 1956) 

(ii) the reduction of the double bond in the C-4 position. 

(McGuire and Tomkins, 1959) 

(iii) the hydroxylation of the 3-oxo group 

(iv) the reduction of the C-20 carbonyl group (Burnstein 

and Dorfman, 1955) 

(v) removal of the side chain at 0-17 position to form an 

11-oxygenated-17-oxosteroid 

(vi) hydroxylations may also occur at other positions notably 

the C-6 position (Forchielli and Dorfman, 1956), 

Cortisol, cortisone and their 20-dihydroderivatives, 

and 6P-hydroxycortisol are excreted in urine bnconjugated, 

while the metabolites in which the reduction of ring 'A' has 

occurred are mainly conjugated in the liver to form 

glucuronides or sulphates (Stevens et al. 1961). Conjugation 

occurs at the C-3 positions(but may to a small extent occur 

at the C-21 position) which renders the compounds more water 

soluble, and Inachyahs 	Lo/e_ honmone-. 

A quantitative assessment of cortisol metabolism was 

reported by Fukushima et al, (1960). After the administration 
, of radiolabelled 14(J-cortisol to normal subjects and collection 

of urine for 2 days, isolation and identification of the 

compounds excreted shcwed that about 64 of the total activity 

of the injected dose was excreted as unconjugated steroids and 

as glucuronides. Of the total metabolites, tetrahydro-

cortisone (THE).and tetrahydrocortisol (THF) comprised about 



TABLE 

Urinary excretion of the principal corticosteroid 

metabolites in man 

2.3 &112 

2.2-4.7 

2.0-3.5 

'0.8-2.2 

< 0.2 

0.1-0.4 

1.4-1.7 

0.1-0.5 

11-oxoandrosterone 	0.7 

11-oxoaetiocholanolone 	0.5 

'11P-hydroxyandrosterone 	0.7 

11f3-hydroxyaetiocholanolone 	0.4 

Steroid 

Tetrahydrocortisone 

Tetrahydrocortisol 

Allo-tetrahydrocortisol 

Tetrahydro-11-deoxycortisol 

Tetrahydrocorticosterone 

Cortolones 

• Cortols 

Reference 

Pal et al (1966) 

Shackleton et al 
(1967 

Cost and Vegter 
(1962) 

Beale et al (1972) 

Ros and Sommerville 
(1971) 

It 	 II 

Rubin et al (1954) 

It 	 It 

II 	 11 

63-hydroxycortisol 	• 0.15-0.40 Katz et al (1962) 
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half, the cortols and cortolones about one-third, and the 

11-oxygenated 17-oxosteroids about one-twentieth. The 

concentrations of the principal metabolites excreted in the 

urine are summarised in Table 2. 

4. MORPHOLOGY AND HISTOLOGY OF THE PRINT 3 ADRENAL GLAND 

4.1 The human adrenal gland 

The human adrenal gland is composed of two main regions 

of cells, the cortex, showing considerable steroidogenic 

activity, and the medulla, showing very little activity. 

While ablation of the medullary zone would show no pronounced 

effect on the body, death occurs within several days if the 

cortex is destroyed (Addison, 1855; Brown-Sequard, 1856). 

Histology of the adrenal cortex reveals three distinct 

layers of cells: 

a. The zon2slomerulosa, the outermost layer of cells which 

is an irregular zone lying directly under the fibrous capsule 

and is responsible for production of the salt retaining 

hormone aldosterone, (Swann, 1940; Ayres, 1956) 

b. The zona fasciculata, which is variable in width and is 

composed of cells rich in lipid. 

c. The zona reticularis, the innermost layer of the three 

zones, shows a more compact arrangement of cells containing 

very little lipid material. It is from the zona fasciculata 

and the zona reticularis that the main C2,1  adrenal steroids, 

are prOduced. (Symington, 1962, 1969). 

4.2 The adrenal 0-land of adult primates 

The adrenal glands of adult macaque monkeys of various 



species were examined by Hill (1929). In all cases the 

gland was seen to be larger in the female than in the male, 

this being due to cortex rather than medullary tissue. Hill 

(1933) also described the size, form and structure of the 

adrenal glands of a series of Pithecus monkeys (Cebidae) of 

different sex and age. In the adult gland the zona 

fasciculata was variable in size, but diminished with 

increasing age of the animal. The zona re.ticularis was not 

present but a zone termed the zona arcuata was seen which 

was formed from the "true cortex" of the foetal gland and 

which corresponded to the area of cells of the zona. 

E1oa2rulosa in the adult human gland. The variability in 

the structure of.the adult primate adrenal gland.of a 

number of species of New :forld monkeys was alSo discussed 

in a review by Houser (1962) 

4.3 The foetal adrenal land of human  and non-human 2rimates 

The foetal gland of the human is some ten to twenty 

times larger by weight, proportionally, than the adult 

human adrenal gland, and is seen histologically to be composed 

of a distinct reticular zone which involutes by necrosis 

soon after birth. This has been termed the "foetal zone" 

the development and function of which is not completely 

understood. 

Extensive investigation of many non-primate species 

has failed to show that any other mammal has a similar 

adrenal, structure to that of the human. Hill (1930, 1933) 

found evidence of a foetal zone in two species of primates, 

the macaoue ruonkey and the Ceylonese monkey, and Uotila 
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(1940) reported the appearance of a "foetal zone" in 

the macaque foetus. The leopard and possibly the lion 

and tiger have also been reported to show a foetal zone 

(Hill, 1937) 

Lanman (1957) reported a wide variation in the 

morphology of adrenal glands in newborn primates, and the 

foetal zone in the macaque monkey was seen to disappear 

before .birth by transition into an adult type cortex. 

Lanman found a normal non-involuted foetal zone in macaques 

two months before full term, but failed to observe this in 

the full term foetus; he could not find evidence of a foetal 

zone in the adult glands, indicating involution to the 

adult type cortex before birth. Lanman concluded that a 

transition takes place from the foetal to the adult type 

of cortex in the macaque monkey, unlike the human foetal 

adrenal which undergoes this change by necrosis. He 

supported this theory by.the observation of intermediate 

type cells in a premature newborn macaque monkey. 

The newborn chimpanzee has a foetal zone which is 

indistinguishable from that in man (Lanman, 1957) and 

which undergoes involution at about the time of birth. 

4.4 Summary 

Studies of the morphology and histology of primate 

adrenals are limited but the structure of the adrenal 

gland in primates appears to be extremely variable, not 

only from species to species, but also from animals within 

the same species. Data so far published has mainly 

concerned the New dorld monkeys and very little has been 
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reported on adrenal morphology and histology of species 

of Old acrid monkeys and apes. 

The evolutionary closeness of the chimpanzee to the 

human is demonstrated in the development of the foetal 

adrenal gland. From the evidence of the morphology and 

histology it might be expected that there would be 

differences in the types of steroids produced by the 

infants of the Old 'dorld monkeys when compared to those of 

the apes and the human. 

5. ADRENOOORTICI.L STEROID PRODUSTION IN NON-HUMAN PRIMATES 

5.1 Introduction 

After the clinical description of a syndrome of adrenal 

insufficiency by Addison (1849) and the demonstration of 

the importance of the adrenal glands to the survival of 

animals (Brown-6equard, 1856), Osler (1896) showed that 

adrenocortical insufficiency in animals could be treated 

by the administration of a glycerine extract of hog adrenal 

tissue. This led to the preparation of a biologically 

active extract of cortical tissue by Rogoff (1932), and by 

Hartman and Brownell (1930). This suggested that this 

tissue contained an essential component of the adrenal 

gland, and analysis of the adrenal extract led to the 

identification of several steroidal substances of which 

corticosterone (113,21-dihydroxy-pregn-4-ene-31 20 dione) was 

first isolated. 

Reichstein (1951, 1954) and Kendall (1950, 1953) made 

considerable advances in the field of steroid analysis and 

concluded that:- 



a) all active steroids possessed 21 carbon atoms 

b) most have highly oxidised side chains and possess an 

'WM group at the C-11 position 

c) all the active compounds have 3-oxo-4-ene configuration 

in the'Afring mid a 20, 21 ketol or 17, 20, 21- 

dihydroxyacetone group 

d) all are derivatives of corticosterone 

While many of the major corticosteroids had been 

identified by these workers it was not until 1954 (Simpson 

et al) that the mineralocorticoid aldosterone was isolated 

and identified. This was due to the difficulty of 

separating aldosterone from cortisone, so that for some time 

cortisone was considered to be active in electrolyte 

metabolism. 

5.2 Analysis of adrenal venous  blood of orimates 

The estimation of the principAl adrenocortical steroids 

in the blood of various mammalian species, including the 

rhesus monkey (Nacaca mulatta) was described by Bush (1953). 

Compounds were isolated by paper chromatography of ethyl 

acetate extracts of adrenal venous blood, and identification 

was made by: 

the Rf values compared with pure standards 

- the preparation of acetates and their respective Rf values 

- the fluorescence reaction in alkali of the free compounds 

(characteristic of 3-oxo-4-ene group of the 'A' ring) 

- the reaction with alkaline silver nitrate or 

triphenyltetrazolium chloride characterising the u-ketols 

with reducing properties 

- reactions with dinitrophenylhydrazine in hydrochloric acid 
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(detecting an oxo group) 

- absorption of U.V. light (254 nm) and the colour reaction 

obtained with iodine (detecting a double bond) 

Measurement was accomplished by visual comparisons 

against standards of the intensity of the colours produced 

by the reactions on paper. Bush quoted this method of 

measurement to be accurate to 	10 - 40;-6. Limits of 
MEI 

detection for the compounds varied from 0.25 - 5.0[1g per 

spot, according to the colour reaction used. Recoveries 

ranged from 85-105%. 

Cortisol and corticosterone were present in rhesus 

monkey adrenal venous blood and comprised 85-100% of the 

total quantity of detectable steroids with a 3-oxo-4-ene 

group. The ratio of cortisol to corticosterone was of the 

order of 20:1. Of the minor compounds, cortisone was 

identified and accounted for 1.7;% of the total adrenocortical 

steroids. Aires (1962) reported the presence of large 

amounts of cortisol and corticosterone in adrenal venous 

blood and also identified cortisone in low concentrations. 

Details of the methods employed were not quoted in the 

publication but subseouent personal correspondence with 

hires and associates confirmed that021 steroids were 

separated using the 3ush B5 paper chromatographic system, 

and measured by staining with blue tetrazolium (Bush, 1953). 

Cortisone, while not being present in large quantities was 

visualised in U..V. light. 

In the analysis of adrenal venous blood from baboons, 

Goncharow (1972) isolated by paper-and thin layer 
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chromatography and identified by infra red spectra about 

40 steroid compounds. Cortisol (68%) was the major adrenal 

secretory product and considerable amounts of 11-deoxycortisol 

(10.8%) corticosterone (7.1%) 170,-hydroxyprogesterone (2.7) 

and aldosterone (0.6) were identified 

Secretion rates 

High secretion rates of cortisol were found by Bush 

(1953) in his experiments (3.5 - 5.5 mg.kg.-iday-iper 

animal) but the ratio of major to minor steroids was constant. 

In all species tested, particularly in the smaller animals, 

even the infusion of large amounts of ACTH did not produce 

any increase in secretion rate, and Bush indicated that the 

animals were subjected to a high degree of stress during the 

experiments. Blood sampling was carried out by the method 

of Vogt (1943) in which liberation of ACTH from the pituitary 

was reported to occur during the surgical procedures. 

Secretion rates of cortisol in both chimpanzees (Pan 

sa-tyrus) and Cebus monkeys (Cebus albifrons) have been 

measured. Aires and colleagues (1962) obtained blood 

directly from the left adrenal vein of Cebus monkeys, and 

after paper chromatographic separation established by 

1W. and I,R.techniques cortisol .and corticosterone to be the 

main C21  steroids, with cortisone being detected in low 

concentrations. The secretion rate of cortisol was 16 

min-iper gram.and 370 µg kg-1  per hour for male and 16 

min-iper gram of gland and 340 	kg-1  per hour respectively 

for female monkeys. The difference between the male and 

female was insignificant. The assay techniques were not 
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disclosed in their report. 

The secretion rate of cortisol in immature chimpanzees 

has been determined by Layne and co-workers (1964) from 

the specific activity of the tetrahydroderivatives following 

injection of 14C- cortisol. These workers estimated a mean 

secretion rate for cortisol of 3.8 mg/day and observed that 

the metabolism of cortisol was very similar to that of man. 

The secretion rates of cortisol in the chimpanzee are very 

similar to those of man (11-19 mg/day, Peterson, 1959) 

when considering the relative size of the two species. 

The adrenal secretion of a salt regulating hormone 

was indicated in preliminary experiments by Simpson, Tait 

and Bush (1952) using an isolated perfused monkey adrenal. 

Fluorimetric measurement of extracts of the perfused fluid 

indicated 1-2 lig of cortisone to be present, but when 

24 42 - ratio bioassay using the depression of urinary 	atio was 

used the amount of 'cortisone' was found to be equivalent 

to approximately 25 lig of deoxycorticosterone acetate. 

After subjecting the extract to further chromatography 

the active mineralocorticoid substance was found to be 

distinct from cortisone, and chemical analysis showed it to 

be present at less than 0.5% of the cortisol concentration. 

The compound was identified as aldosterone, (Simpson et al., 

1954a, 1954b). 

5.3 Levels of borticosteroids in eripheral lasma of 

non-human primates 

Bowman and de Luna (1968) assayed peripheral plasma 

. 'samples from rhesus monkeys using a competitive protein binding 

technique similar to that described by Hurphy et al. 01963). 



Plasma extracted with dichloromethane was assayed without 

chromatographic purification or separation of the 

corticosteroids, by their binding to a commercially available 

rabbit a1-globulin. The plasma samples were also assayed by 

double isotope derivative and by a micro Porter-Silber method 

to measure 17-hydroxycorticosteroids (17-UHCS) (Porter and 

Silber, 1950). By protein binding, Bowman and de Luna found 

a mean.value for plasma cortisol (no time of sampling stated) 

in 24 rhesus monkeys of 50p.g/100 ml (range of 14-125 ii.g/100 ml) 

compared with 58 Its/100 ml obtained by the Porter-Silber 

method for 17-OHCS, and 54 iig/100 ml obtained by a double 

isotope technique. Using the commercially available rabbit 

al-globulin)Bowman and de Luna reported that progesterone 

did not interfere in the assay and that interference due to 

corticosterone was extremely small. Cortisone and 11- 

deoxycortisol both interfered in the assay, but it was 

stated these substances were not normally present in monkey 

plasma, although no evidence of this was given. 

Mason (1959) reported mean basal 0900 h. levels of 

plasma 17-0HCS, assayed by the less specific technique of 

Nelson and Samuels (1952), to be 38 ig/100 ml in rhesus 

..monkeys housed in individual cages, compared with 51 p.g/100 ml 

in monkeys housed in community cages, and showed that both 

plasma and urinary 17-hydroxycorticosteroids were greatly 

affected by environmental factors. 

investigations of many biochemical parameters in the 

chimpanzee have been carried out by scientists of the N.A.S.A. 

Space program. 'Elmadjian and Forchielli (1962) reported 

Ce rh 



on various hormone levels, includinE,; plasma 17-0HCS, in 

the normal chimpanzee and in the animal subjected to severe 

stress. Basal levels of plasma 17-0H03 in the immature 

chimpanzee ranged from 10-20 lig/100 ml (mean 16 ilg/100 ml). 

Plasma levels in mature animals were not reported. The 

animals were subjected to severe environmental stresses 

involving rapid changes of temperature and, humidity, 

acceleration and deacceleration, and sub-orbital flight. 

Under severe stress the plasma 17-01105 reached levels of 

60 to 70 ilg/100 ml. 

A series of papers published by Brown and colleagues 

(1970a, 1970b, 1971a, 1971b) reported extremely high values 

for plasma corticoids in the New World squirrel monkey 

(Saimiri sciureus). Baseline levels of plasma corticoids 

assayed by competitive protein binding using human CBG were 

in excess of 400 lig/100 ml. Plasma samples were also 

assayed by the Porter-Silber reaction, by fluorimetry and 

by competitive protein binding after thin layer chromatography. 

Good agreement was found between values obtained by these 

three methods, but the values found after the introduction 

of a thin layer chromatographic stage were 68% of those 

found using the other direct methods. A mean resting, morning 

plasma corticoid level of 405 ig/100 ml (SD=43 ig/100 ml) 

was reported in eight adult squirrel monkeys. Isolation 

and identification showed the major corticoid in the plasma 

to be cortisol. 

5.4 The diurnal variation of plasma corticost'eroids  

Higeon et al (1955) reported that the nyctohemeral 



31 

rhythm of plasma 17-0=1; in adult rhesus monkeys measured 

by the technique of Nelson and Samuels was similar to that 

found in humans (Bliss et al., 1953). 

Nigeon et al, (1955) found a mean morning plasma 

17-0H0 level of 38 ilg/100 ml (3D=1 ilg/100 ml) in 36 

rhesus monkeys and demonstrated a rhythmic pattern in which 

steroid levels were maximum at 0600 h. fell sharply until 

0900 h. and then fell gradually during the day to a mean 

level cf 22 ilg/100 ml at 2100 h. This was then followed 

by a nocturnal rise. Migeon et al suggested that the 

maximum 0600 h. rise might have been due to a stress effect 

in the awakening and bleeding of the animals during the 

night, which might have resulted in a modification of the 

natural nyctohemeral rhythm. 

Mason et al,, (1968) reported nyctohemeral variations 

of plasma 17-OHOS in the rhesus monkey; a 0900 h. maximum 

level of approximately 26 lig/100 ml fell to a minimum 

value at 2100 h. of approximately 10 lig/100 ml. This is 

a similar Pattern to that in the human. 

In the human infant there is an absence of a 

nyctohemeral rhythm of plasma l7-OHOS until about the age 

of 3 years (Franks, 1967). Bowman et al, (1970) investigated 

the nyctohemeral rhythm in the infant rhesus monkey; a 

significant rhythm was observed in the first week of life, 

but the magnitude of the changes were less marked than 

those seen in the adult monkey. 

5.5 Ohanc,es in corticosteroid production during adrenal  

stimulation 

The effect of stimulation of the adrenals by ACTH has 



been examined by a number of werers. Jason (1959) using 

rhesus monkeys, observed rates of increase of plasma 

17-0HCS of the order of 20-25 ;' 100 ml)-1h-1 over a two 

hour period after ACTH injection. These rates were rarely 

exceeded and this response was similar with doses of 4 mg 

ACTH/Kg body weight and 16 mg ACTH/Kg body weight. The 

rate of rise of plasma 17-ONUS was also shown to be 

independant of the plasma level. before ACTH administration. 

Similar observations were found to occur with reserpine, 

stimulation of the amygdala and in conditioned avoidance 

exercises. 

Higeon et al, (1955) also using rhesus monkeys reported 

similar data to those of l'iason (1959), with a doubling of 

the pre-ACTH plasma 17-0HCS level (as measured .by the 

Nelson-Samuels method) two hours after the intravenous 

injection of 0.4 mg/K; of 	but with a decrease occuring 

after four hours. This effect was more pronounced with a 

larger dose of 4mg/Kg ACTH. 

Bowman and vlolf (1969) using a micro Porter-Silber 

assay reported an average plasma 17-03C rise of 1811g/100 ml 

in the first hour after ACTH administnation in wild rhesus 

monkeys aged between 2 and 8 years. This increase proceeded 

more slowly over the next three hours, achieving a maximum 

rise of 50 µg /100 ml. The increase in corticosteroid level 

was shown to be significantly higher in younger monkeys than 

in older monkeys, but no correlation with weight or sex was 

found. 

The response to ACTH infusion in squirrel monkeys has 

C r.) 



been demonstrated by Brown et al, (1970). Increases 

in plasma corticoids from approximately 400 ig/100 ml 

prior to infusion to 600 lig/100 ml 20,minutes after 

infusion was shown to occur in normal unanesthetized adult 

monkeys. This response was, however, small by comparison 

with the rise in corticoid level which occured on transferring 

animals to restraining chairs. The neurological stress 

effect in all animals observed due to 'chairing' was to 

increase the plasma corticoids to levels above 1000 [1g/100 

indicative of an operational 'pituitary-adrenal' axis in 

this species of monkey. This evidence, however, might indicate 

that either the negative feedback control of ACTH secretion 

by cortisol is diminished (it is probable that the plasma 

ACTH levels are high in this species) accounting for 

excessively high resting plasma corticoid levels or there 

may be some 'end organ' unresponsiveness to the active 

hormone. 

5.6 PsrchoendocrinoloRical aspects of adrenal function 

in non-human primates 

Many papers have been published on aspects of adrenal 

function in primates including man. As early as 1931 it was 

suggested that a relationship between emotional state and 

the adrenal cortex existed (Hollingshead and Barton), and 

Selye (1936) observed that enlargement of the adrenal glands 

with loss of lipids occurred in rats subjected to severe 

stress. It was this observation that stimulated much 

psychiatric research and resulted in a considerable emphasis 

on the adrenal cortex and its relationship to emotional 
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stimulation, in.both laboratory animals and humans. 

Much of the work using prithates was initiated by 

Mason (1959, 1968a, 1968b) who studied in detail 

psychoendocrinological aspects of the pituitary adrenocortical 

system. dhile his work was thorough, the techniques employed 

for the analysis of corticosteroids in differing psychological 

situations were based upon the rather unspecific Nelson-

Samuel assay for measuring total 17-hydroxycorticosteroids. 

In general, studies in the human have shown conclusively 

that pituitary adrenocortical activity is increased in 

conditions in which there appears to be a state of emotional 

disturbance. Mason extended the observations in the human to 

the rhesus monkey. 

Mason et al. (1959) established a mean plasma 17-OHCS 

level of 38 ilg/100 ml at 0900 h. while at 1500 h. this 

value was 26 p.g/100 ml. Basal levels of plasma 17-0HCS 

were found to be significantly different in monkeys housed 

in individual cages than those found in monkeys housed in 

community cages. 

The daily excretion of urinary 17-0HCS were found to 

. be some 30 higher during the week than at the weekend and, 

it is apparent throughout the work of Mason and colleagues 

that simple changes in environmental and emotional conditions 

can greatly influence the level of plasma and urinary 17-0HCS. 

Striking relationships have also been observed between 

plasma.17-0HCS levels and 'first experience' situations. 

Mason sho:•red that after venipuncture of a group of ten 

monkeys the plasma 17-OHCS levels were considerably lower 



on the second and third experience of the procedure than 

on the first. This was an important observation that has 

been taken into account in planning the present study. 

5.7 Cortisol bindinc-  in •lasma of non-human primates  

Studies of the binding capacity of corticosteroid 

binding globulin (CBG) have been carried out by few workers. 

Beamer et al. (1972) reported CBG binding capacities in the 

normal adult rhesus monkey of 24 ilg/100 ml (SD = 1 p.g/100 ml) 

for the male and 25 ilg/100 ml (SD = 0.5 iig/100 ml) in 

the female. No significant difference was found and there 

was also no significant difference between these values 

and those.observed for the ovariectomised monkey. The 

findings are consistent with those briefly reported earlier 

by Seal and Doe (1967). Having found that ovariectomy 

did not affect CBG binding capacity, Beamer et al. suggested 

that the ovarian hormones have little influence on the 

maintenance of the CBG binding capacity in the rhesus monkey. 

This deduction is supported by the absence of any significant 

rise in CBG binding capacity during pregnancy in the rhesus 

monkey. In contrast to the human where CBG binding capacity 

increases during gestation (Slaunwhite and Sandberg, 1959; 

Daughaday et al., 1962) no increase occurs in the rhesus 

monkey (4siolf and Bowman, 1966; Beamer et al., 1972). The 

latter group of workers actually report a decrease during 

pregnancy of CBG binding capacity to 18 lag/100 ml. 

After the findings of very high concentrations of 

corticoids in the plasma of the squirrel monkey, Brown 

.et al. (1970) estimated the CBG binding capacity by 



equilibrium dialysis at 9°. Surprisingly a very low binding 

capacity (5 vg/100 ml) was found and approximately 60;L 

of the cortisol was present unbound. 

5.8 Adrenocortical steroids in  pr2ylancyin non-human 

primates 

Several groups of workers have studied adrenal function 

in both the mother and the foetus during pregnancy. 'doll' 

and Bowman (1966) monitored adrenal function by estimating 

unconjugated 17-0HCS (by the Porter-Silber reaction) 

throughout gestation in ten rhesus monkeys. No significant 

difference in the 'resting' levels of unconjugated 17-0HCS 

was observed between pregnant animals and non-pregnant 

controls. This is in contrast to observations in the human 

(Stewart et al. ; 1961). The metabolic turnover of cortisol 

was also assessed by measuring the cortisol half life after 

injection of radio-labelled cortisol. It was shown to 

increase from 80 minutes to a maximum of 100 minutes at 

parturition, in a similar manner to that observed in the 

human. 

Adrenal function in the rhesus monkey in pregnancy is 

therefore dissimilar in some respects to that in the human. 

In the human, the increase in plasma 17-01CS levels correlate 

with an increase in the concentration of the specific 

binding protein, CBG, and a decrease in the metabolic 

turnover of cortisol (Migeon et al., 1957). CBG concentration 

is seen to increase with the progressive increase in 

oestrogen levels during gestation. In the rhesus monkey, 

.however, Slaunwhite and Sandberg (1959) found no such 



increase in oestrogen levels during pregnancy, vihile 

Beamer et al., (1972) reported a decrease in nG binding 

concentration during pregnancy. 

5.9 Summary 

As in the human cortisol is the major corticosteroid 

secreted by the non-human primate adrenal gland. Few data 

have been reported on aspects of pituitary adrenal function 

in species of non-human primates. Basic details such as 

normal levels of corticosteroids circulating in these 

animals, changes in levels with the effects of adrenal 

stimulation and suppression tests reported are few and often 

findings are conflicting. Perhaps the major problem 

encountered in the past has been that of methodology. Much 

of the early work in assessing adrenal activity was carried 

out by the measurement of cortisol using non-specific 

techniques, and it is only in the last decade that improved 

sensitivity and greater specificity has been. available 

by the use of competitive protein binding and radioimmunoassay 

techniques. 

6. THE METABOLISM OF CORTICOSTEROIDS IN NON-HUMAN PRIMATES  

The general metabolic picture which is found in the 

human has been descriied previously. 

Surprisingly little is known of the 'in vivo' 

metabolism of corticosteroids in primates, although a 

considerable volume of literature has been published on . 

aspects of in vitro' metabolism. Layne et al. (1964), in 

reporting the secretion rates in the chimpanzee observed 



that the major urinary metabolites of cortisol were 

tetrahydrocortisone (T11) and tetrahycirocortisol (THF) 

with very little allo-tetrahydrocortisone being excreted. 

The daily excretion of THE ranged from 294-566 pg while that 

Of THF ranged from 184-580 pg. 

After injection of tritiated cortisol into adult male 

Cebus albifrons, a species of New World monkey, Birchall 

et al. (1966) estimated urinary free cortisol by the 

Porter-Silber reaction after chromatography. A mean rate 

of excretion of 170 pg/24h. was found. The excretion of 

613-hydroxycortisol was also determined in the same manner 

and a mean rate of urinary excretion of 100 ig/24 h. observed. 

Additional experiments involving ACTH produced a 5-7 fold. 
increase in the excretion of both free cortisol and 

6f3-hydroxycortisol, while stress in a restraining chair 

resulted in a 2-3 fold increase. 

Very few data have been reported on the metabolism of 

cortisol in the Old World monkey. From initial observations 

obtained during the present study, the principal metabolites 

of cortisol in the Nacaca fascicularis monkey were found to 

be the 11-oxygenated-17-oxo steroids and not THE and THE as 

seen in the human. 

In experiments designed to investigate the placental 

transfer of cortisol in the rhesus monkey, Bashore et al. 

(1970) injected 14C-cortisol into the pregnant adult and 

collected maternal and foetal urine. The main excretory 

products in the maternal urine were isolated in an 

unconjugatedfration of low polaidty, although positive 



identification of the metabolites was not reported. The 

radiolabelled metabolites in the foetal urine were different, 

and were found in an unconjugated fraction of high polarity. 

It was postulated that the principal metabolites of 

cortisol in the mother are low polarity conjugated 

glucuronides, while in the foetus the metabolites are 

unconjugated and more polar than portisol;  possibly 

6pehydroxycortisol. 

SUMMARY 

It became clear after an inspection of the published 

data, that relatively little is known on aspects such as 

the regulation of secretion and the metabolism of 

corticosteroids in non-human primate species. Such data 

as the normal concentration of corticosteroids in plasma; 

the variation of these levels within the day; the effects 

of adrenal stimulation and of adrenal suppression; and the 

'in vivo' metabolism of the principal corticosteroids, is 

extremely limited and often conflicting in findings. 

Perhaps the major problems particularly with the 

assessment of plasma corticoids have been those involving 

methodology. Much of the early work in assessing adrenal 

activity was carried out by the measurement of primarily 

cortisol using such non-specific methods as the Porter 

Silber reaction or the Nelson-Samuels technique, and it has 

only been in the last decade that sensitivity and improved 

specificity have been available by the use of competitive 

protein binding and radioimmutoassay techniques. In addition 



the evident senstivity of the adrenal gland to 

environmental factors and 'stress', make the management 

and design of experiments aimed at accurately assessing 

adrenocortical function in non-human primates extremely 

difficult. 

In the present study therefore, the main objects 

were as follows:- 

(a) to develop methods for the analysis of the major 

corticosteroids secreted by the macaque monkey; 

(b) to find a convenient technique for the handling and 

sampling of blood from monkeys; 

(c) to show that cortisol is the main corticosteroid 

secreted by the monkey adrenal and thereby confirm 

the findings of other workers; 

(d) to investigate adrenocortical secretion and its control 

by the anterior pituitary and hypothalamus; 

(e) to determine the metabolic fate of the principal 

adrenocortical steroids in the macaque monkey. 

By the thorough investigation of the macaque monkey 

the possibility of using this animal as a model for the 

study of the regulation of edrenocorticosteroid secretion 

and metabolism in man will be assessed. 
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1. INTRODUCTION 

During the last twenty-five years many techniques have 

been developed for the identification and measurement of 

steroid hormones in biological material. Before the 

development of such a technique it is necessary to decide 

on the type of compound or compounds to be investigated. 

The choice will depend on the concentration of the 

steroids to be assayed, the number to be determined, and the 

accuracy required. A balance must be kept between 

complexity and practicability. 

Steroid assays can generally be divided into two main 

types: 

(i) those which measure groups of steroid containing a 

common functional group, such as 17-oxosteroids, 

11-hydroxycorticosteroids or 17-hydroxycorticosteroids$  

(ii) assays measuring individual steroids which have 

previously been separated by chromatographic or other means. 

Group assay techniques form the oasis of many routine 

methods performed in the clinical laboratory and give 

clinically useful information. In many cases, however, 

the measurement of individual steroids may reveal subtle 

differences which might otherwise not be detected by group 

determinations. 

In general the analysis of.steroids present in 

biological material necessitates several stages: (i) extractio, 

of the steroid or steroids to be assayed, (ii) hydrolysis 
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of those steroids present as conjugates, expecially 

in the case of urinary steroids, (iii) purification and 

separation of the components of the steroid mixture, 

(iv) quantitation of the individual steroids. 

2. EXTRACTION OF UNCONJUGATED PLASMA STEROIDS 

Solvent extraction of steroids from biological fluids 

is commonly used. Dichloromethane$  chloroform or ethyl 

acetate are suitable solvents for the extraction of 

cortisol and of less polar compounds. Carbon tetrachloride 

has, been used for the extraction of 11-deoxycortisol and 

corticosterone from plasma (Peterson, 1959: Murphy and 

Pattee, 1964; Guiliemant et al, 1969) whilst petroleum ether 

is suitable for the extraction of less polar steroids such 

as 	 progeSterone (Holmdahl and 

Sj8vall, 1971; Holmdahl and Johansson, 1972; Strott and 

Lipsett, 1968). Ethyl acetate . is the most suitable solvent 

for the extraction of highly polar steroids. 

To minimize emulsion formation, the volume of solvent 

used should exceed the volume of sample being extracted. 

Often several extractions are performed to ensure greater 

recoveries of steroids. 'iolvent extraction is essentially 

quantitative provided the correct solvent is chosen. In 

some techniques described, radioactive tracer is added to 

the sample before extraction in order that the efficiency 

of extraction may be assessed by measuring the recovery. 

Since denaturation of protein breaks down steroid-

protein complexes, precipitation of protein by ethanol and 



TABLE  

RECOVERY OF STEROID WITH DIFFERENT-EXTRACTION TECHNIQUES 

Recovery of 3H-cortisol % ReCovery of 3H-11- 
deoxycortisol 

ethanol 
precipitation 

methylene chloride 
(manual) 

methylene chloride 
(mechanical) 

Carbon 
tetrachloride 
(mechanical) 

Carbon tetrachloride 
(mechanical) 

100 

98 

101 

101 

99 

102 

96 

99 

97 

99 

93 

95 

36 

98 

37 

65 	, 

98 

84 

52 	' 

97 

95 

94 

93 

94 

94 

98 

91 

94 

 92 

88 	• 

14 

16 

14 

18 

15 

 15 

15 

14 

. 	14 

14 

46 

41 

47 

43 

46 
 

46 

53 

49 

47 

44 

mean . 99% 
SD . 2% 

'mean = 75% 
SD . 26% 

mean -- 94% 
SD .. 3% 

mean = 15% 
SD = 1% 

mean = 46% 
SD . 3% 



subsequent extraction of the suDernataat can be used 

(anne et al., 19S9). 

Dialysis has also been used for the extraction of 

plasma steroids (Nowaczynski and Genest, 1955; Kalant, 

1958; de Venuto et al., 1958) but this technique is time 

consuming and appears to have little advantage over 

solvent extraction. 

Solvent extraction of free steroids from plasma 

was the technique of choice in this present study. The 

efficiency of solvent extraction was assessed on 1 ml 

portions of a plasma pool containing added 3H-cortisol 

by comparing the following procedures:- 

a) Precipitation of plasma with ethanol (10 ml) 

followed by centrifugation and removal of 

supernatant. 

b) Extraction with methylene chloride (10 ml) by 

shaking manually for one minute. 

c) Extraction with methylene chloride (10 ml) by 

shaking mechanically, for twenty minutes. 

Portions of the organic extracts were taken for liquid 

scintillation counting and the recovery of the 3H-cortisol 

from plasma determined. The results are summarised in 

Table 3. 

Extraction with ethanol was found to give an almost 

quantitative recovery of added 3H-cortisol from plasma. 
ti 

This procedure however, also resulted in the extraction of 

considerably more non-steroidal material than methylene 

chloride extraction, since initial results indicated that 



the 'blank' value in the competitive protein binding 

assay was considerably higher. 

Methylene chloride extraction was therefore more 

suitable for use prior to competitive protein binding. 

Carbon tetrachloride was the solvent chosen for the 

extraction of il-deoxycortisol from plasma when the 

metyrapone test was employed. The efficiency of this 

solvent for extracting 11-deoxycortisol was assessed. 

Carbon tetrachloride (10 ml) was added to 0.5 ml 

portions of a plasma pool containing added 3H-11-deoxy-

cortisol and the plasma extracted by shaking mechanically 

for twenty minutes. Aliquots of the organic phase were 

taken for liquid scintillation counting and the recovery 

determined. 

The procedUre was repeated for 311-cortisol and the 

results are summarised in Table 3. 

A low recovery of li-deoxycortisol was obtained with 

carbon tetrachloride. However, since a small amount of 

cortisol was extracted this solvent was suitable for use 

in the assay of 11-deoxycortisol by competitive protein 

binding. Addition of the radiolabelled steroid to the 

.plasma prior to extraction enabled a correction to be 

made for the losses during extraction. 

Heavily pigmented extracts were occasionally 

encountered but these were cleaned by washing the organic 

phase with 1 ml of 0.1M sodium hydroxide followed by 1 ml 

of water. It.  was found that by extracting the plasma on 

a mechanical shaker for 20 minutes a more consistent 



recovery of steroid was obtained, whereas manual 

extraction produced considerable variation and lower 

recoveries. 

3. A SEPHAD. LH-20 COLUMN CHROHATOGRAPHIC SYSTEM FOR 

THE SEPTION OF STEROIDS 

3.1 Introduction 

Several groups of workers have shown that the 

absorption properties of Sephadex LH-20 are particularly 

useful in the fractionation of free steroids from 

biological samples. (van Baelen et al., 1967; Sjovall 

et al., 1968; Seki and Sugase, 1969; Murphy, 1970; 

Newsome et al., 1972) thus the material has become widely 

used for steroid assays particularly with competitive 

protein binding and radioimmunoassay techniques. 

Some of the early systems have inherent difficulties. 

Butan-l-ol for example, as used by Seki and Sugase (1969) 

for the group separation of steroids, is difficult to 

remove by evaporation following chromatography. 

Newsome et al., (1972) described a system using 

methylene chloride:ethanol (99.1 v/v) for the separation 

of plasma corticosterone, cortisone and cortisol prior 

to analysis by competitive protein binding. Although 

adequate separation of these three polar compounds was 

achieved, the system is unsuitable for the group separation 

of compounds of a wide range of polarity such as are likely 

to be present in urine samples. Methylene chloride is a 

particularly unsuitable solvent to use in large quantities 
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due to its relatjve toxicity. In addition the volatility 

of the solvent often results in the drying out and breaking 

up of the column when the solvent becOmes absorbed into 

the bed of the gel. 

Of the limited number of systems which have been 

described those of Sjovall and co-workers (1968) appear 

to be the most satisfactory for the group separation of 

steroids. 

A method was developed for the separation of plasma 

steroids and of urinary steroids (after hydrolysis) using 

Sephadex LH-20 column chromatography and solvent systems 

composed of cyclohexane and ethanol. The technique was 

applied to both plasma and urine samples from primate 

species after the preliminary extraction and purification. 

3.2 LColuiunChrorrsra temfortlato, he separation 

of steroids on Sephadex LH-20  

• After the initial extraction and preliminary 

purification stages of the plasma and urine samples the 

dried extract was chromatographed on Sephadex LH-20. This 

was done in open. vertical glass columns using the following 

solvent systems: 

System 1 6 g Sephadex LH-20; cyclohexane :ethanol 

(80:20 v/v); column size 30 x 1 cm 

System 11 14 g Sephadex LH-20; cyclohexane: ethanol 

(85:15 v/v); column size 60 cm x 1 cm 

The Sephadex LH-20 was allowed to swell in the solvent 

for 30 minutes prior to packing. The compounds were 

eluted from the column at a flow rate of approximately 

10 ml/hr. 



FIGURE  

Fractionation of a mixture of reference steroids 

on Sephadex LH-20 using chromatography System 1. 

The -following steroids were included:- 

1. Cholesterol; 

2. Progesterone; 

3. 5-Pregnene-3 , 17a, 20a-triol; 

4. Aldosterone; 

5. Tetrahydrocortisone; 

6. Cortisol 

1 and 11 are impurities present in the reference 

steroids 

Compounds 1,3_anci 5 wets deitthvol woin a Pje. ,ucy.;d chyvmettoy-NA 

while comiounds 2,zi and 6 were deltavoi Ron  cc_ 	Oviiord 
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RETION ValAINES OF -aEFEISNCE 	CHTZCEATOGTHED 

ON 	-20 

System 1 	§:y21;2m 11 

Approx. Relatives  Approx.. Relative*  

elution retention elution retention 

volume 	volume 	volume ' volume 

(ml) 	 (ml) 

3-oxo-4-ene steroids 

Progesterone 16 0.21 33 0,12 

20a-Dihydroprogesterone 22 0.28 46 0.15 

17a-Hydroxyprogesterone 24 0.30 70 	. 0.25 

11-Deoxycorticosterone 25 0.31 78 0.28 

17ay20a-Dihydroxy-4- 

pregnen-3-one 29 0.36 

11-Deoxycortisol 45 0.57 

Corticosterone 47 0.57 130 0.46 

11-Dehydrocortico-

sterone 48 0.60 

Aldosterone 60 0.76 

Cortisone 64 0.79 200 0.71 

Cortisol 80 1.00 280 1.00 

3-Hydroxy steroids 

Cholesterol 9 0.11 

Dehydroepiandrosterone 18 0.22 GOD 

Pregnanediol 18 0.23 OUP 

11-Oxo-androsterone 30 0.38 Oh • 

113-Hydroxyaetio- 

cholanolone 34 0.43.  Om* 

5-Pregnen-33, 17a, 

20a-triol 76 0.45 

313, 	1713-Dihydroxy-5- 

androsten-16-one 41 0.51 

Tetrahydrocortisone 63 0.78 

Oestrogens 

Oestrone 39 0.50 .11.• 

Oestradio1-1713 53 0.66 

Oestriol 112 1.40 

Retention volumes calculated relative to cortisol. 



FIGURE 4 

Fractionation of a mixture of 3-oxo-4-ene steroids 

on a. Sephadex LH-20 column using chromatography 

System 11. The following steroids are indicated:- 

1. Progesterone; - 

2. 20a-Dihydroprogesterone; 

3. 17a7HydrOxyprogesterone; 

4. 11-Deoxycorticosterone. 
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(i) Detection of reference steroids:  

After elution from the column, steroids were 

detected by their light absorption at wavelength 254 n.m 

(280 nm for oestrogens) using a Uvicord 11 LKB 8300A 

(LKB Productor, Bromma, Sweden) coupled in series to a 

liquid chromatograph with flame ionisation detector 

(Pye Unicam Ltd., Cambridge, U.K.). In this way the 

Uvicord detected steroids having the 3-oxo-4-ene 

configuration (or a phenolic 'A' ring) first while the 

liquid chromatograph detected all compounds eluted from 

the column. A typical result is shown in Fig. 3. 

(ii) Standardisation of columns:  

The retention volumes of pure reference steroids were 

determined in Systems 1 and 11 (Table 4). 

Better resolution of all of these steroids was 

obtained with System 11 although the time for chromatography 

was considerably longer. With this less polar system the 

separation of progesterone, 20a-dihydroprogesterone, 

17a-hydroxyprogesterone and 11-deoxycorticosterone was 

possible (Fig. 4). 

Although it was not possible to separate completely 

these steroids with System 1, an adenuate resolution of 

the more polar compounds, corticosterone, cortisone and 

cortisol was possible (Fig. 5) and this system has proved 

to be the most successful when used for the analysis of 

plasma and urinary steroids. 

A partial separation of the three classical oestrogens 

was possible using both systems, but improved resolution 
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Fractionation in System 1 of a mixture of reference 

steroids added to a plasma sample prior to 

extraction. Detection of steroids eluted,was by an 

LKB 8300A Uvicord, detecting absorption at 254 nm. 
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TABLE  

Fraction 
number 

Eluent Volume 
(ml) 

Compounds eluted 

0 0 - 12 Cholesterol 
Pigments 

1 12 - 22 Progesterone 

2 22 - 37 17a-Hydroxyprogesterone, 
11-Deoxycorticosterone 

3 37 - 55 Corticosterone, 
11-peoxycortisol 
11-Dehydrocorticosterone 

4 55 - 67 Cortisone 

5 	. 67 - 93 Cortisol 
• 
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could be obtained using benzene:methanol (95.5 v/v.) 

systems proposed by Murphy (1970) in which complete 

resolution was possible in 30 ml of eluant on small 

(1. g) Sephadex LH-20 columns. 

3.3 Application of Sephadex LH-20 column chromatography 

to the separation of plEfrlailt2rodds 

Using System 1 a sufficient resolution. of the major 

plasma corticosteroids was achieved in a total elution volume 

of 100 ml. (Fig. 5). The polarity of the system was such 

that the eluant could be clearly divided into fractions 

containing various steroids and groups of steroids (Table 5). 

This system Was bilvtrefore-, -. used for the simultaneous assay.  

of cortisol and corticosterone in plasma. 

Dried methylene chloride extracts of plasma samples 

were dissolved in solvent (1 ml), transferred to the top 

of the column and chromatographed. Fraction 3 (37-55 ml) 

and fraction 5 (67-95 ml) were collected. Portions of 

these fractions were taken for assay by competitive protein 

binding using human corticosteroid binding globulin. 

Radiolabelled 3H-cortisol and 3H-corticosterone were added 

to the plasma before extraction to allow assessment of the 

overall recovery prior to competitive protein binding. 

The mean recoveries of tritiated cortisol and 

corticosterone from plasma after extraction and chromatography 

were 80% (SD= 	N=70) and 82% (SD=6, N=23) respectively. 

133.; the introduction of the Sephadex LH-20 system to 

. the competitive protein binding assay, the overall 

specificity of the Method for plasma cortisol is improved. 
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Although in most samples, cortisol was measured by 

competitive protein binding directly on methylene chloride 

extracts of plasma, the Sephadex LH-20 chromatographic 

stage was introduced in many cases to assess the 

specificity of this direct method. 

4. THE MEASURENENT OF PLASMA COR2ICOSTE3OIDS BY CONPETI= 

PROTEIN BINDING  

4.1 Introduction 

Of the many techniques which have been described for 

the measurement of steroid hormones in plasma it was clear 

that a sensitive technique would be necessary which could 

be applied to the measurement of corticosteroids in large 

numbers of small samples of plasma. Competitive protein 

binding offers a high degree of accuracy, precision, 

sensitivity, specificity and practicability and this 

technique has been adopted for the present study. 

Three types of assays were developed for the 

measurement of corticosteroids in samp.les of primate plasma:- 

1) direct competitive protein binding assay on 

methylene chloride extracts of plasma to measure 

the total corticosteroids binding to corticosteroid 

binding globulin (CBG); from human plasma. 

2) competitive protein binding assay for cortisol and 

corticosterone after chromatography on Sephadex LH-20. 

3) the measurement of 11-deoxycortisol in plasma for 

use with the metyrapone test. 

Due to the large number and small size of samples 



generated from the investigations performed on the 

monkeys,it was felt that a competitive protein binding 

technique measuring the total corticosteroids from a 

methylene chloride extract of the plasma sample would be 

suitable. It will be seen later that although the assay 

in theory measures all of the corticosteroids which bind 

to CBG, the results obtained before and after chromatography 

indicate that the principal corticosteroid measured is 

cortisol and that the specificity of the assay is satisfactory 

for the purpose of assessing adrenocortical secretion. 

4.2 The determination of cortisol in plasma without  

chromatography  

This method was used for the measurement of cortisol 

in all plasma samples obtained from primates during dynamic 

studies of pituitary-adrenal function. To measure 

procedural losses, 3H-cortisol in ethanol (70,000 cpm/0.1 ml) 

was dried in each extraction tube. Plasma (0.5 ml) was 

added and shaken mechanically with dichloromethane (10 ml) 

for twenty minutes. After centrifugation, the plasma layer 

was discarded and the organic phase washed successively 

with 0.1M sodium hydroxide (1 ml) and distilled water 2 ml. 

Two 2 ml portions of the dichloromethane extract were taken 

for counting in order to assess the recovery of 3H-cortisoll  

which was measured at this stage prior to competitive 

protein binding. 

Two 2 ml portions of the washed extract were pipetted 

into glass tubes and sufficient 3H-cortisol was added to 

bring the radioactivity content up to 15,000 cpm. A series 



of cortisol standards (5,10,20,40 and 100 ng) was 

prepared in triplicate and 15,000 cpm of 3H-cortisol was 

added to each, and also to six tubes containing no 

unlabelled cortisol. Samples and standards were dried 

under nitrogen and 5-/L CBG reagent (1 ml) was added to 

each of the tubes, which were then agitated on a vortex 

mixer before incubation at 40°  for 5 minutes. The tubes 

were then transferred to an ice bath for 30 minutes. 

Florisil (50 mg) was added to each tube except three of the 

six containing no unlabelled cortisol. The tubes were 

stoppered, mixed by inversion on a rotary mixer for to 

minutes and immediately replaced in the ice-bath. 

Supernatant (0.5 ml) was taken for counting. The timing of 

the steps of the assay was critical and rigorously-

standardised conditions were used. The amount of 3H-cortisol 

bound to CBG in samples and standards is represented by the 

radioactivity remaining in the supernatant after the 

addition of Florisil, and the total amount of 3H-cortisol 

is represented by the radioactivity in the 3 tubes to 

which Florisil was not added. 

Standard curves were constructed by plotting the 

percentage of radioactive steroid in the bound fraction as 

a function of the unlabelled cortisol content of the 

standards. In the absence of unlabelled cortisol, 80-90% 

of the 3H-cortisol was bound to CBG, and over the 0-80 ng 

range of the standard curve there was approximately a 50),  

loss in radioactivity in the bound fraction. A typical 

plot is shown in Fig. 7. Levels in tubes containing the 
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unknown material were read from the standard curve and 

corrected for procedural losses. 

4.3 The simultaneous determination of cortisol and 

corticosterone in plasma after 6ephadex LH-20  

chromatography 

For a more specific determination of cortisol and 

corticosterone in plasma, the chromatographic stage on 

Sephadex LH-20 described previously wai introduced prior 

to the binding assay. 

To assess procedural losses, 70,000 cpm of 

3H-cortisol and 70,000 cpm of 3H-corticosterone in 0.1 ml 

ethanol were dried in each extraction tube. Plasma (2.0 ml) 

was added and the tube shaken for 20 minutes on a mechanical 

shaker with methylene chloride (10 ml). After centrifugation 

the plasma layer was discarded and the organic phase 

washed successively with 0.1 M sodium hydroxide (1 ml) and 

water ( 2 ml). The organic phase was then transferred to 

small test tubes and evaporated to dryness in a stream of 

nitrogen. 

The dried extract was dissolved in 2 x 0.5 ml of 

cyclohexane: ethanol (80:20 v/v) and chromatographed on 

Sephadex LH-20 using System 1. Fractions 3 and 5 were 

collected, and the amount of cortisol and corticosterone 

measured by competitive protein binding as follows:- 

Cortisol 

Duplicate portions (3 ml) of fraction 5 were 

transferred to scintillation vials, dried, dissolved in 

scintillation fluid (10 ml) and the amount of radioactivity 

determined. Three portions (3 ml) of the fraction were 
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transferred to glass tubes and sufficient 3H-cortisol 

added to bring the total radioactivity in each tube 

to 15,000 cpm. The samples were then dried in a 

stream of nitrogen. A set of cortisol standards was 

prepared as before and the assay completed in the 

same manner es previously described. 

Corticosterone 

The Sephadex LH-20 fraction 3 was made up to 

20 ml by the addition of the solvent and a portion 

(5 ml) was taken for counting to assess procedural 

losses. Duplicate portions (5 ml) were pipetted into 

glass tubes and sufficient 3H-corticosterone added to 

bring the total radioactivity up to 15,000 cpm. 

series of corticosterone standards (2.5, 5, 10 and 

20 ng) was prepared and 15,000 cpm of 3H-corticosterone 

was added to each tube, and also to six tubes containing 

no unlabelled corticosterone. Samples and standards 

were dried under a stream of nitrogen and 1.5 CBG 

reagent (1 ml) added to all tubes, which were then 

handled as before. The amount of radioactivity bound 

to CBG was measured by counting the tritium content of 

the supernatant and assays were calculated and completed 

as previously. 

4.4 The determination of 11-deox,cortisol in plasma 

for use with the metyrapone  test  

The method was essentially similar to that 

described by Guillemant et al, (1969, 1970) with minor 

modifications. 

Plasma (0.5 ml) was extracted with carbon 



TABLE 6 

Relative degree of binding of some corticosteroids 

in the competitive protein binding assay 

Steroid Cross Reaction M 

Cortisol 100 

Corticosterone 62 

17-Hydroxyprogesterone 57 

11-Deoxycortisol 32 

Progesterone '28 

Deoxycorticosterone 26 

Cortisone 7 

Tetrahydrocortisol 0 
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FIGURE 6 

Calibration curves for different corticosteroids in 

the competitive protein binding assay. 
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tetrachloride (10 ml) by shaking mechanically for 20 

minutes. After centrifugation, two 2ml portions of the 

carbon tetrachloride were pipetted into tubes and 15,000 cpm 

of 3H-corticosterone added. A series of 11-deoxycortisol 

standards (5,10,20,40 ng) was prepsred in duplicate and 

15,000 cpm of 3H-corticosterone added to each tube and als 

to six tubes containing no unlabelled 11-deoxycortisol.,  

Samples and standards were evaporated to dryness under 

nitrogen and 1.0% CBG reagent (1 ml) was added to each 

tube. The assay was then completed as described previously. 

The amount of radioactivity bound to CBG was measured by 

counting the tritium content of the supernatant and the 

assays calculated and completed as previously. 

5. VALIDATION OF THE CONPETITIV2 P20TEIN BINDING TECHNIWES 

5.1 Specificity of the corticostercid binding globulin 

Human CBG has a high affinity towards all 

adrenocortical steroids. Calibration curves of some-

important corticosteroids were determined by the technique 

described previously and the results are shown in Fig. 6. 

The degree of binding of each steroid, relative to 

cortisol at the 100 ng level is indicated in Table 6. 

The high affinity to CBG of both cortisol and 

corticosterone enables this protein to be used for the 

simultaneous determination of both of these steroids in 

plasma, provided that there is a preliminary chromatography-

stage.' Although 11-deoxycortisol and 11-dehydro-

corticosterone could not be separated from corticosterone 
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by chromatography, these are minor steroids in plasma and 

their binding affinities relative to corticosterone are 

considerably lower. The assay can therefore be considered 

to measure essentially corticosterone. On occasions when 

'high concentrations of 11-deoxycortisol might be expected, 

for example after administration of the drug metyrapone, 

the assay is no longer valid. 

11-deoxycortisol shows a very low affinity (32) relative 

to cortisol under the assay conditions and the measurement 

of this steroid was therefore carried out under slightly 

different conditions,as described previously. 

Progesterone, 11-deoxycortisoterone and 17a-hydroxy-

progesterone have considerably lower binding affinities 

than cortisol and have been reported to be present in 

sub-Microgram levels in primates; the interference in the 

assay is therefore negligible. Cortisone has a very low 

binding affinity to corticosteroid binding globulin, and its 

interference can be considered negligible. Tetrahydrocortisol 

which is normally present in plasma conjugated showed no 

measurable affinity towards CBG. 

5.2 Effect of CBG concentration on assay 

The effect of concentration of CBG on the assay for 

cortisol was investigated to determine the optimum concen-

tration required to give suitable calibration curves for a 

range of steroid between 5-50 ng. 

Calibration curves at different concentrations of 

CBG, obtained by dilution of the plasma used as the source 

of CBG, are shown in Fig. 7. 



FIGURE 8 

Calibration curves for cortisol assayed by competitive 

protein binding at different temperatures. The amount 

- of steroid bound to corticosteroid binding globulin is 

expressed as a percentage of that for the zero tube. 
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A 1% plasma solution produced a suitable calibration 

curve over a range 0-10 ng of steroid. This concentration 

of CBG is thus suitable for assays requiring high sensitivity 

with a small working range. This dilution of plasma was 

therefore used for the corticosterone and 11-deoxycortisol 

assay since the level of steroid being measured in the 

plasma extracts was between 0-10 ng. 

Plasma dilutions of 10% and 20% gave linear calibration 

curves over a much higher range of steroid, i.e. between 

30-200 ng but the sensitivity was reduced. Moreover, 

precipitation of protein in the scintillation fluid occurred 

with plasma dilutions of greater than 10%. The dilution of 

Plasma used as the source of CBG for the assay of cortisol 

was optimised at 56 since the calibration curve obtained 

was linear over a range of 5-50 ng. 

5.3 Effect of temperature on assay 

Calibration curves for cortisol were prepared and 

assayed at 4°, 19.5°, 37 and 50°. 	8). The amount of 

steroid bound to CBG after equilibration was expressed as 

a percentage of that obtained for the tube containing no 

steroid. The binding of radiolabelled 3H-cortisol to 

corticosteroid binding globulin at these temperatures is 

shown in Fig. 9. At the lower temperature 93% of the 

radiolabelled steroid was bound to CBG whereas at the 

higher temperature of 50°  only 28% was bound. 

When the assay was carried out at the lower temperature 

more suitable calibration curves were obtained; 4°  was thus 

chosen as the incubation temperature of the assay. The equil-

ibrium constant (K) of the protein binding reaction is temperatur 
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The degree of binding of 3H-cortisol to corticosteroid 

binding. globulin at different temperatures. 
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dependent. Since the simplified reaction [P] + [S]q=a[PS] 

is assumed to obey the Law of Mass Action, then the VELA 

Hoff Equation (see W.J. Moore, 1966) for the temperature 

dependence of the equilibrium constant can be applied so 

that 

where Kt  = equilibrium constant for the reaction = 

T = temperature. 

R = gas constant. 

E = energy of activation, not dependent on temperature. 

or In Kt = E + lnA IiT 
where A =a constant. 

A plot of In Kt  against 1/T should in theory be linear with 

P/ 
gradient - 'R and intercept lnA. Since Kt for an 

endothermic reaction increases with temperature, it can 

be concluded that the simplified protein binding reaction 

is thus exothermic, since increased temperature causes a 

decrease in the degree of binding. This will be evident 

from the results obtained. 

5.4 Effect of incubation time on the assay 

Calibration curves for cortisol were constructed 

using different times for equilibration of steroid and 

protein. No significant difference was found between the 

calibration curves derived using an equilibration time of 

15 minutes or of 120 minutes (Fig. 10). A period of thirty 

minutes was chosen for the assay, since this enabled 

considerably more samples to be assayed in each batch. 

d in t= E ------- 
dT 	RT7 	k1/ k,)  
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FIGURE 10 

Calibration curves for cortisol assayed by 

competitive protein binding using different 

incubation times for the reaction between 

corticosteroid binding globulin and steroid. 

The assays were all carried out at 40. 
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The effect of variation in the mixing time and the amount of Florisil on the amount 
of free tritiated steroid removed from an aqueous solution. ( A— A , 120 nig; o—o ramg; 
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5.5 Se aration of the reactants after eouilibration 

In the initial development of the assay, dextran 

coated charcoal was employed for the separation of free 

and bound steroid. The simplicity of the method was 

later improved by Florisil (magnesium silicate). Florisil 

was repeatedly washed with water and then graded by 

decanting all fines within thirty seconds. After drying 

overnight at 100°  it was ready for use. 

The efficiency of Florisil to absorb the individual 

steroids cortisol, corticosterone and deoxycorticosterone 

was determined. Tubes containing aqueous solutions (1 ml) 

of the radiolabelled steroids (0.5 viCi) were agitated on 

a Vortex mixer with Florisil (50mg) for different time 

durations (0,10,20,30 and 60 seconds). The Florisil was 

allowed to settle to the bottom of the tube and a portion 

of the supernatant taken for counting. The amount of 

steroid removed from solution was determined (in triplicate) 

for each mixing time. The experiment was repeated for 

80 mg and 120 mg of Florisil. The results are illustrated 

graphically in Fig. 11. 

The absorption of cortisol to Florisil was considerably . 

.greater than both corticosterone and deoxycorticosterone. 

Whereas Florisil was satisfactory for the removal of 

cortisol from solution it would be unsatisfactory for use 

with deoxycorticosterone. No advantage was found in 

using larger quantities of Florisil (80 mg or 120 mg), 

since the increased absorption of all steroids obtained way; 

relatively small. 



FIGURE 12 

Calibration curves for cortisol obtained by competitive 

protein binding. A comparison of four different procedures 

for the separation of free and bound steroid using Florisil. 

a - mixing time of 10 seconds, with 80 mg of Florisil / 

using a vortex mixer 

b - mixing time of 2 minutes with 80 mg of Florisil 

using a rotary mixer 

c - mixing time of 2 minutes with 50 mg of FloriSil 
using a rotary mixer 

d - mixing time of 5 minutes with 80 rug of Florisil 

using a rotary mixer. 
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When the assay was first developed the separation of 

free and bound fractions was done using 80 mg of Florisil 

and agitating on a vortex mixer for 10 seconds. From Fig. 11 

it can be seen that small errors in timing would produce 

large errors in the amount of free steroid removed from 

solution and thus affect the precision of the assay. To 

minimise this error the tubes should ideally be agitated 

for at least 30 seconds, however this would be tedious and 

particularly difficult with a large number of samples. An 

alternative procedure was adopted in which the tubes were 

stoppered, placed on a rotary mixer (Rotamix) and mixed 

by inversion. 

Standards of cortisol were assayed by varying the 

mixing time with Florisil (80 mg). Suitable calibration 

curves were obtained using the Rotamix (Fig. 12). 

The optimum standard curve was obtained using 50 mg 

of Florisil and a mixing time of two minutes and these 

conditions were subsequently employed. The delivery of 

Florisil to each tube was done manually using a specially 

designed stainless steel spoon which delivered an average 

amount of 51 mg (3D = 1 mg, N = 10). 

5.6 Reproducibility of the standard curve 

The reproducibility of the standard curve for cortisol 

is shown in Fig. 13 by plotting the results of 7 standard 

curves determined on different occasions over a 2 month 

period using the same batch of CBG reagent. 
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FIGURE 14 

Effect of interference from non-steroidal substances on 

the calibration curves obtained for cortisol in the 

assay 
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5.7 Interference from non-steroidal substances in the 

assay 

One of the major problems encountered in competitive 

protein binding techniques is interference from 

non-steroidal substances. The apparent amount of steroid 

in a sample known to contain none of that steroid is 

referred to as the 'blank' of the method. The effect may 

arise from impurities in solvents or from chromatographic 

material. 

The effect of non-steroidal interference was 

investigated in some detail. In the assays described 

standards were not processed through the initial extraction 

and purification stages, but were assayed directly. 

Calibration curves were constructed using cortisol 

standards which were assayed:- 

(i) directly, 

(ii) after extraction with methylene chloride 

in the same manner as for plasma samples, 

(iii) with added methylene .chloride (5 ml), 

(iv) with added cyclohexane: ethanol (80:20 v/v) 

solvent (5 ml) 

(v) after extraction End Sephadex LH-20 

chromatography 

The result are summarised in Fig. 14. 

No'apparent difference was found between standards 

assayed directly and in the presence of solvent and 

chromatographic residues. High 'blank' values were 

encountered initially in the development of the assay, but 
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these were eliminated by purification and redistillation 

of all solvents before use. The importance of 

purification and redistillation o1 solvents is illustrated 

in Fig. 15. dhen portions (5 ml) of the unpurified solvent 

were added to tubes containing pure standards and assayed, 

the calibration curves obtained were unsuitable but could 

be slightly improved by passing the solvent through the 

Sephadex LH-20 column. Subsequent purification and 

redistillation of the solvents produced suitable standard 

curves which were not apparently different from those 

obtained with pure standards. 

The possibility of non-steroidal substances in plasma 

extracts being eluted from the Sephadex LH-20 after 

repeated use of the columns was investigated. Standards 

of cortisol were subjected to chromatography on columns 

which had been used seven times for plasma extracts. No 

apparent difference was obtained betWeen the calibration 

cur•res after chromatography and those assayed directly. 

5.8 Reliability of the method for total corticosteroids 

Extraction of cortisol from plasma with methylene 

chloride gave a mean recovery of 94% (SD = 3%). Standards 

. of pure cortisol processed through the extraction 

procedure were compared with standards assayed directly 

and no apparent difference between the calibration curves 

was found. The 'blank' values of the method were within 

the standard error of the zero point of the standard curve. 

Since methylene chloride extracts all steroids less 

polar than cortisol,the specificity of the method was 



30 

25 • 

0 

FIGURE 16  

Compa.rison of plasma samples assayed for cortisol 

by competitive protein binding and for 11-hydroxy-

corticosteroids by the fluorimetric technique of 

Mattingly (196). 

5 	10 	15 	20 	25 	30 

Plasma cortisol pg/100m1 (CPB) 



67 

TABLES 

WITHIN B,fiTCH PROX3ION OF METIOD  FOR PLASMA CORTISOL 

Levels < 10p.g/100 ml Levels > 10p.g/100 ml  

7.5 21.0 

8.5 20.5 

8.5 20.0 

8.0 21.5 

8.0 22.0 

7.5 21.0 

7.5 19.0 

8.0 19.5 

8.0 20.8 

8.0 20.0 

mean = 8.0 mean = 20.5 

SD = 0.25 SD . .1 

CV = 3% CV . 	5% 

N = 10 N = 	10 
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dependant upon the binding protein. Corticosterone, which 

has a high affinity to CBG, and cortisone which exhibits 

negligible affinity, have previously been identified as 

minor steroids in non-human primates (see Introduction). 

Since cortisol has been demonstrated to be the major 

corticosteroid secreted by the monkey adrenal cortex, the 

method can be considered to be measuring principally plasma 

cortisol. 

The method was checked against a fluorimetric 

technique which measured total 11-hydroxycorticosteroids. 

A statistically significant linear relationship between the 

two techniques was observed (Fig. 16). The latter method 

gave slightly higher values, due to the enhanced 

fluorescence produced by corticosterone in the assay. 

The within-batch precision of the method was estimated 

on a pooled plasma. At a concentration of cortisol of 

8 ilg/100 ml the coefficient of variation was 3%, while 

at 20 vg/100 ml this value was 5% (Table 7). The between 

batch precision of the method was not determined. The 

sensitivity of the method calculated from the lower limits 

of the standard curve was 2 vg/100 ml. The method was 

suitable for analysing 60 samples per• batch. 

5.9 Reliability of the method for cortisol and 

corticosterone in plasma using chromatography and 

competitive protein bindiw,. 

The method was that described previously with 

chromatography of plasma extracts on Sephadex LH-20. The 

recoveries of tritiated corticosterone and cortisol added 
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to plasma were 82% (SD . 6%) and 80,; (SD = 8%) 

respectively. 

The accuracy of the method was assessed on 'an aqueous 

solution and on a pooled plasma by the addition of known 

amounts of pure cortisol and corticosterone (Fig. 17). 

quantitative recovery of both cortisol and corticosterone 

was found. The accuracy was further assessed by assaying 

different volumes of the same plasma sample. A linear 

relationship was observed between volume of plasma and 

amount of cortisol and corticosterone measured (Fig. 18). 

A plasma volume of 2 ml was chosen for the assay. 

The specificity of the method was dependent on the 

efficiency of the Sephadex LH-20 chromatography system in 

separating the steroids from other interfering compounds. 

While cortisol was completely resolved from other 

corticosteroids, corticosterone could not be separated from 

11-deoxycortisol or 11-dehydrocorticosterone. The latter 

steroid has not been reported to occur in primate plasma 

while the former compound is only present in high 

concentrations in cases when the 11p-hydroxylation mechanism 

is blocked such as when the metyrapone test is used. 

The specificity of the method was checked by measuring the 

levels of corticosterone and cortisol'in plasma from monkeys 

in which adrenal activity was suppressed by dexamethasone (5 mg) 

16 hours prior to bleeding. The apparent plasma concentration 

of cortisol and corticosterone was below the level of 

detection of the assay. 
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The sensitivity of the assay for cortisol and 

corticosterone determined from the standard curves was 

1.5 ilg/100 ml and 0.2 pg/100 ml respectively. Using this 

technique it was possible to simultaneously measure 

plasma cortisol and corticosterone in 8 samples per batch. 

5.10 Criteria of reliability of the method for plasma 

11-deoxycortisol  

Since the method was only required after the 

administration of metyrapone the technique was not fully 

evaluated. 

The specificity of the method relied on the 

preferential extraction of 11-deoxycortisol but not 

cortisol from plasma using carbon tetrachloride. The 

recovery of tritiated 11-deoxycortisol added to plasma 

was 46% (SD = 3.,) while that of cortisol was 	(SD = V). 

The interference due to cortisol is thus extremely small 

when high levels of 11-deoxycortisol are present. The 

technique was basically that reported by Guillemant 

et al, (1970). 

6. THE INVE3TIGATION OF HY1-'012H1-1L..1111-C PITUITARY ADRENAL 

FUNCTION IN TIE N,CAJJE ECNKEY 

6.1 Introduction 

The system controlling the production of 

corticosteroids by the adrenal glands is shown schematically 

in Fig. 19. Synthesis and release of cortisol by the 

adrenals is controlled by adrenocorticotrophic hormone 

(ACTH) produced by the anterior pituitary. In turn the 
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A 'schematic representation of the hypothalamic pituitary adrenal 

axis. 



secretion of corticotrophin is determined by . 

corticotrophic releasing factor (CR2), the structure 

of which is unknown. This is released from the median 

eminence of the hypothalamus into the blood vessels which 

supply the pituitary. 

It is believed that the concentration of cortisol in 

the plasma is a major determinant of CIO' release and thus 

of corticotrophin secretion; when the plasma cortisol 

concentration is raised CRS is 'shut off' and the plasma 

ACTH concentration is low; and conversly when the plasma 

cortisol concentration is low, corticotrophin secretion 

increases. 

Other mechanisms for the control of corticotrophin 

secretion are superimposed upon this basic system. The 

activity of the hypothalamic - pituitary adrenal axis 

varies regularly throughout the day; i.e. there exists a 

nyctohemeral rhythm, being low around midnight and rising 

to a maximum early in the day. 

A low concentration of glucose in the blood causes 

the secretion of growth hormone and corticotrophin by the 

pituitary gland, with a subsequent rise in plasma cortisol. 

Stress of many varieties e.g. fright or anaesthesia, also 

results in the secretion of corticotrophin. 

The control of corticotrophin secretion may also 

be manipulated experimentally. The potent synthetic 

steroid, dexamethasone, inhibits corticotrophin secretion 

mediated through the negative feedback mechanism, and hence 

the out-put of cortisol is diminished. 



Lysine-vasopressin, a peptide secreted by the 

posterior pituitary, stimulates the release of corticotrophin, 

and this substance was at one time thought to be natural 

corticotrophin release factor. 

The drug metyrapone (3U4885) interferes with cortisol 

synthesis by inhibiting hydroxylation of the precursor, 

11-deoxycortisol. This results in a decrease in plasma 

cortisol concentration with a consequent rise in plasma 

corticotrophin, which in turn Stimulates the production of 

cortisol precursors. In this situtation 11-deoxycortisol 

accumulates in the plasma, as this substance is incapable 

of inhibiting further release of ACTH. 

All of these situations which affect andrenocortical steroid 

function in man have been examined in the macaque monkey. 

6.2 Sampling of blood specimens  

This was one of the major experimental problems in 

the investigation of hypothalamic-pituitary adrenal 

function. Rhesus monkeys are readily alarmed at experimental 

procedures and when restrained they become vicious and aggressive 

and are therefore difficult to handle. 

Blood samples may be obtained with the animal under 

sedation or with the animal conscious. The latter technique 

usually involves capture, by netting or trapping, and the 

insertion of a needle into a vein in the arm or leg while 

the animal is restrained. 

This procedure is not ideal since the animal struggles 

frantically and is probably highly stressed within minutes. 

Samples obtained under these circumstances probably do not 
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represent the 'basal' state and it is generally only 

possible to obtain single samples at any one time. 

Many samples could be obtained if a catheter was left 

'in situ', but this involves restraint of the conscious 

animal in specially designed chairs. Blood samples 

obtairied under these conditions can hardly reflect the true 

physiological state. 

The use of anaesthetics is not always desirable since 

they may modify the biochemical and physiological state 

of the animal. On the other hand easy and repeated blood 

sampling is possible when anaesthesia is employed. 

Phencyclidine hydrochloride a piperidine analogue 

was chosen as the sedative agent. This substance has been 

used extensively for the immobilisation of many zoological 

animals, including primates (Seal and Erikson, 1969). 

It was administered by intramuscular injection (0.5 mg), 

acted rapidly and the animalS could be handled within 15 

minutes. The effects lasted for about one hour and repeated 

doses were administered to maintain prolonged sedation. 

Repeated and prolonged use of this anaesthetic 

appeared to produce no visible side effects. The animals 

looked in good condition, ate well, and continued to 

menstruate regularly. 

Two types of cannulation have been used to collect 

blood samples: 

a) The insertion of an external cannula (Nedicut) 

which is strapped to the leg and removed at the end of 

the experiment. This has only been used in a few animals 



FIGURE 20 

Illustration of the cannula (Nedicut) nositioned 

in the long saphenous vein of the macaque monkey. 



and has the disadvantage that the initial insertion of 

the catheter at the start of the experiment is time consuming 

and not always successful. (Fig. 20). 

b) The implantation of a permanent cardiac catheter 

which when in place can be used repeatedly. * The technique 

employed for cannulation has been reported by Himsworth 

et al., (1972). The neck of the animal was opened and the 

jugular vein exposed. A catheter was passed down the vein, 

into the right atrium of the heart and secured in position. 

The free end was passed subcutaneously up the back of 

the'neCk and beneath the scalp to the top of the head where it 

was brought out through a mid-line incision. with the 

head of the animal secured in a sterotaxic frame, a plastic 

base plate was secured to the skull with four stainless 

steel screws. The catheter was. secured to the base plate 

by acrylic cement and the skin sewed up. The catheter was 

plugged, coiled and inserted in the base plate and a plastic 

.cup fitted to enclose the catheter. The wounds were allowed 

3 - 4 weeks to heal and the catheter was then ready for use. 
The external appearance of the catheter and its protective 

cap is illustrated in Fig. 21. 

In all the experiments an identical protocol was 

followed. The monkey was sedated in its cage with 

phencyclidine hydrochloride (1.5 mg/Kg body weight, i.m.). 

* In this present study the cannulation of these animals 
was kindly performed by Dr. R.L. Himsworth, Division 
of Clinical Investigation, Clinical Iesearch Centre. 
The handling of these animals during anaesthesia and 
the blood sampling required assistance, which was kindly 
given by Dr. Himsworth. 



FIGURE 21 

Illustration of the external portion of the 

catheter in use and the appearance of the protective 

cap. 
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The animal was transferred to the operating room and 

laid on an electrically heated table. The rectal 

temperature was monitored throughout the experiment and 

maintained as near to normal (38.6°) by adjusting the 

heat supplied by the table. Light sedation was maintained 

by further doses of phencyclidine hydrochloride; usually 

5 mg/hr. 

The cap was removed and the catheter uncoiled. 

Blood was withdrawn through the indwelling catheter after 

aspirating the catheter dead space with 1-2 ml of blood. 

After each blood sample (2 ml) the catheter was filled with 

0.5 ml of heparinised saline (1000 units heparin/10 ml 

saline) to prevent clotting of blood. 

The sample of blood was immediately transferred to 

small heparinised tubes (2 ml) mixed by inversion and 

centrifuged. After removal of the plasma, the cells were 

resuspended in an appropriate volume of saline and 

immediately reinjected into the animal. In this way the 

blood haematocrit did not significantly alter during an 

experiment, changes in blood volume were minimised and 

the animals did not become chronically anaemic. 

6.3 The identification of cortisol in monkey plasma 

Identification of cortisol in primate plasma was 

carried out by mass spectrometry. Rhesus monkey plasma 

(100 ml) was extracted with 2 x 500 ml of methylene chloride. 

The organic phase was washed with alkali and water, 

evaporated to dryness and chromatographed on Sephadex LH-20 

(System 1). The fraction eluted between 67-95 ml (fraction 

5) was collected and portions subjected to mass 
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Mass spectra of the authentic steroid cortisol as 

the free compound and the plasma steroid after chrom-

atography on Sephadex LH-20. Mass spectrometry was 

carried out by direct probe insertion of the sample 

at a temperature of 140°. 
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spectrometric analysis using direct probe insertion 

of the sample. 

A comparison of the sample against the authentic 

compound (Fig. 22) indicated the presence of cortisol in 

this fraction; although a considerable amount of non-

steroidal substance appeared to be present from the large 

number of additional peaks in the mass spectra. These 

were possibly impurities concentrated from the large 

volumes of solvents used. These findings were taken as 

qualitative evidence of the presence of cortisol in 

rhesus monkey plasma, although a quantitative measurement 

on this sample was not made. 

6.4 'Basal' levels of corticosteroids in the rhesus  

monkey.  

High levels of corticosteroids have been reported 

in many species of non-human primates (see general 

introduction). It was apparent from the wide variation 

in the 'basal' levels of corticosteroids reported that 

one of the major factors contributing to these variations 

might be that of the conditions under which blood sampling 

was carried out. 

A comparison was therefore made between 'basal' 

cortisol levels measured in samples obtained from non-

sedated and sedated animals. In the non-sedated animals 

blood was taken by catching and holding, or restraining 

of the animals  while sampling with a needle and syringe 

from a vein in the arm or leg. This technique was 

difficult since the animals became highly aroused and 



TABLE 8 

Morning plasma corticosteroid concentrations in 

sedated and non-sedated monkeys 

Non-sedated animals 

--1 Trained. animals 
Plasma' 	plsrla  

cortisol 	cortacostirovie: 
(1-1g/100 ml) ciEll 00 E„.71) 

Sedated animals 

Plasma cortisol 
(iLg/100 ml) 

Untrained 
animals 
Plasma 
cortisol 

I 	(;.1.g/100 ml) 

24.3 24.0 10.3 
30.6 	' 19.3 13.0 
14.2 17.4 8.0 
11.0 26.3 9.0 
16.0 21.0 8.7 
29.3 20.5 14.0 
26.7 	• 11.8 
19.5 16.5 
15.0 8.0 	. 
23.9 	0.48 15.2 
29.0 25.2 
20.6 	0.44 11.7 
19.9 	0..50 9.2 
25.9 	0.82 20.0 
26.0 
17.3 	0.70 
25.8 
32.2 	0.75 
19.1 	0.66 

mean = 22.4 	0.62 mean = 21.4 	I mean = 12.8 
SD = 6.1 	0.15 SD= 5.2 	- SD . 5.0 
N = 19 	7 N= 	6 N = 14 
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excited durins this procedure. It could ,be considered 

that these conditions '.sere hardly representative of the 

tbasallstate. In an attempt to minimise the degree of 

anxiety and thereby attempt to adapt the animals to the 

manipulaprocedures, they were 'mock bled' daily for 

a period of six weeks prior to the actual sampling. 

Blood was withdrawn at 090J h. and the plasma cortisol 

measured by competitive protein binding after Sephadex 

LH-20 chromatography (Table 8). The mean plasma cortisol 

concentration in samples from six animals was 22.4 kg/100 ml 

(range 11-32 pg/100 ml). The mean plasma corticosterone 

concentration in seven samples was 0.62 kg/100 ml. (range 

0./i/i  0.82 kg/100 ml) 

To assess the value of the training procedure, the 

plasma cortisol concentration was measured in six animals 

which had never experienced the bleeding procedure. The 

mean plasma cortisol concentration in these samples was -

21.4 kg/100 ml (range 19-26 kg/100 ml). No significant 

difference was found between the plasma cortisol 

concentration in animals trained or adapted to the bleeding 

procedure and naive animals. 

The effect of light sedation with phencyclidine 

on 'basal' levels of Plasma cortisol was determined in the 

animals with implanted catheters. After induction of 

sedation with phencyclidine blood samples were taken at 

timed' intervals for up to 2 hours, and cortisol measured 

directly by competitive protein binding. The mean plasma 

cortisol concentration after 30, 60, 90 and 120 minutes of 
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Plasma cortisol concentrations in early morning and late evening 
samples from rhesus monkeys  

Plasma cortisol 
pc/100m1 
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sedation was respectively 16.2 p.g/100 ml (8D = 2.7, 

N = 5), 10.8 ilg/100 ml (3D = 2.6, N = 5), 10.4 ilg/100 ml 

(SD = 2.4, N = 4) and 11.3 Ig./100 ml (SD = 2.3, N = 4). 

A general decreasing trend in plasma cortisol was 

found after induction of sedation, with the minimum plasma 

cortisol levels observed between 60 and 90 minutes after 

administration of the sedative (Fig. 23). The difference 

in the levels of cortisol at 30 minutes and 60 minutes 

was found to be statistically significant whereas no 

significant difference was found between the concentrations 

at 60, 90 and 120 minutes; although an increase in cortisol 

was apparent after 90 minutes of sedation in all animals. 

The plasma cortisol concentration found after 60 minutes 

of sedation was taken to represent the 'basal' level (Table 8), 

and compared with the values obtained in the 'catch and bleed' 

animals without sedation (Fig. 24). A basal plasma cortisol 

concentration (measured after LH-20 chromatography) of 12.8 Lg/ 

100 ml.(SD = 5.0, N = 14) was found in the 60 minute sedated 

animals. A statistically significant difference was 

Observed between the values obtained by these two sampling 

techniqUes (p<0.001). 

The stress factors involved in bleeding these animals 

make it extremely difficult to determine a true nyctohemeral 

rhythm in plasma cortisol. However, in five animals which were 

bled immediately after phencyclidine sedation at 0800 h. and 

2200 h., there was a suggestion that the plasma cortisol 

concentration at night was lower than in the morning (Fig. 25). 

6.5 Control experiments - affect of  prolonged sedation 

In order to assess the full effect of the dynamic 
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THE VARIATION OF PLASMA CORT I SOL IN THE RHESUS MONKEY 
DURING PROLONGED LIGHT SEDATION 
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FIGURE 29 

Changes in plasma cortisol followinz the acute 

administration of dexamethasone to three macaque 

monkeys. 
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tests employed to investigate adrenocortical function, 

it was necessary to look at changes in concentrations 

of plasma cortisol in normal animals subjected to 

prolonged sedation with phencyclidine. 

Plasma samples were taken at various time intervals 

from four adult monkeys N4, Nil, M12 and 1113. Plasma 

cortisol concentrations were determined and the values 

obtained are shown in figures 26, 27 and 28. 

The same general trend was apparent throughout all 

of these experiments. A gradual increase in the plasma 

cortisol concentration occurred throughout the 

experiments, so that the average concentration at the 

end of each experiment was greater than at the start. 

Narked fluctuations in the concentration were also a 

noticeable feature; these gave rise to a series of spikes 

or peak levels throughout the time course. 

A statistical analysis of 132 samples taken at 

random throughout the control period, showed that the mean 

plasma cortisol concentration was 17.1 iig/100 ml 

and these values were log normally distributed. 

6.6 The effect of dexamethasone  

Dexamethasone (5 mg, i.v.) was administered to three 

sedated monkeys (M10, M12 and M13) and blooO samples taken 

at 15 minute intervals for up to six hours. 	The plasma 

cortisol concentration in these samples was determined, 

and .the results are shown in Fig. 29. Total suppression 

of adrenal activity was achieved in two of the three 

animals after six hours. It will also be seen that the 

decline in plasma cortisol concentration was not interrupted 
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The effect of long term administration of 

adrenocorticotrophin on plasma cortisol in 
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by any marked fluctuations seen to occur in the normal 

animals. In a later experiment, fifteen hours after a 

single intramuscular dose of dexamethasone (5mg) the plasma 

cortisol concentration was undetectable (see Fig. 36 later). 

6.7 The effect of adrenocorticotro hic hormone  

The long term effect of exogenous ACTH therapy was 

assessed using a Synacthen depot, a slow releasing form of 

synthetic p1-24-a
a
renocorticotrophic hormone. 

An intramuscular injection of Synacthen depot (0.5 mg) 

was given at 1400 h. on alternate days over a seven day 

period, to two adult male rhesus monkeys (MH41 and NM113). 

Blood samples were taken on alternate mornings (0900 h.) . 

over a period of 18 days (prior to, during and after the 

Synacthen depot was administered) without preliminary 

sedation. The results are illustrated in Fig. 30. 

Before corticotrophin administration the plasma 

cortisol concentration in each animal was less than 30 

100 ml, and this increased to a maximum of 82 Ig/100 ml and 

56 lag/100 ml on the day following the last dose. These 

levels rapidly returned to the pre-corticotrophin level 

upon ceasation of treatment with the hormone. 

The acute effect of corticotrophin upon the plasma 

cortisol concentration was determined following the 

intravenous injection of varying doses of Synacthen to 

normal sedated animals. 

Using doses of Synacthen (25 iag and 50 lag) 

subsequently found to be larger than those required to 

maximally stimulate the adrenals, the increment in plasma 
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Changes in plasma cortisol after the acute 

administration of Synacthen (250 1.1g) in the 

macaque monkey (114). 
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cortisol concentration was 26 iag/100 ml and 15 Ig/100 ml 

respectively. Surprisingly there occurred a greater 

increase in cortisol concentration with the smaller dose 

of corticotrophin.(Fig. 31.). 

To achieve a sustained high response in terms of 

cortisol production, a larger dose of Synacthen (5 x 50 

every 15 minutes) was given to one animal (M4). Administered 

in this way it was considered that by maintaining a high 

corticotrophin concentration for a longer period of time, 

greater stimulation of the adrenals may result. The 

maximum cortisol concentration attained was 39 Ig/100 ml 

which represented an increase of 29 iig/100 ml (Fig. 32). 

In all of these experiments the maximum plasma cortisol 

concentration was found one hour after the acute 

administration of the corticotrophin. 

6.8 The effect of adrenocorticotrophic hormone in the  

acutely dexamethasone suppressed animal  

In the control animals, the plasma cortisol 

concentration has been shown to vary markedly throughout 

the experimental period. The response to exogenous 

corticotrophin is therefore difficult to determine against 

this fluctuating background. To illustrate this, plasma 

cortisol levels after the administration of 25 [1g and 

250 [1g of Synacthen are shown in Fig. 33 in which the 

normal variations seen for a typical animal are superimposed. 

The effect of corticotrophin on the adrenals may be 

more accurately determined in an animal in which the 

pituitary release of ACTH has been blocked by dexamethasone. 

In this way the plasma cortisol concentration would be low 
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and without marked fluctuation. 

This was readily illustrated in one animal (N4) in 

which samples were collected prior to and after the 

administration of 2mg/hour of dexamethasone. Two hours 

after the initial dose of dexamethasone, Synacthen (10 ilg) 

was given and sampling continued for a further two hours.' 

The changes in plasma cortisol concentration during the 

control period, the period after dexamethasone administration, 

and after exogenous corticotrophin are shown in Fig. 34. 

After the i.v. injection of Synacthen a rapid rise 

in plasma cortisol occurred, with the peak being reached 

after 30 minutes. The increment in plasma cortisol con- 

centration with a 10 	dose of Synacthen. was 20 [1g/100 ml. 

A plasma cortisol concentration of 3.0 ilg/100 ml was 

found the following day, indicating that the dose of the 

dexamethasone, whilst not totally suppressing adrenal 

activity, was still partially effective in lowering the 

normal plasma cortisol concentration. 

The experiment was later repeated in this animal (M4) 

with the exclusion of the control period. A loading dose 

of dexamethasone (3mg i.m.) and repeated hourly doses 

of 2 mg were given to suppress endogenous corticotrophin. 

After two hours a single intravenous dose of Synacthen 

(250 tg) was administered. 

The peak plasma cortisol concentration was again 

obserVed at 30 minutes. The pre-Synacthen plasma cortisol 

concentration increased from-12 td.g/100 ml to 36 ilg/100 ml 

(Fig. 35). 
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In all of these experiments in which exogenous 

corticotrophin was administered acutely, the maximum 

increase in plasma cortisol concentration was very 

similar for all doses ranging from 10 prg to 250 vg. 

The minimum amount of synthetic p1-24-ACTH required 

to stimulate the adrenal gland to secrete cortisol was 

determined in the acutely dexamethasonasuppressed 

animal. 

Three monkeys (Ell, E12 and E13) were pretreated 

with dexamethasone (5mg i.m.) the night before the 

experiment and again the following morning. Increasing 

amounts of Synacthen (dissolved in 0.02% HCl in saline; 

to prevent losses by absorption to glass) were given at 

hourly intervals (0.1 ng, 1 ng, 10 ng, 100 ng and 

1000 ng per Kg body weight). Blood samples were collected 

at 10, 20, 40 and 60 minutes after the injection of each 

dose of Synacthen. The plasma cortisol concentrations 

measured in the samples are shown in Fig. 36. The 

experiment on monkey Ell unfortunately was terminated 

before completion due to problems encountered with the 

blood sampling. 

Initially the plasma cortisol concentration was 

undetectable in all animals (<1.0 ilg/100 ml). Doses • 

of 0.1 ng/K3 body weight and 1.0 ng/Kg body might of 

ACTH.were insufficient to canse any increase in the plasma 

cortisol level, in monkeys El2 and Ea3; although a 

transient and probably insignificant rise to a level of 
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2.0 vtg,100 ml occurred after the second dose of 

corticotrophin in monkey H11. 

A significant increase in plasma cortisol 

concentration was found in all animals after the 

'administration of 10 ng/K-g body weight of Synacthen. 

A larger response was found after 100 ng/Kg body weight, 

while 1000 ng/Kg body weight produced a maximal increase 

in plasma cortisol. 

A log plot of dose versus maximum cortisol level 

attained was linear (Fig. 37) and indicated that the 

threshold stimulus of, corticotrophin needed to elicit 

an adrenal response would be between 3 and 5 ng/Kg body 

weight in these animals. 

6.9 The effect of lysine - vasoPressin 

Three animals (M4, M12, and H13) were administered 

2.5 pressor units of lysine-8-vasopressin intramuscularly, 

and blood samples taken at 15 minute intervals. The 

results obtained are illustrated in Fig. 38. 

Unfortunately an increasing trend in plasma cortisol 

concentration occurred prior to the administration of 

lysine-vasopressin. However a maximum increase of 10, 

12 and 13 lig/100 ml was found in the three animals after 

this dose of lysine-vasopressin. The peak cortisol 

concentrations were found between 30 and 60 minutes after 

administration. 

6.10 .  he effect of insulin hypo lycaemia  

Insulin (0.5 I.U./Kg body weight) was administered 

to two monkeys.(M3 and H4). Blood samples were taken 
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after 10, 20, 40 and 60 minutes and then every 30 minutes 

for a further two hours. Blood glucose
4  
was measured in 

addition to plasma growth hormone (measured by radio- 

immunoassay) and plasma cortisol and the results are 

shown in Fig. 39. 

Pre-insulin blood glucose levels were between 

2.0 and 3.5 mMoles/litre and these decreased rapidly 

after the administration of insulin. A corresponding 

rapid increase in plasma growth hormone and plasma cortisol 

occurred. The peak growth hormone concentrations were 

found between 30 and 60 minutes after insulin while the 

peak cortisol levels occurred later. The hypoglycaemic 

response to insulin in monkey M3 was less profound than that 

obtained in 1.14; however, significant increases in both 

growth hormone and plasma cortisol occurred in this 

animal. 

6.11 The effect of metyrapone (SU4885)  

A loading dose of metyrapone (30 mg/Kg body weight) 

and two further doses of 10 mg/Kg body weight was given 

at hourly intervals to three animals, M4, M12 and M13. 

Plasma samples were collected at 30 minute intervals over 

a period of 5 hours. 

Plasma cortisol was measured as total 11-hydroxy- 

corticosteroids* (11-0HCS) by the fluorimetric technique 

of James et al, (1967) and 11-deoxycortisol was assessed 

indirectly by measuring the total corticosteroids binding 

* Plasma 11-01103 were kindly measured by Prof. V.H.T. James 
at Department of Chemical Pathology, 3t. Mary's Hospital 
Medical 6chool, London 
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The effect of administration of metyrapone on 

plasma corticosteroids in the macaque monkey. 
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to corticosteroid binding globulin using the 

competitive protein binding method for cortisol. The 

total corticosteroid values are therefore expressed as 

the apparent amount of cortisol. The difference between 

the values obtained by fluorimetry and by competitive 

protein binding thereby gives an approximate assessment 

of the amount of 117deoxy-steroids. This type of approach 

to evaluating the effectiveness of the metyrapone test 

has been previously described by Nattrass et al, (1972). 

The results obtained are illustrated in Fig. 40. 

. Complete inhibition of 11P-hydroxylation with these doses 

of metyrapone was never achieved since significant amounts 

of 11-0HOS were present throughout the time course. In one 

animal (M4) the plasma 11-0K'3 concentration' had returned 

to pre-metyrapone levels within two hours of the 

administration of the final dose. 

The total corticosteroid concentration was found to 

increase after metyrapone, therefore reflecting - an increase 

in the concentration of 11-deoxycortisol level. However 

the actual levels of this steroid were difficult to interpret 

using this approach. 

The experiment was therefore repeated and plasma 

11-deoxycortisol was measured more directly using 

competitive protein binding after extraction with carbon 

tetrachloride. In addition the original protocol was 

modified in order to determine the effect of acute 

administration of dexamethasone given to the metyrapone 

blocked monkey. A loading dose of metyrapone (30 mg/Kg 

body weight) and maintenance doses of 10 mg/Kg body 
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The effect of inhibition of cortisol synthesis with. 

metyrapone and subsequent administration of dexamethasone 

in the rhesuS monkey. 
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weight were given hourly to two animals; Nil and M12. 

Two hours after the initial dose of metyrapone, 

dexamethasone (5 mg) was administered in a single 

intravenous injection. Blood samples were collected at 

30 minute intervals over a period of six hours. Plasma 

11-deoxydortisol, plasma cortisol and plasma ACTH (measured 

by an N-terminal radioimmunoassay by Dr. L. Rees of St. 

Bartholomews Hospital, London) concentrations were 

determined. The results are illustrated in Figure 41. 

In both animals a rapid increase in plasma ACTH and 

11-deoxycortisol levels occurred after metyrapone, with a 

corresponding decrease in the plasma cortisol concentration. 

Plasma 11-deoxycortisol attained concentrations in excess 

of 30 vg/100 ml, while plasma ACTH levels increased to 

above 400 pg/mi. 

Dexamethasone rapidly inhibited pituitary ACTH and 

the plasma levels decreased to below those found in the 

control period. The plasma 11-deoxycortisol concentration 

which was increasing rapidly prior to dexamethasone was 

abruptly halted and the levels soon returned to basal. 

The plasma cortisol concentration was not completely 

suppressed with metyrapone, or three hours after dexamethasone. 

6.12 Half-life of cortisol in plasma of the rhesus monke.  

After the observations of a slow decline in plasma 

cortisol concentration following the administration of 

large doses of dexamethasone, the half-life of cortisol 

in plasma was determined. 

The concentration of a compoUnd in plasma depends 



on the rate of secretion, the rate of removal and the 

distribution throughout the body. The analysis of the 

disappearance of a compound from plasma therefore requires 

a statement of a theoretical model and an assumption of 

a steady system. 

The simplest system has one compartment and if the 

metabolic clearance rate of the compound is constant then 

the disappearance from the compartment will be proportional 

to the concentration within the compartment. A steroid load 

will then decline exponentially in the same way as an 

administered radioisotope tracer. 

Thus, by the analysis of serial data, a clearance 

rate or turnover rate can be calculated. Extrapolation 

to time zero will give a theoretical measure . of the 

concentration of the compound, from which a distribution 

volume or a pool size in the case of a radiolabelled tracer 

can be determined. 

• • In practice, after the injection of a steroid into 

plasma there is a rapid decline in concentration over the 

first 20-30 minutes followed by a slower decline which 

obeys an exponential law. limalysis of the second part of 

the disappearance-gives a measure of the plasma half-life 

or turnover constant. 

Radiolabelled cortisol was used to measure the plasma 

half-life in an adult rhesus monkey in this study. Non-

radiolabelled steroid loads have been used to determine 

the cortisol half-life in man, but Peterson (1959) showed 

that the values obtained were significantly higher than if 
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small amounts of radiolabelled tracer were used. 

This was due to a slow diffusion back into the vascular 

compartment of the pharmacological dose, and it also 

suggested that a one compartment first order kinetic 

model was insufficient to account for the disappearance 

of a steroid load. 

On the introduction of a second compartment the 

theoretical disappearance pattern follows that observed 

in practice. After the initial time for mixing a rapid 

decline due to the equilibration between the two compartments 

it seen, followed by a slower decline due to the rate 

limiting removal from the compartment. 

An adult female monkey (5.5 Kg body weight) was used 

for the determination of the half-life of cortisol, before 

and after the administration of a single dose of 

dexamethasone (5 mg). 

3H-cortisol (1mCi) in saline was injected intravenously, 
and blood samples taken at frequent intervals. The blood 

was centrifuged and the plasma separated immediately. After 

two hours a single i.v. dose of dexamethasone was given 

and one hour allowed for its action to take effect. At 

this point a second dose of 3H-cortisol (1m0i) was 

given (i.v.) and blood sampling continued as previously. 

Plasma samples (0.5 ml) were extracted with methylene 

chloride (10 ml) and portions of the organic extract 

taken for radioactive counting. A semi-log plot of plasma-

cortisol radioactivity against time was made (Fig. 42) from 

which the distribution volume and half-life could be 

calculated. The plasma cortisol (11-01303) concentration 



TABLE 9 

The half-life of plasma cortisol determined by a 

radioisotope tracer technique. The values below indicate 

the plasma 11-OHCS concentration and the amount of 

radioactivity in plasma determined after (i) methylene 

.chloride extraction, (ii) thin layer chromatography and 

isolation of the cortisol. 3H-cortisol (1 ma) was 

administered intravenously at time zero and 180 mins. 

Time 	Plasma 11-0HCS 
(mine) 	(11g/100 ml) 

Plasma cortisol radioactivity 
(cpm x 107m1) 

Methylene 
chloride 
extract 

Thin layer 
chromatography 

-5 
+10 
15 
20 

13.0 

Im• 

IWO 

6.4 

5.5 
4.5 

5.9 
4.8 

3.5 
30 23.5 3.8 3.1 
40 10.9 3.2 3.2 • 
50 3.0 
60 13.5 
75 2.4 2.2 
90 18.2 2.6 
105 2.2 WV. 

120 23.5 2.2 1.8 
150 1.7 
180.  14.6 1.5 1.2 
190 19.0 8.8 
195 8.6 
200 6.4 
210 16.3 6.2 
220 15.2 5.5 
230 4.9 
240 14.2 4.9 
255. 4.4 
270 13.0 4.1 
300 10.8 3.6 
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was also measured by the fluorimetric technique of 

Mattingly (1962) in some of the samples and also plotted. 

In order to check that the radioactivity extracted 

by methylene chloride was accounted for by unchanged 

3H-cortisol and not cortisol metabolites, several samples 

were subjected to thin layer chromatography, on silica gel 

(Kieselgel2254  precoated plates). To account for 

/ procedural losses C-cortisol (50,000 cpm) was added to 

the plaSma prior to methylene chloride extraction. The 

plates were developed in chloroform:ethanol (9.1) and the 

area containing cortisol located under U.V. light. This 

area was scraped from the plates and dissolved in ethanol, 

portions of which were taken for liquid scintillation 

canting. 

The results obtained indicated that the radioactivity 

extracted by methylene chloride was from unchanged cortisol 

(Table 9). 

The half-life of cortisol in plasma was determined 

from the gradient of the radioactive decay plot. The half-life  

was found to be 138 minutes and after the administration of 

dexamethasone was 134 minutes. The half-life calculated from 

• the decay in plasma 11-0HCS after dexamethasone was 136 minutes. 

The distribution volume or pool size was determined 

by extrapolating to time zero, the linear portion of the 

decay curve. 

The amount of radioactivity administered = 6.2 x 107  cpm: 

the distribution volume is thus:- 

Total administered counts 	= 6.2 x 107  
Total counts at time zero from the graph 3.8 x 104  

= 1630 ml 
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The average plasma cortisol concentration over the 

control period was 17.1 pg/100 ml. The normal fluctuations 

which occurred in previous control experiments were 

again apparent, and these were rapidly abolished after 

the administration of dexamethasone. The plasma cortisol 

concentration decreased to 1048 p.g/100 ml, 3 hours later. 

From these levels an approximate turnover rate can 

be deduced using the equation: 

Turnover rate = distribution volume x cortisol concentration 
2 x half-life in days 

= 1630 x 17.1 x 24 x 60 
2 x 138 x 100 x 1000 

= 1.5 mg/day 

In summary, the mean cortisol half-life in plasma was found 

to be 136 minutes, and was not altered by acute doses of 

dexamethasone. The mean distribution volume in a 5.5 Kg 

adult monkey was 1,630 ml, and from the data the approximate 

turnover rate of cortisol was found to be 1.5 mg/day. 



PART III 

THE INVESTIGATION OF CORTICOSTEROID METABOLISM AND 

EXCRETION IN  THE MACAQUE MONKEY 

1. Introduction 

2. Extraction of steroids from urine 

3. Hydrolysis of steroid conjugates 

4. Application of the Sephadex LH-20 chromatography 

system to the separation of urinary steroids 

5. Analysis of urinary steroids by gas chromatography 

6. Corticosteroid metabolism in the macaque monkey 



1. INTRODUCTION 

Horning and co-workers (1971) have shown that gas 

chromatography can be particularly useful in the 

multicomponent analysis of urinary steroid metabolites. 

With flame ionisation detection however, it affords good 

quantitation, but the identity of the compounds measured 

cannot always be guaranteed. Partial identification is 

commonly carried out by the comparison of the retention 

data of standards and of unknowns under different 

chromatographic conditions. 

Mass spectrometry combined with gas chromatography 

is a highly specific and sensitive technique which is 

capable of characterising small samples of complex mixtures. 

It is for these reasons that gas chromatography and 

mass spectrometry were chosen for the study of urinary 

steroid metabolism in the macaque monkey. 

Following the administration of radiolabelled cortisol 

and corticosterone the specific metabolites of these 

steroids were identified by the additional use of radio-

gas chromatography. 

2. EXTRACTION OF STEROIDS FROM URINE 

Almost all steroids excreted in human urine are 

present as sulphates and glucuronides and the majority 

identified so far from monkey urine are also present as 

conjugates. Hydrolysis is therefore necessary to release 

the free steroids so that they can then be extracted 

into organic solvents. 



Urine samples from the macaque monkeys were 

heavily contaminated and in spite of precautions taken 

during collection, many samples contained food and other 

debris. It was found that direct hydrolysis of the urine 

samples gave a poor recovery of steroids and'the resulting' 

extracts were too contaminated for subsequent gas 

chromatographic analysis. Extraction with partial 

purification was therefore necessary before hydrolysis. 

A neutral polystyrene resin Amberlite XAD-2 was used 

for extraction and partial purification of steroids from 

urine. Subsequent hydrolysis was found to give good 

recovery of steroids. 

The resin technique for the recovery of steroid 

conjugates from aqueous solution was first described by 

Bradlow (1968) and later by Shackleton (1970). Free and 

conjugated steroids were extracted from urine by absorption 

on columns of the resin. Water, small organic molecules 

and inorganic salts passed through, whereas the steroid 

conjugates were absorbed and could be recovered by elution 

of the column with methanol. The column could be readily 

regenerated by washing with water. 

Recoveries of 9O for cortisol, testosterone and 

progesterone metabolites were reported by Bradlow (1968), 

and there was no evidence of artifact formation using this 

procedure. 

The procedure used for the extraction of urinary 

steroids-with LAD-2 was as follows:- 

Daily collections of urine were poured onto large columns 



TABLE 10  

THE RECOVERY OF RADIOLABELLED STEROIDS FROM URINE USING AMBERLITE XAD-2 COLUMN 

CHROMATOGRAPHIC EXTRACTION  

Recovery % 

Fraction 
14C-pregnenolone 14C-DHA sulphate 

• 

Urine eluent 0.3 0.3 

Water wash 0.7 0.5 
[ 

Methanol - 0-50 ml 85.0 86.0 
1 	I 

wash 	- 50-100 ml 7.0 6.0 

- 100-150 ml 2.3 2.7 

- 150-200 ml 0.6 0.2 

- 200-250 ml 0.6 0.1 



(60 x 5 cm) of Amberlite XAD-2 (500g). The column 

was then washed with 250 ml of water and the aqueous 

phase discarded. The steroids were then recovered from 

the column with 500 ml of methanol, and this extract 

was then taken to dryness using a rotary evaporator. 

The sample was redissolved in water (10 ml) and stored 

until required for analysis. 

The recovery of steroids from the column was checked 

by adding 14C-pregnenolone and 14  0-DHA sulphate to 

urine samples prior to extraction. The radioactivity 

in the urine, water washingeand each 50 ml aliquot of 

methanol was counted and the recovery determined (Table 10). 

The recoveries obtained were comparable with those reported 

by Bradlow (1969), with 95% of the pregnenolone and 95% 

of DHA sulphate being recovered in the first 150 ml of 

methanol eluted, with small loss (5%) of steroid in the 

urine effluent. 

This technique has considerable advantage over 

conventional solvent extraction methods. The use of large 

volumes of toxic volatile solvents is eliminated, a high 

recovery of steroids is achieved and the practical stages 

are simplified. 

3. HYDROLYSIS OF STEROID CONJUGATES 

Steroids are excreted in the urine conjugated, usually 

at the.0-3 positionwitAt.glucuronic or sulphuric acid. The 

conjugation takes place mainly in the liver and is a major 

means of steroid inactivation. 

98 
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Conjugates can be readily hydrolysed by boiling 

with strong acids, but this may lead to decomposition 

of the molecule and the formation of artifacts (Fukushima 

and Gallagher, 1957). 

Enzyme techniques of hydrolysis, although considerably 

time consuming, have the advantage that artifact formation 

occurring during chemical hydrolysis is generally avoided. 

Roy and Slaunwhite (1970) however, showed that the 

formation of artifacts did occur with bacterial and limpet 

p-glucuronidase during hydrolysis. Furthermore Manson 

et al, (1972) investigated the effects of various enzyme 

preparations on neutral steroids and confirmed that 

bacterial 13-glucuronidase preparations produced many 

changes in steroid structure which could be eliminated by 

the addition of a few drops of chloroform prior to 

incubation with the enzyme. Alternatively filtration of 

the enzyme preparation before use, adjusting the pH to 

4.5, or the addition of antibiotics to the incubation 

mixture were also found effective. 

Enzymes offering a means of hydrolysis under milder 

conditions have been obtained from beef liver, limpets 

(Patella vulgata), snails (Helix pomatia) and bacteria. 

The optimum -pH for the action of the glucuronidase enzyme 

varies according to the source, from 4.7 for the limpet 

to 6.2 for bacterial preparations. Enzymic hydrolysis is 

usually carried out at 37°  for several hours or days. 

The best results are obtained on extracts of the samples 

rather than directly on the crude sample since enzyme 

inhibitors may be present, particularly in urine. 
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Steroid sulphates can be hydrolysed by sulphatases 

obtained from similar sources to the glucuronidase 

enzymes. The sulphatase from Patella vulgata is highly 

specific towards 3P-sulphates and 5a and A5-steroids and 

will not hydrolyse the corresponding 3a-sulphates. 

Sulphate'hydrolysis may also occur in solvents such 

as ethyl acetate (Burstein and Lieberman, 1958) this 

process being termed solvolysis. The sulphates are 

extracted by solvent from an acidified aqueous solution 

saturated in sal, and hydrolysis takes place at 37°  

in the solvent. 

For reasons mentioned above enzymic hydrolysis of 

steroid conjugates was. chosen rather than acid hydrolysis. 

Two enzyme preparations were used; a p-glucuronidase from 

bovine liver (Ketodase) and a combined f3-glucuronidase and 

sulphatase from Helix Romatia. 

Prior to hydrolysis; free steroids present in the 
• 

XAD-2 extract of urine were removed with methylene chloride 

(3 x 50 ml). The aqueous phase containing the steroid 

conjugates was adjusted to pH 4.5 by the addition of acetate 

buffer (0.5N). The mixture was then incubated at 37°  for 

48 hours with either 12,500 units of p-glucuronidase 

(Ketodase) or 10,000 units of p-glucuronidase and 8,000 

units of sulphatase from Helix pomatia. To ensure complete 

hydrolysis the incubation was continued for a further 24 

hours .after further addition of the same quantity of 

enzyme. 

The freed steroids were extracted on small columns 



FIGURE 43  

The  gas chromatogrpEhiparation of urinary steroids as . 

meth loxime trimethylsily ether derivatives after 6e hadex 

LH-20 fractionation of  hydroljsed human urinary extract.  

The analyses were carried out by a Becker 409 instrument 

using a 25 M open-tubular column coated with OV-101. The 

following steroids are indicated: 1. Androsterone; 2. Aetio-

cholanolone; 3. 11-0xo-aetiocholanolone; 4. 11-Eydroxyandrosterone; 
5. 11-Hydroxyaebiocholanolone; 6. Pregnanetriol; 

7. & 8. Androstanetriols; 9. Tetrahydro-11-dehydrocorticosterone; 
10. Tetrahydrocorticosterone; 11. Tetrahydrocortisol; 
12. a-Cortolone; 13. 0-Cortolone; 14. Tetrahydrocortisol; 

15. Cortol. 	The internal standard used was eholesteryl 

butyrate.. 

URINARY STEROIDS 
(adult) 
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(30 x 1 cm) of Amberlite XAD-2 resin (20g) as before. 

The methanol extract was evaporated to dryness and the 

freed steroids fractionated on Sephadex LH-20 prior to 

gas chromatographic analysis. 

4. APPLICATION  OF THE SEPHADEX LH-20 CHROMATOGRAPHY SYSTEM 

TO THE SEPARATION OF URINARY TEROIDS 

The Sephadex LH-20 systems described before proved 

to give a useful fractionation with urine extracts. 

System 1 gave a good group separation of steroids following 

P-Iglucuronidase hydrolysis of urinary steroid conjugates 

and subsequent Amberlite XAD-2 extraction. Purification 

of urine extracts with basic solutions (sodium bicarbonate 

or sodium' hydroxide) or anion exchange resins (Amberlyst 

A-26 which is normally required prior to gas chromatography 

was eliminated. 

After Sephadex LH-20 chromatography the fractionated 

steroids were separated by gas chromatography as 

trimethylsilyl ether or methyloxime-trimethylsilyl ether 

derivatives on a 24 metre open-tubular column coated with 

OV-101 (Fig. 43). The column was housed in a Becker 409 

gas chromatograph equipped with an automated solid-

injection system. Identification of the steroids was by 

GC-MS. 

Fraction 1 contained androsterone and aetiocholanolone 

only, while in fraction 2 pregnanediols, pregnanetriol 

and the 11- xygenated androstanes were found. Androstane-

triols were eluted in fraction 3 while the corticosterone 

metabolites tetrahydro-11-dehydrocorticosterone and 
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tetrahydrocorticosterone were found in both fractions 

3 and 4. The cortolones were eluted in fractions 4 and 

5, and tetrahydrocortisol and the cortols were eluted in 

fraction 6. The elution volumes at which the fractions 

are "cut" can, of course, be varied depending on the 

steroids being analysed, however the seine fractionation 

was used for urinary steroids as for plasma steroids 

(See table 5 earlier). 

The fractionation of steroids on Sephadex LH-20 

was generally dependent upon the polarity of the compounds. 

Fractions 1 and 2 contained the compounds of low polarity 

(i.e. 2 and 3 oxygen atoms) while the fractions 41  5 and 

6 contained the highly polar compounds containing 3, 4 and 

5 oxygen atoms. 

ANALYSIS OF URINARY ST330IDS BY GAS CHROHATOGR,LPHY 

5.1 Pre•aration of steroid derivatives for c'as 

911=19=-2/2I 

After completion of the preliminary extraction, 

hydrolysis and separation stages, portions of the extracts 

after fractionation on Sephadex LH-20 were taken for 

derivative formation in the presence of added amounts of 

internal standards. The samples were then subjected to 

gas chromatography, radiogas chromatography and GC-MS 

analysis. 

Two types of derivatives were prepared; 

trimethylsilyl ethers of hydroxyl substituted steroids 

and methyloximes-of oxo 	substituted steroids. 



Trimethylsilyl ethers were 	prepared for 

the low polarity compound, separated in Sephadex LH-20 
fractions 1, 2 and 3, 	combined methyloxime- 

trimethylsily1 ethers were always prepared for the polar 

compounds in fractions 	5 and 6. 

(i) 	Formation of trimethyleily1 ethers: 

The formation of trimethylsilyi ethers has been 

reviewed in great detail by Pierce (1968). The procedure 

adopted was based on that first described by Makita and 

Wells (1963) in which hexamethyldisilazane-trimethyl-

chlorosilane (IDS-TICS) in pyridine was used as the 

silylating reagent. The reaction can be summarised as: 

steroid hydroxyl 

CHLOH 

C=0 

(TECS) 
(Cle13).3 

(CIO3Eirt 
C=0 

(}Th'TDS) 
N1-441 

steroid silyl ether 

Portions of the fractionated urinary samples (Usually 

1/4) were evaporated to dryness in a stream of nitrogen 

and redissolved in pyridine (250 11) HMDS (200 111) and 

MOS (5tx1). The mixture was stoppered, sonicated and kept 

overnight at room temperature, after which the reagents 

were evaporated to dryness in a stream of nitrogen. Hexane__ 

(0.5 ml) was added and the tubes centrifuged to remove 

the ammonium chloride formed in the reaction. The 

supernatant was finally transferred to a stoppered vial 
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and stored until required for injection onto the gas 

chromatograph. Prior to injection the volume of solvent 

was reduced to 50 µl by evaporation in a stream of 

nitrogen and a sample volume of 2-5 ill was used for each 

chromatographic run. 

(ii) Formation of methyloxime-trimethylsilyl ether 

derivatives: 

The method used to prepare the methyloxime was that 

first described by Fales and Luukkainen (1965) using 

methoxylamine hydrochloride in pyridine solution. The 

reaction is as follows: 

steroid carbonyl 

507 
c..7..0 
b  

 

 

steroid methyloxime 

To a portion (1/4) of the dried sample was added 

1% methoxylamine hydrochloride in pyridine (200 ill) and 

the sample kept at room temperature overnight to allow 

formation of the derivative. The formation of the oxime-

silyl ether derivative was then carried out by adding 

HINDS (200 ill) and TMCS (5 ill). After four hours the 

solvent was evaporated in a stream of nitrogen and the 

residue dissolved in hexane (0.5 ml) and centrifuged. 

The hexane was transferred to a small vial and stored 

until required for gas chromatography. 



FIGURE 4/i  

An example of the use of the methylene unit in the partial 

identification of steroids by retention  time. 

The upper tracing shows a series of unbranched hydrocarbons 

of even numbers of 22-36,chromatographed by temperature 

programmed operation. The lower tracing shows the same 

series of hydrocarbons added to a sample containing the authentic 

steroid 3a-hydroxy-W-androstane-11,17-dione. 
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5.2 Conditions for as chromatography 

Gas chromatographic analyses were carried out by a 

Pye 104 gas chromatograph equipped with flame ionisation 

detection, using a silanised glass column (2 metre x 4 mm. 

internal diameter) packed with 1 or 3% silicone OV-1 

on Gas-Chrom Q. The oven temperature was programmed 

from 200°  - 300°  in increments of 1.5°/min. The flash 

heater temperature was 270°. The carrier gas flow rate 

was approximately 40 ml/min and the hydrogen and air 

flow rates through the detectors were approximately 30 ml/min 

and 500 ml/min respectively. 

5.3 Identification by retention time  

For the partial identification of silyl and oxiile- silyl 

ether derivatives of urinary steroid metabolites the 

Methylene Unit (m.u.) was employed (Horning et al, 1968). 

A series of unbranched hydrocarbons of even numbers of 

methylene groups ranging from 22 to 32 was added to the 

sample and chromatographed. Except for the first two 

hydrocarbons the elution of compounds was linear with 

time (Fig. 44). 

The methylene unit values were then determined by 

interpolation between adjacent hydrocarbons on the 

chromatogram and partial identification made in relation 

to the values obtained for reference compounds (Table 11). 

The advantage of using the methylene unit for the 

retention time is that it is less temperature dependant 

than the relative retention time, which is generally only 

used when isothermal conditions are employed. 



TABLE 11 

The retention times of reference steroids as trimethylsilyl ether and methyloxime-trimethylsilyl ether 

derivatives. Gas chromatography was carried out by temperature programmed operation between 

2000-3000  in increments of 2°/min. on.a glass column (2 metre x 4 mm internal diameter) 

packed with 1% silicone OV-1 on Gas Chrom Q. 

Steroid 
Retention time (m.u.) 

Silyl ether 	Oxime-silyl ether 

3a-Hydroxy-5a-androstan -17-one 24.45 
3a-Hydroxy-513-androstan -17-one 25.54 
3a,1113-Dihydroxy-5a-androstan -17-one 26.33 
3aI11p-Dihydroxy-513-androstan--17-one 26.70 
311,1113,1713-Trihydroxy-5a-androstane 27.1 
3a,2013,21-Trihydroxy-513-pregnan.-11-one 30.71 
30:11113121-Trihydroxy-513-pregnan -20-on-18-al 30.70 
3a117a121-Trihydroxy-53-pregnane-11,20-dione 31.31 
3a111B117a,21-Tetrahydroxy-5P-pregnan -20-one 32.00 
3a,17a,20a121-Tetrahydroxy-513-pregnan -11-one 32.30 
3a117a12013,21-Tetrahydroxy-5p-pregnan -11-one 32.47 
5p-Pregnane-3a111P117a120a121-pentol 33.33 33.33 
5o7Pregnane-313,11p117a120p,21-pentol 34.40 34.40 



5.4 Quantitation 

Quantitation was achieved by comparing the area 

under the peaks obtained for the steroids against the 

area obtained for a known amount of added internal 

standard. Cholesteryl butyrate was used as the internal 

standard for quantitation, and cholanediol and 

androstanediol were occasionally used as reference markers. 

Known amounts of the internal standard (usually 

10 p.g) were added to portions of the steroid extract 

prior to derivative formation. The amount of steroid in 

the sample could then be determined from the formula: 

Area of steroid peak  x  Amount of standard y  Response 
Area of standard peak 	added 	ratio 

The response ratio is the ratio of the peak areas 

obtained from equal amounts of the internal standard and 

the steroid being measured. For the majority of steroid silyl 

ether derivatives measured in this present study, this 

value was close to unity. However for the,oxime-silyl 

ethers of tetrahydrocortisone and tetrahydrocortisol this 

value was approximately 0.5; a correction was therefore 

necessary. 

5.5 The detection of radiclabelled steroids using  

radiogas chromatography 

The radiolabelled steroids were detected using 

simultaneous gas chromatography-radiogas chromatography. 

A Panax-Radiogas Detector System was coupled to a Pye 

104 gas chromatograph. The carrier gas eluted from the 

chromatography column entered a gas splitter and equal 
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volumes passed to the flame ionisation detector and 

the radiogas detector. The carrier gas was diluted 

with carbon dioxide (flow rate 2 ml/min) prior to 

entering the furnace tube where the components present 

were oxidised by copper oxide at 700°. After oxidation 

the components were passed into a proportional counter 

and the radioactivity was determined. By using a twin 

pen chart recorder a recording was made of the mass 

peaks detected by flame ionisation detection and the 

radioactive peaks detected by the proportional counter. 

5:6 The identification of urinar steroid metabolites 

13292E1.21.12.-L911:22.12L2=2/22= 
The preparation of derivatives of steroids in 

addition to rendering the sample more suitable for gas 

chromatographic analysis, also aids the identification 

of the parent steroid by directing fragmentation when 

subjected to mass spectrometric analysis. 

Combined gas chromatography-mass spectrometry was 

carried out using a Varian-Aerograph 2700 gas 

chromatograph coupled to a Varian MAT 731 double 

focussing mass spectrometer operated at an ionisation 

voltage of 70 eV and an accelerating voltage of 8 KV. 

The carrier gas separator and transfer lines were maintained 

at a temperature of 250°. The gas chromatography 

conditions :•rere identical to those described previously. 

Mass spectral scans of the eluted components were , 

made over the mass range 50-1000 mass units. at 2 sec./decade, 

and the data was processed by a Varian 100 MS Spectro'Jystem. 

Identification of the steroids was made by comparison of 
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the mass sIN:ctra against reference compounds 

6. THE INVESTITION OF CORTICOSTEROID METABOLISM 

IN THE MACIA > iJ MONKEY 

'6.1 Introdt:.!otion 

The purpose of this part of the study was to 

establish the pattern of steroid excretion in species 

of macaque Monkey, and to identify those compounds 

which were excreted as metabolites of cortisol and 

corticosterone. 

Daily urine samples were collected over a period 

of 5 days after the intramuscular injection of 

14, 	(10p,Ci) to cynamologous monkey, DI F3 and 

140-corticosterone (10 PCi) to monkey, MF4. The monkeys 

were housed in individual metabolism cages during the period 

of collection and the cages were washed with 250 ml of 

water between each collection. The urine sample and 

water washes were collected in polystyrene bottles 

containing chloroform (10 ml) as a preservative, and 

stored at -50o until required for analysis. 

The urine volume and the amount of radioactivity 

in each collection was measured prior to pooling the 

5 daily collections. The pooled collections were 

processed through the extraction stage, hydrolysed with 

P-glucuronidase (Ketodase) and chromatographea on 

Sephadex LH-20 as described previously. 

6.2 Recovery of radioactivity in the urine collection  

The urine volume and the amount of radioactivity 



Table 12 
	

Monke (MF3) 14C-Cortisol administered 
	 • •Monke (M 	14F4) 	C-Corticosterone administered 

Urine vol 
	

Total radioactivity 
	

% of total 
	

Urine vol 
	

Total radioactivity 	% of total 
(ml) 
	

recovered (cpm) 
	

excreted 
	

(ml) 
	

recovered (cpm) 	excreted 

42% % recovery of the . 
administered dose 

2.0 x 106 cpm = 30% 

67% 

4.2 x 106 cpm = 36% 

7.3 x 106 cpm = 64% 

Day 1 

Day 2 

Day 3 

. Day 4 

Day 5 

• Total recovery 

Administered dose = 

	

145 	5.85 x 106 51 

	

90 	2.70 x 106 24 

	

70 	1.27 x 106 11 

	

65 	1.08 x 106 	9 

	

90 	0.62 x 106 	5 

11.51 x 106  cpm 

17.1 x 106 cpm 

112 4.00 x 106 59 

65-  1.20 x 106 18 

58 0.81 x 106  12 

95 0.41 x 106 6 

125 0.31 x 106 5 

6.7 x 106 cpm 

16.2 x 106 cpm 

Radioactivity in the 
unconjugated steroid 
fraction 

Radioactivity in the 
conjugated steroid 
fraction 

4.7 x 106 cpm = 70% 



recovered in the collections are c;howu in Table 12. 

The average daily urine volume ealeeetlated from the 

10 collections was 96 ml. 

4, The total recovery of admin 	1 istered 	,.-cortisol over 

the 5 days from monkey MF3 was 	whilst that of 

14C-corticosterone was slightly lower; 41%. Greater 

than 75% .of the recovered radioactivity was excreted 

in the first two daily collections while 	was excreted 

in the final collection. The recovery of radioactivity 

in the faeces was not determined. 

The unconjugated steroid fraction extracted by 

methylene chloride accounted for 36% of the total 

radioactivity recovered in the case of the 
1 C-cortisol 

experiment and 30% for the 14C-corticostercne experiment. 

A greater proportion of the extracted steroids were 

therefore conjugated, and subsequently hydrolysed with 

enzyme, and chromatographed on Sephadex LH-20. 

6.3 Identification of  urinary steroids in the maca ue 

monkey 

A typical gas chromatographic separation of steroids 

as silyl ether and oxime-silyl ether derivatives from 

Sephadex LH-20 fractions 2-6 of hydrolysed macaque 

monkey urine is illustrated in Fig. 45. The following 

steroids were identified in the urine as glucuronide 

conjugates, using combined gas chromatography-mass 

spectrometry: 

Compound 1 	11-Oxoandrosterone 

Compound 2 	11P-Hydroxyanorosterone 

Compound 3 	11E-Hydroxyaetiocholanolone 

Compound 4 	Androstane-3111,17-triol 

1C 



Monkey MF3 

3 2 

Fr4 

Fr5 

Fr6 

FIGUIZ2-j.  



110 

Legend 

The gas chromatographic separation of urinary steroids 

as trimethylsilyl ether derivatives (fractions 2 and 3) 

and methyloxime-trimethylsilyl ether derivatives (fractions 

4, 5 and 6) after Sephadex LH-20 fractionation of hydrolysed 

macaque monkey urine. 

The analyses were carried out on a Pye 104 gas 

chromatograph. The components were eluted during temperature 

programmed operation, between 200-300°  at increments of 

2°/min. on a 2 metre glass column packed with 1% silicone 

OV-1 on Gas-Chrom Q. 
The following steroids are indicated: 

• 1. 11-0xoandrosterone; 2. 113-Hydroxyandrosterone; 

3. 113-Hydroxyaetiocholanolone; 4. Anrostane-3,11,17-triol; 
5a,5b. Androstane-3,16,17-trio; 6. Hexahydrocompound A; 

7. Tetrahydroaldosterone; 8. Tetrahydrocortisone; 

9. a-Cortolone; 10. P-Cortolone; 11. Hexahydrocorticosterone; 
12. Tetrahydrocortisol; 13. Cortol; 14. 313-Cortolone; 

15. 33-Cortol; X. Unknown; S. Internal standard- Cholesteryl 

butyrate. 
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FIGURE 46 

The mass spectrum of compound 1 (11-6xoandrosterone) 

as the silyl ether de:ivative. 

mass/charge 

The principal fragmentation of 11-oxoandrosterone 

trimethylsilyl ether. 
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Compound 5a karostane-3116,17-thol 

5b 

Compound 6 

Compound 7 

' Compound 8 

Compound 9 

Compound 10 

Compound 11 

It 

Hexahydrocompound A 

Tetrahydroaldosterone 

Tetrahydrocortisone (THE) 

a-Cortolone 

P-Cortolone 

Hexahydrocorticosterone 

Compound 12 Tetrahydrocortisol (THF) 

Compound 13 Cortol 

Compound 14 30-Cortolone 

Compound 15 3p-Cortol 

Identification of Compound 1 (11-oxoandrosterone)  

Compound 1 which was isolated in Sephadex LH-20 

fraction 2 had a retention time of 25.45 m.u. as the 

silyl ether. Mass spectrometric analysis of the 

silyl ether (Fig. 46) showed that the base peak was 

at m/e 129 indicating the fragmentation of the'2-ring 

of the molecule, and the presence of a silylated 3-hydroxyl 

group. The mass spectrum indicated the molecular weight 

of the silyl ether derivative to be 376 and prominent 

peaks were found at m/e 361, (M-15); m/e 320, (M-56); 

m/e 286, (M-90); and m/e 232, (M- { 90 + 56] ). The 

loss of 15 mass units corresponds to the loss of an 

angular methyl group. The loss of 56 mass units is 

characteristic of steroids possessing a carbonyl 

group in the 'D' ring. The-presence of a hydroxyl 

group was indicated by the loss of 90 mass units 
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FIGURE  47 

The mass spectrum and principal fragmentation of compound 2 

(11P-hydroxyandrosterone) as the trimethylsily1 ether 

derivative 

MASS SPECTRUM OF COMPOUND 2 (11 -HYDROXYANDROSTERONE) 
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representative of a silylated hydroxyl group. An 

additional peak at m/e 232, (M-190 56]) was also 

seen. 

The mass spectrum of the silyl ether indicated that 

this compound possessed one hydroxyl group which was 

probably in the C-3 position, and a carbonyl group in the 

D-ring. A reference compound of 11-oxoandrosterone 

and 11-oxoaetiocholanolone both gave similar fragmentaticn 

patterns as compound 1, and on the basis of the 

retention data and the GO-NS information it was concluded 

that compound 1 was 11-oxoandrosterone. 

Identification of compounds 2 and  3 (113-Hydroxyandrosterone  

and 110-117droxyaetiocholanolone) 

The retention times of compounds 2 and 3 as the silyl 

ether derivatives were 26.3 and 26.7 m.u. respectively 

and these compounds were eluted in both Sephadex LH-20 

fractions 2 and 3. 

• The mass spectra of both compounds were similar 

(Fig. 47 shows the mass spectrum of compound 2) and 

indicated that the molecular weight of the silyl ether 

was 450. The occurrence of significant peaks at m/e 360 

(N-90) and m/e 270, (M-[2 x 90]) indicated the presence 

of two silylated hydroxyl groups. In addition the 

prominent peak at m/e 394, corresponding to a loss of 

56 mass units from the molecular ion indicated the 

presence of a carbonyl group in the D-ring. The base 

peak was at m/e 156, a fragment characteristic of 

11-hydroxylated androgens. 
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FIGURE 48 

The mass spectrum and principal fragmentation of compound 4 

(Androstane-3,11,17-triol) as the trimethylsilyl ether 

derivative. 
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Authentic steroids 1113-hydroxyandrosterone and 

1113-hydroxyaetiocholanolone gave similar mass spectra 

to compounds 2 and 3. From the retention data it was 

concluded that compound 2 was 110-hydroxyandrosterone 

and compound 3 was 110-hydroxyaetiocholanolone. 
Identification of compound 4 (Androstane-3,11,17-triol)  

Compound 4 had a retention time as the silyl ether 

of 27.1 m.u., and was eluted in Sephadex LH-20 fraction 

3. 
The mass spectrum (Fig. 48) indicated that the 

molecular ion was at 'We 524. The prominent peaks at 

m/e 434, 344 and 254 are due to the loss of three silyl 

groups. There was no indication of the presence of a 

derivatised carbonyl group or an underivatised hydroxyl 

group in the mass spectrum, and on the basis of the 

retention data it was concluded that this compound was 

an androstane-3111,17-triol. The absence of a peak at 

m/e 191 in the mass spectrum eliminated the possibility 

of this compound being an androstane-3,16,17-triol. The 

stereochemistry of the compound was not fully elucidated, 

however there was a strong possibility that this compound 

was 5a-androstane-313, 1113, 1713-triol since both the 

urinary steroid and the reference steroid gave identical 

retention times as the silyl ether derivatives. 

Identification of compounds 5a and 5b (Androstane-3,16,17-triol 

'Compounds 5a and 5b had retention times of 27.7 

and 28.0 m.u. as the silyl ether derivatives. 

The presence of three hydroxyl groups was indicated 
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The mass spectrum of compound 5a (Androstane-3,16,17-triol) 

as the trimethylsilyl ether derivative. 
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in the mass spectra of the silyl ether derivative of 

both compounds by the prominent peaks at m/e 434, (M-90); 

m/e 344, (M- 	x 90] ) and m/e 254, (II- [3 x 90] ). 

Fig. 49 shows the mass spectrum of compound 5a. The 

molecular ion was found to be at m/e 524. The base peak 

at m/e 191 is characteristic of steroid silyl ethers 

with 16,17-hydroxyl groups. This fragment is formed by 

the migration of the silyl groups and removal of the 'D' 

ring (Gustafsson et al. 1969). 

The mass spectra of the silyl derivatives of these 

two compounds indicated the presence of three hydroxyl 

groups of which two are in positions C-16 and C-171  while 

the third is probably in position C-3. After comparison 

of their mass spectra with an authentic steroid, 

androstanetri6.1.1  it was concluded that both compounds 

5a and 5b were androstane-3,16,17-triols. The stereochemistry 

of the three hydroxyl groups, however, has not been 

elucidated. 

Identification of compounds 6 and 7 (Hexahydrocompound A 

and Tetrahydroaldosterone)  

Compounds 6 and 7 were eluted in Sephadex LH-20 

fradtions 3 and 4 and had identical retention times as 

their oxime-silyl derivatives (30.7 m.u.). Mass 

spectrometric analysis indicated the presence•of two 

compounds with molecular ions at m/e 566 and m/e 638 

respectively in the same chromatographic peak. The 

presence of a peak at m/e 463 (M-103) indicated the 

presence of a primary silyl group in compound 6, while 
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FIGURE 50 

The mass spectra of reference compound tetrahydroaldosterone 

(upper panel) and hexahydrocompound A (middle panel) and the 

mixed spectrum of compounds 6 and 7 (lower panel) as the 

oxime-silyl ether derivatives. 
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FIGURE 51 

The mass spectrum and principal fragmentation of 

compound 8 (Tetrahydrocortisone) as the methyloxime-

trimethylsilyl ether derivative. 
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the additional peaks at m/e 373, (N-  [90 + 103] ) and 

283, (M-1(2 x 90) + 103] ) indicated the presence of 

two further derivatised hydroxyl groups. 

Compound 7 with molecular ion at m/e 638 also gave 

" prominent peaks at m/e 535 (loss of 103 mass units) due 

to a primary silyl group. The presence of at least one 

derivatised carbonyl group was indicated by the loss 

• of 31 mass units from the molecular ion, so giving rise 

to a peak at m/e 607. However, since a mono-oxime 

derivative of a steroid always has an "odd numbered" 

molecular ion, compound 7 must therefore have at least 

two oxime groups. Peaks at m/e 517, (N- 190 + 103] ) and 

m/e 427, (M-[(2 x 90)+ 103]) indicated the presence of 

two further silylated hydroxyl groups. After comparison 

of the mass spectra with authentic steroids (Fig. 50) it 

was concluded that compound 6 was hexahydrocompound A 

and compound 7 was tetrahydroaldosterone. 

Identification of compound 8 (Tetrahydrocortisone;PHE)  

Compound 8 was eluted in Sephadex LH-20 fraction 4 

and had a retention time of 31.3 methylene units as the 

oxime-silyl ether derivative. The mass spectrum (Fig. 51) 

indicated that the molecular ion was at m/e 537 and the 

base peak at m/e 241. A prominent peak at m/e 506, 

representing a loss of 31 mass units from the molecular 

ion was present which was due to the loss of a 

derivatised carbonyl group probably in the C-20 positjon. 

The presence of a primary silyl group was indicated by the 

prominent peak at m/e 434 representing the loss of 103 

mass units. The presence of a second derivatised hydroxyl 



FIGURE 2 

The mass spectra of compound 10 (p-cortolone) and 

compound 14 (313-cortolone) as the methyloxime-trimethylsilyl 

ether derivatives. 
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group was indicated by a peak at m/e 357 (loss of 2 x 90 

mass units). The appearance of the doublet peak at m/e 

241 and 243 is characteristic of tetrahydrocortisone,and 

by comparison of the compound against the authentic steroid 

this was confirmed. 

Identification of compounds 9, 10 and 14 (Cortolones)  

Compounds 9, 10 and 14 all gave similar mass spectra 

to reference a and p cortolone respectively. The retention 

times as the oxime-silyl derivatives were 32.3, 32.5 and 

33.7 m.u. respectively, and the latter compound could not 

be resolved from cholesteryl butyrate. The molecular ion 

of the three compounds was at m/e 582, and the base peak 

at m/e 116 (Fig. 52). The latter peak is frequently 

seen in steroids with underivatised 17-hydroxyl groups. 

The prominent peak at m/e 449,(M-133) is probably formed 

due to the rearrangement of the side chain prior to the 

removal of carbon atoms 20 and 21 (Jringer et al. 1971). 

On the basis of the retention data it was concluded that 

compound 9 was a-cortolone, compound 10 was P-cortolone and 

compound 14 was a cortolone with a 3P-hydroxyl group, 

the complete stereochemistry of which has not been 

elucidated. 

Identification of compound 11 (Hexahydrocorti.costeronel 

Compound 11 as the oxime-silyl ether had a retention 

time similar to that of tetrahydrocortisone, but was 

eluted in Sephadex LH-20 fraction 5. From the initial 

interpretation of the mass spectrum (Fig. 53) it appeared 

that this compound was tetrahydrocortisone since the peak 

at m/e 537 was characteristic of the molecular ion of 



FIGURE 53 

The mass spectrum and principal fragmentation of 

compound 11 (HexahydrocorticosteroneYas the methyloxime-

trimethylsilyl ether derivative. 
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tetrahydrocortisone. However the absence of significant 

peaks at m/e 241 and 243 suggested that this compound was 

not tetrahydrocortisone. 

The presence of peaks at m/e 447, 357 and 267 

representing losses of 90, 2 x 90 and 3 x 90 mass units 

respectively indicated the presence of 3 derivatised 

hydroxl groups. It was probable that the peak at m/e 

537 (initially thought to be the molecular ion) arose from 

the loss of 103 mass units due to the fragmentation of 

a primate silylated hydroxyl group. The molecular ion, 

although not detected must be at m/e 640. 

The authentic steroid hexahydrocorticosterone was 

not available, however comparison against the mass spectrum 

of the authentic compound reported by Eriksson et . al. (1971) 

indicated that compound 12 was a hexahydrocorticosterone. 

Identification of compound 12 (tetrahydrocortisol)  

The derivative of compound 12 had a retention time 

(32 m.u.) and mass spectrum identical to that of the 

authentic steroid tetrahydrocortisol. The mass spectrum 

(Fig. 54) showed that the molecular ion was at m/e 611 

and the base peak at m/e 310, (M— [ (3 x 90) + 31] ). 

The occurrence of three derivatised hydroxyl groups 

was indicated by the presence of peaks at m/e 490, 400 

and 310 representing the loss of 1,2 and 3 hydroxyl groups 

respectively and an oxime group, from the molecular ion. 

The presence of a peak at m/e 580, a loss of 103 mass 

units indicated that one of the hydroxyl groups was a 

primary group. Noticeable peaks corresponding to losses of 
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FIGURE 54 

The mass spectrum and principal fragmentation of compound 

12 (Tetrahydrocortisol) as the methyloxime-timethylsilyl 

ether derivative. 
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18 mass units (water) were also seen throughout the mass 

spectra indicating the presence of an underivatised 

17-hydroxyl group. 

Identification of compounds 13 and 15 (cortol)  

Compounds 13 and 15 had retention times of 33.3 

and 34.4 m.u. respectively as both the oxime-silyl ether 

derivative and the silyl ether derivative. Both compounds 

were eluted in Sephadex LH-20 fraction 6. The mass spectrum 

of both compounds is shown in Fig. 55. 

The moledular ion was found to be at m/e 656 

and the presence of a prominent peak at m/e 523 corresponding 

to a loss of 133 mass units was indicative of a fragmentation 

of carbon atoms 20 and 21; a silyl group and an oxygen 

atom (Aringer et al.1971). The presence of three 

deriVatised hydroxyl groups was indicated by the prominent 

peaks at m/e 566, 476 and 386 in addition to m/e 433, 343 and 

253. 

- • The loss of 121 mass units giving rise to a peak at 

m/e 535 is accounted for by the loss of the primary silyl 

ether group (103 mass units) and an underivatised hydroxyl 

group, in the C-17 position. There was no evidence of the 

presence of carbonyl groups in the mass spectrum, and on 

the evidence of the presence of three derivatied hydroxyl 

groups and one underivatised hydroxyl group this suggested 

that the compound was probably a cortol. The base peak at 

m/e 116, is found in both cortols and cortolones which are 

not fully derivatised, and this is due to an unreacted 

17a-hydroxyl group (Brooks et al. 1966). 
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After comparison with the authentic steroid it was 

concluded that both compounds were cortols, however, 

the stereochemistry of the 20-hydroxyl group was not 

elucidated since a and 0 cortol were not separated during 

gas chromatography. On the evidence of the retention data 

it was concluded that compound 15 was a cortol with a 

30-hydroxyl group. The authentic steroid 5a-pregnane-

30, 110, 17a, 200, 21-pentol had an identical mass spectrum 

and retention time to that of the urinary steroid. 

Other compounds  

Some evidence was obtained for the presence of the 

steroids androsterone or aetiocholanolone, pregnane-

3117,20-triol and androstanediol but due to the extremely 

low levels of these compounds complete identification was 

not possible. • 

The gas chromatographic analysis of Sephadex LH-20 

fractions 4 and 5 indicated the presence of an as yet 

unidentified compound (referred to as compound L in this 

study). As the oxime-silyl ether derivative this compound 

had a slightly longer retention time than P-cortolone and 

was more predominant in 3ephadex LH-20 fraction 5. 

Unfortunately insufficient mass spectrometric data have 

been available to enable the identification of this 

compound. 

6.4 Semi-quantitation of steroid metabolites  

Semi-quantitation of the identified steroids was made-

against known amounts of the added internal standard 

cholestTyl butyrate. For all the 019  steroids the 

response obtained from equal amounts of internal standard 



TABLE 13  

Excretion of urinary steroids by the macaque monkey 

Compound No. Identified steroid Mean urinary excretion 
(L6/day) 

Monkey MF3 	Monkey MF4 

1 11-0xoandrosterone 	42 21 

2 116-Hydroxyandrosterone 	88 51 

3 116-Hydroxyaetiocholanolone 	120 35 

4 Androstane-3111,17-triol 	67 51 

5 Androstane-3116,17-triol 	52 22 

6 Hexahydrocompound A 	10 4 

7 Tetrahydroaldosterone 

8 Tetrahydrocortisone 	6 8 

9 a-Cortolone 17 9 

10 P-Oortolone 39 15 

11 Hexahydrocorticosterone 10 6 

12 Tetrahydrocortisol 32 46 

13 Cortol 63 40 

14 3p-Cortolone 22 11 

15 36-Oortol 12 8 
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and steroid approximated to unity and no correction or 

response factor was applied in the quantitation. 

With tetrahydrocortisol and tetrahydrocortisone 

however, a correction was necessary since the response 

'obtained with these steroids was less than that obtained 

from equal amounts of the internal standard. The values 

obtained for quantitation of these compounds was therefore 

corrected using the appropriate response factor. 

Considerable problems were encountered in the 

quantitation of the steroids eluted in Sephadex LH-20 

fractions 4 and 5. Compound 14 identified as 3f3-cortolone 

had an almost identical retention time to that of 

cholesteryl butyrate, which made quantitation difficult. 

This was eventually overcome by preparing derivatives 

of the extracts, with and without added internal standard 

and quantitation made by deduction. 

The mean daily excretion of urinary steroids from 

both animals (no correction for losses) is summarised 

in Table 13. The major steroids excreted by the macaque 

monkey were a group of 11-oxygenated-17-oxosteroids of 

which 11P-hydroxyandrosterone and 11P-hydroxyaetiocholanolone, 

androstane-3,11,17-triol and 11-oxoandrosterone were the 

principal compounds identified. 

Relatively large amounts of 17-hydroxycorticosteroids 

were also excreted, composed essentially of cortolones and 

corto.ls; the excretion of tetrahydrocortisone and 

tetrahydrocortisol being relatively low by comparison. 



Table 14 THE RECOVERY OF RADIOACTIVITY IN TIE URINE OF THE MACAQUE MONKEY AFTER THE INTRAMUSCULAR ADMINISTRATION OF 14C--CO' RTISOL 

Sephadex 
LH-20 
Fraction 
No. 

Distribution of recovered 
radioactivity 

Unconjugated Conjugated 
(% of total) (p of total) 

Compounds identified 

as radioactive 

Distribution 
of radioactivity 
in each fraction 

(6) 

Distribution 
of radioactivity 
in the glucu-
ronide conjugate 
fraction (%) 

1 2 2 

2 9 31 . 	11-0xoandrosterone 1.• 

48 15.0 

1143 -Hydroxyandosterone ) 52 16.0 
1143 -Hydroxyaetiocholanolone ) 

3 12 26 1143 -Hydroxyandrosterone ) 38 9.9 
113 -Hydroxyaetiocholanolone ) 

Androstane 3,11,17-triol 19 4.9 

Androstane 3,16,17-triol. 34 8.8 

4 12 1 Tetrahydrocortisone 15 0.2 

a-Cortolone ) 52 0.5 
13..Cortolone ) 

3(3-Cortolone 19 0.2 

' 	5 52 24 Tetrahydrocortisone 3 0.2 

a -Cortolone ) 62 15.0 
p-Cortolone ) 

3p -Cortolone 18 4.3 

3P-Cortol 12 2.9 

6 13 16 Tetrahydrocortisol 23 3.7 

Cortol 57 9.1 

3p-Cortol 20 3.2 
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6.5 The in vivo' metabolism of 14C-cortisol by the  

macaque monkey 

Having established a pattern of steroid excreted in 

the macaque monkey, the identification of those compounds 

excreted as radiolabelled metabolites after the 

administration of 14C-cortisol was determined. 

Sephadex LH-20 fractions 1-6 were analysed 

individulllyby simultaneous gas chromatography-radiogas 

chromatography as either the silyl ether or oxime 

silyl ether derivatives. 

The radioactivity associated with each distinct peak 

was measured relative to the total area of all the peaks in 

each fraction. If it is assumed that the total area is 

proportional to the total radioactivity in each fraction 

(determined previously by liquid scintillation counting), 

then an approximate estimate of the proportion of radioactivity 

associated with each identifiable compound can be made. The 

results are summarised in table 14. 

Of the metabolites which were excreted as glucuronide 

conjugates, 98% of the radioactivity was associated with 

identified compounds; and these compounds acccunted for 

64,; of the total radioactivity excreted in the urine. 

The principal radioactive steroids identi2ied were the 

11-oxygenated-17-oxosteroids; il-oxoandrosterone, 11P-hydroxy- • 

androsterone and 113-hydroxyaetiocholanolone. (Fig. 56). 

This group of compounds accounted for 49% of the radioactivity. 

Relatively little radioactivity was associated with the 

compounds tetrahydrocortisone and tetrahydrocortisol while 



FIGURE 56  

Sephadex LH-20 fraction 2 : 

Fr2 

Fr.3 	 4 

5a 
5b 

3 	1 

rj_ay,'.,4,444.4AAAA 

Sephadex LH-20 fraction 3 : 
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Legend 

The simultaneous gas chromatographic (upper trace) 

and radio-gas chromatographic (lower trace) separation 

of steroids present in Sephadex LH-20 fractions 2 and 3, from 

the glucuronide extract of macaque monkey urine following 

the intramuscular administration of 140-cortisol. 

Gas chromatography was carried out by a Pye 104 

gas chromatograph using temperature programmed analysis on a 

1%"silicone OV-1 column. 

The following steroids are indicated: 

1. 11-Oxoandrosterone, 

2. 110-Hydroxyandrosterone, 

3. 110-Hydroxyaetiocholanolone, 

4. Androstane-3,11,17-triol, 

5a. Androstane-3116,17-trioll  

5b.  

S. 	Internal standard - Cholesteryl butyrate, 

S* 	Radioactive standard - 14C-cholesterol, 

C. 	Cholanediol. (reference steroid). 



FIGURE 57 

Sephadex LH-20 fraction L. 
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Legend 

The simultaneous gas chromatographic (upper trace) and 

radio-gas chromatographic (lower trace) separation of 

steroids present in Sephadex LH-20 fractions 4 and 5, from 

the glucuronide extract of macaque monkey urine following 

the intramuscular administration of 140-cortisol. 

Gas chromatography was carried out on a Pye 104 gas 

chromatograph using temperature programmed analysis on a 

. 1% silicone OV-1 column. 

The following steroids are indicated: 

8. Tetrahydrocortisone 

9. a-Cortolone 

10. F.Cortolone 

11. Hexahydrocorticosterone 

14. N-Cortolone 

15. 313-Cortol 

X. Unknown compound 

'S. 	Internal standard-cholesteryl butyrate. 



Fr.6 

13 

FIGURE  58 

The simultaneous gas chromatographic (upper trace) and 

radio-gas chromatographic (lower trace) 'separation of steroids 

present in Sephadex LH-20 fraction 6, from the glucuronide 

extract of macaque monkey urine following the intramuscular 

administration of 14  C-cortisol. 

Gas chromatography was carried out on a Pye 104 gas 

chromatograph using temperature programmed analysis on a 1% 

silicone OV-1 column. 

The following steroids are indicated: 

12. Tetrahydrocortisol 

13. Cortol 

15. 	3p-cbi4tol 

S. 	Internal standard - Cholesteryl butyrate. 
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the cortolones and cortols comprised the principal 

radioactive C21 steroid (Figs. 57,58). 

The unconjugated steroid fraction (extracted with 

methylene chloride) accounted for 36% of the recovered 

radioactivity. After Sephadex LH-20 chromatography 52% 

of this radioactivity was recovered in fraction 5. Although 

identification has not been completed it is probable that 

this radioactivity is accounted for by unmetabolised 14C-cortisol 

6.6 The 'in vivo' metabolism of 14C-corticosterone  

by the macaque monkey 

The identification of radiolabelled metabolites excreted 

in the urine after the administration of 14C-corticosterone 

and the interpretation of the data was carried out as before. 

The results are summarised in Table 15. 

The conjugated extract comprised 70% of the total 

radioactivity recovered in the urine. After glucuronidase 

hydrolysis, gas chromatography indicated that the principal 

metabolites of corticosterone were hexahydrocompound A and 

hexahydrocorticosterone. (Fig. 59). These accounted for 

60% of the radioactivity. 

Two distinct peaks of high polarity (Sephadex LH-20 

fractions 5 and 6) were apparent in the radio-gas chromatogram 

but were not present in the gas chromatogram. These have 

been designated compound Y and Z and they accounted for 

35% of the radioactivity in the glucuronide extract. Their 

identity remains unknown due to the lack of mass 

spectrometric data. 

The unconjugated extract' accounted for 30% of the 



Table 15 THE RECOVERY OF RADIOACTIVITY IN THE URINE OF THE MACAQUE MONKEY AFTER THE INTRAMUSCULAR ADMINISTRATION OF 14C-CORTICOSTERONE 

Sephadex 
LH-20 
Fraction 
• No. 

Distribution of recovered 
radioactivity 

Unconjugated Conjugated 
(% of total) (% of total) 

Compounds identified 

as radioactive 

Distribution 
of radioactivity 
in each fraction 

( % ) 

Distribution 
of radioactivity 
in the glucuronide 
conjugate fraction 

( % ) 

1 

2 

3 

3 

2 

5 

NM. 

ON. 

OM. 

IMO 

3 14 23 Hexahydrocompound A 100.  23.0 

4 22 21 Hexahydrocompound A 64 14.0 
(Tetrahydroaldosterone 7) 

Compound Y 27 5.7 

Compound Z 9 4.0 

5 47 41 Hexahydrocorticosterone 57 23.0 

Compound Y 21 8.6 

Compound Z 22 9.0 

6 11 8 Compound Z 100 8.0 
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FIGURE  59 

Sephadex LH-20 fraction 3 : 

Fr.3 

Sephadex LH-20 fraction 4 : 

.....tam.1.-Agu-A4aLb1.44.41410144 



126 

Ler-rend 

The simultaneous gas chromatographic (upper 

trace) and radio-gas chromatographic (lower trace) 

separation of steroids present in Sephadex LH-20 

fractions 3 and 4 from the glucuronide extract of 

macaque monkey urine following the intramuscular 

administration of l 'a C-corticosterone. 

Gas chromatography was carried out on a Pye 104, 

gas' chromatograph using temperature programmed 

• analysis on a 1% silicone OV-1 column. 

The following steroids are indicated: 

2. 113-Hydroxyandrosterone, 

3. 113-Hydroxyaetiocholanolone, 

4. Androstane-3111,17-triol, 

.5. • 	Androstane-3116,17-triol, 

6. Hexahydrocompound A, 

7. Tetrahydroaldosterone, 

8. Tetrahydrocortisone, 

9., 	a-Qcirtolone, 

10. p-Cortolone, 

X,Y,Z. U4 known compounds, 

Internal standard-Cholesteryl butyrate, 

C. 	Cholanediol (reference steroid), 

11,11dxQtqllea_d=o1 (reference stro_1(1). 



FIGURE 60 

Sephadex LH-20 fraction 5 

Sephadex LH-20 fraction 6: 
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Legnq 

The simultaneous gas chromatographic (upper 

trace) and radio--gas chromatographic (lower trace) 

'separation of steroids present in Sephadex LH-20 

fractions 5 and 6 from the glucuronide extract of 

macaque monkey urine following the intramuscular 

/ administration of 1 C-Corticosterone. 

Gas chromatography was Carried out on a 'ye 104 

gas chromatograph using temperature programmed 

analysis on a 1;L silicone OV-1 column. 

The following steroids are indicated: 

9. a-Cortolone, 

10. 3-Oortolone, 

11. Hexahydrocorticosterone, 

12. Tetrahydrocortisol, 

13. Cortol, 

14. 33-Oortolone, 

15. 3P-Cortol, 

X,Y,Z. Unknown compounds, 

S. Internal standard-Oholesteryl butyrate. 



A SUMMARY OF THE STEROID METABOLITES IDENTIFIED IN MACAQUE MONKEY URINE DURING THIS PRESENT STUDY Table 16  

Compound 

1 

2 

3 

4 

5a 

5b 

6 

7 

8 

9  

Eluted in Identified as a Radioactive 
Sephadex 	metabolite of: 
LH 20 
fraction Cortisol Corticosterone 

2 

2 and 3 

2 and 3 

3 

3 

3 

4 

4 

4 and 5 

4 and 5 

11-0xoandrosterone 

11-Hydroxyandrosterone 

11-Hydroxyaetiocholanolone 

Androstane-3,11,17-triol. 

Androstane-3,16,17-triol 

Androstane-3,16,17-triol 

Hexahydrocompound A 

Tetrahydroaldosterone 

Tetrahydrocortisone 

Cortolone 

3m,Hydroxy-5P-androstane-11, 
17-dione 

3m,2013,21-Trihydroxy-50- 
pregnan -11-one 

3x,11P,21-Trihydroxy-50- 
pregnan -20-on-18-al 

3m,17m,21-Trihydroxy-5p-
pregnane-11,20-dione 

3m,17a,20a,21-Tetrahydroxy-
5p-pregnan -11-one 

Mass Spectrometric 	Retention 	Probable Identity 
identification 	time (m.u.) 

silyl 
	

oxime 
ether 	silyl 
TMS 
	MO-TES 

25.5 

26.3 

26.7 

27.1 

27,7 

28.0 

ORD 

30.7 

30.7 

31.3 

32.3 

- 3m,11P-Dihydroxy-5m-androstan - 
17-one 

- 3x,11p-Dihydroxy-5P-androstan - 
17-one 

- 5a-Androstane-3p,11p,17p-triol 



10 4 and 5 Cortolone 32.5 3a,17a,203,21-Tetrahydroxy-
5p-pregnan -11-one 

11 5 - + . Hexahydrocorticosterone - 	31.2 3m,1113,2013,21-Tetrahydroxy- 
5P-pregnan -11-one 

12 6 + - Tetrahydrocortisol - 	32.0 31x,11p,17a,21-Tetrahydroxy- 
513-pregnan -20-one 

13 6 Cortol 33.3 5P-Precnene-3m,11P,17a,20t, 
21-pentol 

14 4 and 5 Cortolone 33.7 3P,17a,20a,21-Tetrehydroxy- 
5P-pregnan -11-one 

15 6 + - Cortol - 	34.4 5m-Pregnane-3,113,17a,20a- 
21-pentol 

X 4 and 5 ? - - 	33.0 - 

Y 4 and 5 31.7 

4,5 and 6 32.7 



1 f.,tJ 

recovered urinary radioactivity. After Sephadex LH-20 

702L of the radioactivity was eluted in fractions 4 and 5. 

6.7 Summary 

The results of this present study are summarised in 

Table 16. 
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GENERAL Dr6CUSSION 

Corticosteroid production, regulation and metabolism 

has been little studied in any non-human primate species. It 

was the purpose of this study to investigate as fully as 

possible aspects of adrenal steroid function in species of 

non-human primates with the view to finding an animal model 

for the investigation of adrenocortical steroid secretion 

and metabolism in man. 

In looking for an animal model in which experimental 

findings could be extrapolated to man, one might ideally 

expect this to be found within the group of great apes, but 

these are relatively expensive to buy and impractical *to 

keep in research institutions. 

However, species of macaque monkey are in widespread 

use throughout the world in medical research and initially 

it was decided to restrict the investigation to these species. 

Although these animals are not so close to man in terms 

of evolutionary development it was shown in this study that 

their corticosteroid metabolism bears many resemblances to 

that of man. 

The findings of this present study will be discussed 

under three separate headings; (i) methodology, (ii) cortico-

steroid secretion and its regulation, (iii) corticosteroid 

metabolism and excretion. 

1. Methodology 

The techniques adopted for the analysis of steroids 

in plasma and urine were somewhat different. The methods 



TABLE 17 

SIMPLIFIED SCHEMATIC REPRESENTATION OF THE TECHNIQUES EMPLOYED FOR THE ANALYSIS 

OF PLASMA AND URINARY STEROIDS FROM PRIMATES  

{.• 

Procedure 
	

Plasma steroids 	Urinary steroid metabolites 

Extraction 
	

Methylene chloride 	Amberlite XAD-2 resin 

Hydrolysis 	- 	3-glucuronidase enzyme,  
(Ketodase) or Helix 
pomatia enzyme 

Purification and 	Sephadex LH-20 column 	Amberlite XAD-2 resin 
Separatidn 	chromatography 	Sephadex LH-20 column 

chromatography 

Estimation 
	

Competitive protein 	Gas-chromatography 
binding 

f 
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developed for the analysis of plasma corticosteroids and 

urinary steroid metabolites are summarised in Table 17. 

Steroids from both plasma and urine required initial 

extraction and purification prior to estimation. Solvent 

extraction of unconjugated steroids from plasma was employed 

whilst the urinary steroids were extracted using the neutral 

resin Amberlite XAD-21  prior to enzymatic hydrolysis. 

This latter type of extraction is rapid and has the advantage 

over solvent extraction in that solvent partition is not 

involved. The possibility therefore of highly polar steroids 

remaining in the aqueous phase is eliminated. 

A system was developed using Sephadex LH-20 column 

chromatography for the purification and group separation of 

both plasma and urinary steroids prior to estimation. The 

use of Sephadex LH-20 chromatography had considerable 

advantages over other chromatographic techniques. It was 

technically easy, the tedious stages of spotting, locating 

and eluting of material required in paper or thin-layer 

chromatography were eliminated. Once the columns had been 

initially standardised they were used repeatedly for plasma 

steroid separations, but the heavy contamination of the 

columns from urinary extracts required the Sephadex to be 

removed and washed with methanol prior to re-use. 

Absorption difficulties were not encountered due to 

the inertness of Sephade),., and good recoveries of steroids 
z. 

were obtained from the columns, unlike silicic acid, the use 

of which gives considerable variability in recovery 

(Lamontagne and Johnson, 1970). When used in combination 
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with competitive protein binding the 'blank' values 

obtained were negligible and generally represented 

a 'solvent blank'. 

Steroids are not well resolved by Sephadex LH-20 

when compared to thin layer and paper chromatographic 

techniques, but it was considered that this was not too 

disadvantageous in the application to this study. 

Due.to the sensitivity and relative specificity of 

competitive protein binding, this technique was chosen 

for the measurement of the principal plasma steroid, 

cortisol, after extraction from plasma with methylene 

chloride. Although the specificity of this method was 

dependent on the binding protein,corticosteroid binding 

globulin1 a good agreement was observed when samples 

assayed by this technique were compared against the method 

after the introduction of Sephadex LH-20 chromatography 

system prior to assay. The method offered the considerable 

advantage that large numbers of small volumes of plasma 

could be assayed very conveniently, and this proved 

satisfactory for the assessment of adrenocortical steroid 

function. 

It was clear that in order to study steroid 

metabolism in detail, the obvious experimental technique 

to use would be that of gas chromatography combined with 

mass spectrometry. This has been used extensively over 

the last decade for the separation and estimation of 

steroids in extracts of biological material (Waller, 1972). 

The technique offers the advantage that a large number of 
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compounds can be separated and identified simultaneously, 

in addition to allowing for the detection of any previously 

unidentified compounds. This was an important consideration 

in this present study particularly in view of the considerable 

lack of published data concerning steroid metabolism in 

non-human primates. 

Due to the instability of steroids at the high 

temperatures required for gas chromatography it was necessary 

to form derivatives of either the hydroxyl or carbonyl groups, 

or both. Many gas chromatographic techniques have been 

described for the estimation of oestrogens, pregnanediol, 

17-oxo-steroids, testosterone and many other steroids. Gas 

chromatography of the corticosteroids however, is more 

difficult since pyrolytic decomposition of the 17-hydroxylated 

pregnane molecule occurs leading to the fragmentation of 

17-oxosteroids (Vanden Heuvel and Horning, 1960). 

By preparing methyloxime derivatives of oxo groups and 

trimethylsilyl ether derivatives of hydroxyl groups, Horning 

et al. (1967) successfully separated a wide range of steroids 

in urine: Later, Menini (1970) reviewed the gas 

chromatography of adrenocortical steroids and concluded that 

the preparation of double derivatives offered the best means 

of analysis with the minimum degree of decomposition. In 

the present study therefore, trimethylsilyl ethers and 

methyloxime-trimethylsilyl ether derivatives were prepared 

prior togas chromatography; and mass spectrometry. 

Trimethylsilyl ether derivatives are thermally stable, 

' the silyl group provides protection for the oxygen atom 



134 

involved and with the exception of the 17-hydroxyl group in 

C-21 steroids all of the common hydroxyl groups are readily 

derivatised. 

hethyloxime derivative formation is considerably 

influenced by steric factors. Derivatisation will readily 

occur of carbonyl groups at positions 3, 7, 16, 17 and 

20, but not at the 11 position. One minor disadvantage in 

the methyloxime formation is the tendency to form both the 

syn and anti geometric isomers; which would cause difficulty in 

quantitation where a selective phase is used in gas 

chromatography. This problem was not encountered since 

gas chromatography was always carried out using the 

non-selective liquid phase, silicone OV-l. 

In the preparation of the double derivative, the oxime 

derivative was made prior to silylation of the hydroxyl 

group. This minimised the possibility of intramolecular 

changes such as 'enol-ether' formation. 

Quantitation was carried out against known amounts 

of internal standards added to the sample prior to 

derivative preparation. Cholestryl butyrate was chosen 

for the quantitation of all steroids, although for the 

corticosteroids a correction had to be made for the 

differences in response obtained by equal amounts of standard 

and steroid. Shackleton et al. (1973) used 33-allo-THE as 

an internal standard for the quantitation of the urinary 

steroids; tetrahydrocortisone and tetrahydrocortisol, but 

unfortunately unlike human urine, 3P-allo-T7E could not 

be resolved from the complex number of corticosteroids 
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found to be present in macaque urine. 

A partial identification of steroids excreted in 

macaque urine was made on the basis of the retention 

time while final identification was made using low 

resolution mass spectrometry. In addition to rendering 

the sample more suitable for gas chromatography, 

derivative formation also assisted the identification 

of the parent steroid by directing fragmentation of the 

molecule when the sample was subjected to mass spectrometric 

analysis. 

In order to detect radiolabelled steroid metabolites, 

radiogas chromatography was used. Although quantitation 

of the radioactivity associated with any individual 

steroid was possible,by the addition of radiolabelled 

internal standard, in this study the instrument was only 

used qualitatively. 

2. Corticosteroid secretion and its rea.ulation by the 

hypothalamus and pituitary gland  

One of the major contributing facto*rs for the lack 

of published data on corticosteroid production in non-human 

primates must be the difficulty in handling the animals. 

Monkeys, when restrained, are aggressive and vicious, 

and regardless of previous conditioning are instantly 

alarmed by experimental procedures. It is thus difficult 
4. 

to obtain data about 'normal' hypothalamic-pituitary 

adrenocortical function. 

In this present study blood samples were taken from 

monkeys weighing between 3.5 and 9.0 Kg either through 
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a permanently implanted cardiac catheter or through a 

plastic cannula inserted in a leg vein for the duration 

of the experiments. Very rarely were samples obtained from 

animals by conventional venepuncture. 

• The normal range for morning plasma cortisol concentration 

in the rhesus monkey has been reported by previous workers 

to be considerably higher than that of the human. It is 

apparent from inspection of the published work that the 

techniques employed for obtaining blood samples could in 

some instances be suspect. 

Mason et al. (1968a, 1968b) obtained blood samples 

using catheters with animals restrained in special chairs, 

and reported high concentrations of cortisol in plasma 

(38 ilg/100 ml). The restraint of an animal, although 

eliminating the use of anaesthesia, hardly maintains the 

animal in a non-stressed state, and therefore some doubt 

must be placed on the data obtained. An extremely high 

normal level of plasma cortisol (50-60 iig/100 ml) was 

reported by Bowman and de Luna (1968), and although several 
• 

highly specific methods were employed in the assay, the 

individual values ranged from 14 - 125 iig/100 ml. Again 

the handling and bleeding procedures, although not reported 

in their publication, most probably contributed to this 

wide range. 

The evident sensitivity of the pituitary adrenal 

axis to stress was a major factor in the design of the 

present experiments. 

On investigating these more carefully, it was apparent 



that to obtain sufficient data to study in detail the 

control of corticosteroid production, a method was required 

which enabled frequent blood sampling. Since this was 

difficult in the unanaesthetised animal, sedation as 

considered a necessity and phencyclidine hydrochloride 

was chosen as the sedative agent. The combination of light 

sedation with phencyclidine and the use of permanently 

implanted catheters has previously been used to investigate 

the hypothalamic control of growth hormone secretion by the 

. pituitary in the rhesus monkey (Himsworth et al, 1972). 

The first phase of the study was to establish a range 

for plasma cortisol in unsedated animals and to compare 

the values obtained with those for the phencyclidine 

sedated monkeys. 

This was done by trapping monkeys and taking a blood 

sample from a leg vein by conventional venepuncture. The 

mean morning plasma cortisol level measured in six animals 

was 22.4 ig/100 ml (SD = 6.1 1.1g/100 ml). This' value was 

lower than previously reported for the rhesus monkey; this 

was initially considered to be because the animals were 

mock bled or trained for a period of six weeks prior to 

the actual sampling; however this range corresponded to the 

upper limit of normal of that for the human (Eattingly, 1962). 

. By this technique of blood sampling it was extremely 

difficult to obtain a sample in less than five minutes from 

the time of approaching the animal, even in spite of attempts 

to train these animals. 
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The extreme rapidity with which plasma cortisol rises 

following exogenous ACTH administration;  makes it likely 

that these high 'basal' values reflect the stress induced 

release of ACTH following capture. 

Finding that the mean morning plasma cortisol 

concentration in six unanaesthctised untrained animals was 

21.4 iig/100 ml (SD = 3.1 [1g/100 ml), which was not 

significantly different from that of trained animals, 

led to the abandonment of mock bleeding as an effective 

means of attaining 'basal' values. 

These considerations made it extremely difficult 

to determine a true nyctohemeral rhythm; however, the 

values obtained at night were lower than those in the 

morning. The fact that the mean. 2200 h. plasma cortisol 

• level was relatively high (15.0 [ig/100 ml) also indicated 

the difficulty in obtaining samples from these animals by 

conventional bleeding procedures without subjecting the 

animal to some degree of stress. 

From these initial findings, it was clear that to 

study fully aspects of adrenocortical steroid production 

these sampling techniques could not be employed. This was 

particularly so in those experiments where many samples 

were required, and it was because of this that all 

subsequent experiments were carried out on the phencyclidine 

sedated animals with implanted catheters. 

The normal morning range for plasma cortisol was 

determinN1 in these animals. After administration of 

phencyclidine to five different animals, blood samples were 



taken at 30 minute intervals. 	striking decreasing 

trend in plasma cortisol concentration was seen to occur 

in which the minimum concentration in all animals was 

observed between 60-90 minutes after sedation. The 

average concentration of the 30 minute samples was 

16.2 [1g/100 ml (SD = 2.7 ilg/100 ml) and extrapolation 

of the graphs (Fig. 37) to time zero would indicate that 

the plasma cortisol concentration at the time of capture 

would be in the region of 18-26 1.1g/100 ml; surprisingly 

similar to the values obtained for the unanaesthetised 

animal. This downward trend might therefore be an 

. indication of the 'fall off' of cortisol released during 

the stressing procedure of capturing the animal during 

administration of the sedative. 

Since the minimum plasma cortisol concentration was 

seen to occur at 60 minutes after administration of the 

sedative this was chosen as the sampling time in order 

to determine the normal morning plasma cortisol 

concentration, in this way the animal would have had a time 

lapse to overcome the initial procedure of capture. 

. Applying this criteria, the mean morning plasma cortisol 

concentration was found to be 12.8 tg./100 ml (SD= 5.0 ii.g/100 ml) 

closely similar to that reported by Himsworth et al. (1972) 

under the same circumstances. This compares with the 

normal range for the human reported by most workers 

(6-24 1.1g/100 ml). 

As many of the adrenal function tests performed 

involved frequent sampling over periods of 5-8 hours, 
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the animals required hourly doses of phencyclidine to maintain 

sedation. The effect this had on normal animals was 

investigated by following the changes in plasma cortisol 

concentration during prolonged sedation. The most 

noticeable feature of the results obtained in all these 

control experiments was the occurrence of several 'spikes'-

or peak levels of cortisol during the time course. Such 

observations have also been reported to occur in the human 

(Hellman et al. 1970; Weitzman et al., 1966) and have been 

associated with an episodic release of adrenocorticotrophin 

from the pituitary. Since plasma ACTH levels were not 

measured in these experiments it is only conjecture to 

postulate that these spikes might correlate with an 

episodic pituitary secretion of ACTH. There was certainly 

no correlation with the repeated administration of doses of 

phencyclidine. 

The other obvious feature was the later gradual 

increase in plasma cortisol level with time, so that in 

all experiments the average cortisol concentration at the 

end of the experiment was generally higher than the initial 

concentration. 

It was because of this effect that the range for 

plasma cortisol concentration estimated from 132 random 

samples taken at different times during the control period 

was slightly higher than that deduced from samples taken 

60 minutes after sedation. 

It is difficult to arrive at an explanation for this 

phenomenon. It was not due to loss of red blood cells 
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or blood volume, since the cells were always resuspended 

and replaced immediately after each sample was taken. In 

addition the body temperature was maintained throughout 

the experiments and kept relatively constant. 

It could however be a non-specific stress effect due 

to prolonged sedation since similar observations have been 

reported in prolonged anaesthesia and surgery in man 

(Viikari and Thomason, 1957; Sandberg et al. 1954). If 

this is the case the stress induced was relatively mild, 

since plasma growth hormone measurements which increase in 

response to severe stress in man (Glick, 1969) and monkeys 

(Meyer and Knobil, 1967) were actually found to decrease 

over the time course in these animals. It remains open 

therefore, that this effect is a pharmacological phenomenon 

due to phencyclidine, operating by pathways other than those 

associated with stress. 

Although this upward trend is a slight disadvantage it 

is more than outweighed by the ease with which experiments 

can be done on animals sedated with phencyclidine. 

The regulation of corticosteroid production by the 

anterior hypothalamus and pituitary was investigated using 

many of the conventional adrenal function tests. 

The concept of a negative feed-back mechanism between 

the plasma cortisol and ACTH was first put forward by Sayers 

and Sayers (1945, 1948). The presence or absence of such 

a relationship in the rhesus monkeys was investigated using 

. synthetic corticosteroids. Dexamethasone (16a-Methyl-9a-

fluoroprednisolone) was first synthesised by Arth et al (1958a) 
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and was shown to be considerably more potent than its 

parent steroid, cortisol (Arth et al., 1958b; Boland, 1958). 

The half-life of dexamethasone in man was estimated to be 

between 170 and 210 minutes (Bunim et al. 1958). Clinically, 

doses of between 2 and 8 mg/day are generally used to assess 

adrenal suppression in man. 

After the administration of a relatively large single 

dose of dexamethasone (5 mg) in three animals a rapid decline 

in the plasma cortisol concentration was seen to occur 

(Fig,. 43). In two of the animals complete suppression was 

achieved after 6 hours, and from measurements the following 

• day it was established that this suppression of adrenal 

activity lasted for at least 15 hours thereafter. 

Measurements of plasma corticotrophin in later 

experiments indicated that this dose was sufficient to inhibit 

the pituitary release of corticotrophin and although the 

normal range for plasma ACTH levels in the rhesus monkey has 

not been previously reported, the pre-dexamethasone plasma 

ACTH level (130-260 pg/ml) was considerably greater than that 

of the post-dexamethasone level (40-70 pg/mi). 

In the experiment designed to establish the half-life of 

plasma cortisol in the rhesus monkey by using a radioisotope 

trace technique it was found that the specific activity of 

injected 3H-cortisol remained constant after the administration 

of dexamethasone, thus indicating the rapidity of the action , 

of dexathethasone at inhibiting the pituitary secretion of 

,corticotrophin. 

In retrospect it was therefore possible to use the 
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data derived from the dexamethasone experiments, to 

determine an approximate half-life of cortisol in plasma. 

To eliminate gross errors the values for plasma cortisol 

concentrations between 60 and 180 minutes were plotted on 

a'semi-log scale (Fig. 61) from which the half-life was 

determined from the gradient. The half-life of cortisol 

derived in this way was found to be between 90 and 150 

minutes. 

To establish a more accurate measure of the plasma 

half-life of cortisol in the rhesus monkey and to check 

that dexamethasone did not have any gross effect on the 

half-life, this was determined using radiolabelled tracer 

both before and after the acute administration of 

dexamethasone. 

The half-life of cortisol calculated by this 

technique was found to be 136 minutes both before and 

after dexamethasone. In addition, by deriving the half-life 

from the plasma 11-0110S concentrations measured by 

fluorimetry the value was found to be not significantly 

different; i.e. the plasma 11-OHCS concentration after 

dexamethasone decayed in the same way as that of the 

administered radioactive steroid. The specific activity 

of 311-cortisol administered therefore did not significantly 

change after dexamethasone; and important point, since 

this indicated the rapid and complete inhibition of 

adrenal.secretion of cortisol by dexamethasone. 

The average half-life of cortisol In plasma calculated 

from the dexameth•asone experiments and the radioisotope 
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experiments was 131 minutes for the rhesus monkey. This 

value is slightly higher than previously reported for the 

rhesus monkey. 	Wolf and Bowman (1966) reported the mean 

half-life of cortisol in six adult rhesus monkeys to be 76 min 

(SD = 8 mins) using a radiolabelled tracer technique. 

-However, the full details of the procedure were not reported 

and it was stated that in one animal a half-life of 324 

minutes was found, and this was omitted from the calculation 

of the mean. 

The half-life of cortisol in the human has been reported 

to be between 80 and 100 minutes (Peterson, 1959). In this 

present study the half-life was therefore found to be 

slightly longer than for man. It is possible that this 

may be due to a slight modification in the metabolism arising 

from the use of large amounts of phencyclidine; however 

this cannot be accurately evaluated since it is virtually 

impossible to determine the half-life of cortisol in the 

normal unanaesthetised monkey. Evidence derived from the 

numerous experiments performed would however indicate that 

phencyclidine does not appear to grossly interfere with 

. adrenal function in this species. 

The use of dexamethasone quite clearly indicated the 

presence of a negative feedback mechanism operating on the 

pituitary-adrenal axis. As in the human, the administration 

of large amounts of potent steroid to the monkey results 

in an inhibition of corticotrophin release which 

subsequently results in suppression of adrenal activity; 

reflected by the•decrease in plasma cortisol concentration. 
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Although large doses of dexamethasone were employed in 

these studies, any direct action on the adrenal to block 

cortisol secretion, which can be shown to occur 'in vitro' 

in animals (Birmingham and Kurlents, 1958; Black et al. 1961; 

Fekete and ar8g, 1963) quite clearly was not seen. This 

was illustrated in later experiments in which physiological 

amounts of exogenous corticotrophin were sufficient to provoke 

adrenal secretion of cortisol. 

The responsiveness of the adrenals to stimulation by 

exogenous corticotrophin has been investigated in considerable 

detail in this present study. A synthetic f1-24 

adrenocorticotrophic hormone preparation, Synacthen, was 

used of which 1 mg was approximately equivalent to 100 I.U. 

of natural ACTH (Landon et al, 1964). Although much of the 

work on the effects of ACTH in the human has been done by 

administering infusion doses, in the present study the effect 

of single intravenous doses only, was assessed. 

In the rhesus monkey the maximum response to all doses 

of Synacthen was found to occur at between 30 and 60 minutes. 

There was always a very brisk response after administration 

and levels returned to baseline values within 4 hours. An 

identical response has been shown to occur in-the human 

after the single intramuscular injection of 250 [1g of 

Synacthen (.food et al, 1965), and the response obtained after 

30 minutes was used as a routine outpatient test; with the 

mean increment observed in normal subjects being 17 vg/100 ml. 

In the normal rhesus monkey similar responses were 

found with all doses greater than 10 	of Synacthen. When 



146 

single doses of 10 p.g and 50 µg were administered the 

60 minute post-corticotrophin cortisol levels increased 

by 11% to 2 fold, and the increment (12-14 ilg/100 ml) was 

not significantly different. A greater response was 

obtained by administering 250 µg over a 1 hr period in 

separate doses of 50 [1g every 15 minutes to maintain 

stimulation. 

It was evident after comparing the normal variations, 

known to occur in these animals during prolonged sedation with 

the changes observed in response to exogenous corticotrophin 

(Fig. 47), that the absolute response to exogenous 

corticotrophin might be masked by the pituitary release of 

endogenous ACTH. It was also clear that if these variations 

in plasma cortisol seen in normal sedated animals were 

eliminated and a steady baseline obtained then the response 

to exogenous corticotrophin might be better assessed. 

Suppression of endogenous ACTH was achieved after the 

administration of dexamethasone and this was maintained during 

the experiment by repeated doses. 

The mean increase in plasma cortisol concentration 

after 10 lag and 250 [ig of Synacthen was 20 ilg/100 ml, which 

was found after 30 minutes. This was indicative that acute 

stimulation with doses of above 10 µg of Synacthen 

(equivalent to 1 I.U. of natural ACTH) produced no further 

increase in cortisol 

Grater stimulation was found to occur in the rhesus 

monkey after the long term stimulation with a depot of 

synthetic ACTH (Synacthen depot). After administration of 

0.5 mg/Kg body weight on alternate days for one week, 



147 

the plasma cortisol concentration increased to levels of 

81.5 vtg/100 ml and 55.7 Fig/100  ml in two animals, 

representing increases of 50 1,s/100 ml and 40 ilg/100 ml 

respectively. 

In all of these tests, pharmacological amounts of 

corticotrophin were administered, and the tests consequently 

assessed the maximum secretory capacity of the adrenal cortex. 

Using Synacthen it was possible to determine the 

sensitivity of the adrenal cortex to physiological amounts 

of intravenously administered corticotrophin. Synacthen, 

unlike naturally occurring corticotrophin preparations, is 

readily soluble and the dose can be accurately determined by 

weight. Considerable losses due to absorption onto glass 

have been shown to occur, (Stouffer and Lipscombe, 1963) 

but these were prevented by dissolving the preparation in 

dilute acid solution as recommended by James et al, (1967) 

and Landon et al, (1967), and using plastic syringes. 

The monkeys were treated with dexamethasone on the night 

prior to the test, again at the start and during the test to 

ensure suppression of endogenous corticotrophin. Raving 

. previously shown that dexamethasone did not appear to impair 

the adrenal responsiveness to Synacthen this offered the 

advantage of lowering the basal corticosteroid levels, 

therefore allowing small responses to be interpreted more 

easily. 

The response in three animals to. increasing doses of 

Synacthen (0.1 to 1000 ng/Kg body weight) given hourly was 
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determined. Doses of below 1 ng/Kg body weight were 

insufficient to provoke an adrenal response, while a 

significant increase in plasma cortisol concentration was 

seen to occur in all animals with doses of greater than 

10 ng/Kg body weight. when the maximum plasma cortisol 

concentration attained was plotted against the log dose 

of Synacthen administered a linear plot resulted. 

Extrapolation of the dose response plot would indicate that 

a dose of between 3 and 5 ng/Kg body weight would be 

sufficient to elicit an adrenal response. 

This data is consistent with the findings of Landon 

et al (1967) for the human. They found that a significant 

increase in 11-0HOS occurred with 31.25 ng of Synacthen, 

while extrapolation of the dose response plot indicated 

that a threshold amount of 20 ng would be sufficient to 

elicit a response. Although however the dose administered 

was not related to body weight, the weight of the patients 

was reported to be between 45 kg and 116 kg. Landon et al 

(1967) also observed that in 90% of the cases the maximum 

plasma cortisol concentration was attained after 15 minutes 

when physiological amounts were administered. In the 

present study similar observations were made, however, 

the maximum concentration was observed after 20 minutes 

because 15 minute samples were not taken. The maximum 

plasma cortisol concentration attained was found to increase 

with the dose of corticotrophin, and from previous 

experiments it was established that acute doses of greater 

• than 1000 ng were sufficient to maximally stimulate the 

rhesus monkey adrenal gland. 
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McDonald et al (1956) were the first to show that 
•• 	 1.~~1,  

vasopressin stimulated the release of corticotrophin in man, 

these findings were later confirmed by others (Clayton et al., 

1965; Gwinup et al., 1965). The effect of lysine-vasopressin 

was examined in the rhesus monkey. After the intramuscular 

administration of 2.5 pressor units of lysine-8-vasopressin 

the average increase in plasma corticosteroids observed in 

3 animals was 11.6 µg/l00 ml. These results were comparable to 

those obtained in man, in which James et al (1967) reported 

an increase of 14.7 and 13.3 ilg/100 ml after the intramuscular 

injection of 10 p.u. of lysine-vasopressin to two volunteers. 

Evidence that lysine-vasopressin acted directly.on the 

pituitary to release corticotrophin (Landon et al., 1965) was 

later disputed by finding the effect of lysine-vasopressin, 

whether administered by infusion or intramuscularly, could 

be blocked by the infusion of dexamethasone (James et al., 1967; 

Jenkins, 1967). In addition, in patients receiving oral 

corticosteroids the response to lysine-vasopressin was 

considerably impaired. All of this evidence indicated that 

the site of action of lysine-vasopressin is at the hypothalamus 

rather than at the pituitary, provided that one can confidently 

exclude a significant inhibitory effect of corticosteroid 

acting directly on the pituitary; this however has not been 

resolved (Kendall 1971). 

The rise in plasma corticosteroids after lysine-

vasopressin in the rhesus monkey was. not profound when 

compared with that obtained during insulin induced 



150 

hypoglycaemia. Staub et al (1973) in a comparison of the 

corticotrophin and corticosteroid responses to lysine- 

vasopressinl insulin, and pyrogen in man, reported that 

lysine-vasopressin was a relatively weak stimulus of 

corticotrophin release compared with insulin and pyrogen. 

In addition, they also showed that the changes in corticosteroid 

concentrations in the three tests was less pronounced than 

the corresponding changes in corticotrophin. 

As mentioned earlier, plasma corticosteroids increase 

in response to stressful stimulation. Insulin and pyrogen have 

been used as stressor substances since 'standard stress' states 

can easily be induced by these agents. The use of pyrogen in 

this present study however was avoided due to the rather 

unpleasant reactions it produces. 

In response to 0.5 III/Kg body weight of insulin (which 

is a considerably greater dose than used clinically in man), 

the plasma cortisol concentration increased, with the 

Maximum being observed at 40 and 90 minutes in the two 

animals. In one animal where the fall in blood glucose 

was less profound, and a mild hypoglycaemic state produced, 

-the rise in plasma cortisol concentration was modest, while 

in the other animal a marked and sustained rise was 

observed. The increment in plasma cortisol level attained 

was 26.4 ilg/100 ml and 10.6 H.g/100 ml in the two animals. 

The normal resting blood glucose level in these animals is 

between 2 and 4 ilmoles/litre, and as with the human the 

.response in terms of increased plasma cortisol concentration 

is only seen when the blood glucose level falls below 
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stimulation. Landon et al (1963) showed that the response 

was dependent on the rate of fall of blood glucose 

concentration, the duration and the degree of hypoglycaemia. 

The results presented here for the rhesus monkey would 

appear to support this finding. Growth hormone in the human 

which responds dramatically to'insulin hypoglycaemia 

(Hobbs and Hiprer, 1968; Asquith et al., 1969) and in the 

monkey (Meyer and Knobil, 1967 and Himsworth et al., 1972) 

was also measured in these samples, and a marked rapid 

rise was observed. Levels remained high for about one hour 

and rapidly returned to normal pre-insulin values. As in 

the human the plasma growth hormone response occurred prior 

to the increase in the plasma cortisol concentration. The 

response to insulin induced hypoglycaemia in the rhesus 

monkey has been previously reported (Himsworth et al., 1972) 

and the results in this study show close agreement. 

Metyrapone (2-methy1-11  2-bis (3-pyridy1)-propan-l-one) 

has been used clinically for about 13 years (Liddle et al, 

1959). The drug which principally inhibits 11p-hydroxylation, 

gives a means of testing the hypothalmic-pituitary adrenal 

axis, since 11-deoxy steroids have no effect on regulating 

pituitary corticotrophin release. The net result is that 

production of corticotrophin occurs in response to the 

decreasing plasma cortisol concentrations. 

Due to the short half-life of metyrapone (20-23 minutes) 

'in human plasma,reported by Sprunt at al., (1967) a loading 

dose and repeated hourly doses of metyrapone were 
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administered to the rhesus monkey in this study. In 

initial experiments on three animals the plasma 11-0HC3 

concentrations decreased slowly and a corresponding increase 

in the total corticosteroid concentration was observed; with 

the differences between the two values giving a very 

approximate measure of the plasma 11-deoxycorticosteroids. 

This technique of assessing the Pituitary response to 

metyrapone was also described by Nattrass et al. (1972). 

The short term action of metyrapone which is seen in the 

human, was also apparent in the rhesus monkey; indicated 

by the failure to suppress completely plasma 11-OHCS levels. 

In addition, a rise in plasma 11-OHCS was seen to occur in 

one of the three animals, one hour after the final dose of 

metyrapone. 

In a further experiment, plasma 11-deoxycortisol was 

measured more specifically, in addition to plasma cortisol 

and plasma ACTH. 

After the first dose of metyrapone there was a prompt 

rise in 11-deoxycortisol and ACTH with a corresponding fall 
• 

in the plasma cortisol concentration. The plasma 11- 

deoxycortisol concentration increased rapidly over the 

following period during which further doses of metyrapone 

were given. The rise of il-deoxycortisol was seen to 

parallel the increase in plasma ACTH, and increments of 

between 30 and 45 ii.g/100 ml were observed. although plasma 

ACTH levels have not previously been determined in the 

rhesus monkey, a dramatic increase was observed after 

metyrapone. 

Dexamethasone inhibited the secretion of ACTH, and the 
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rise in plasma 11-deoxycortisol was abruptly halted. 

Several points of interest arose from these experiments, 

The plasma ACTH secretion was very rapidly inhibited by 

this dose of 'dexamethasone. 'then the plasma ACTH values 

are plotted on a-  semi-log scale, an approximate half-life 

can be determined for the N--terminal immunoassayable ACTH. 

A mean value of 55 minutes was found (Fig. 62). 

The rapid inhibition of the rising plasma 11-deoxy- 

cortisol level however suggested that the biological half-life 

of ACTH must be considerably less than that of the 

immunoassayable half-life. Similar findings have also been 

shown to occur in the human (Besser et al., 1970, 1971). 

3. Corticosteroid catabolism and excretion 

Although the investigation of corticosteroid metabolism 

was far.from complete, sufficient data were presented in this 

study to give a qualitative picture of corticosteroid 

catabolism and excretion in the macaque monkey. 

Fifteen steroids were identified in the macaoue monkey 

urine during this study, and with the exception of 3P-cortolone 

and 3P-cortol, these have all previously been shown to be 

present in human urine. So far, evidence has only been 

obtained for conjugation of these steroids to glucuronic 

acid, as shown by their recovery only after hydrolysis with 

p-glucuronidase enzyme preparations. This does not exclude 

the possible existence of other conjugates. O'Malley and 

Lipsettl.(1966) and Pal, (1971) demonstrated that conjugation 

of steroids with sulphuric acid to form both mono and 

di-sulphates occurred in the macaque monkey. 
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steroids by the macaque monkey, with that of the human 

(Shackleton et al., 1968). 



Two female monkeys (approximately 3 Kg body weight) 

were used in this study. There was some indication that 

the volumes of urine collected may not have represented 

complete 24 h. specimens. The actual amount of radioactivity 

recovered from the two animals was 64% and 45% of the 

injected dose. The design of the metabolism cages was not 

ideal and the animals would occasionally urinate through 

the sides. This was one possible explanation for the low 

recovery of radioactivity. An alternative explanation is 

that substantial amounts of cortisol metabolites may be 

excreted in the bile, .which would appear in the faeces. 

Although faecal collections were made, their analysis has 

not yet been carried out. 

The noticeable feature of the steroid excretion pattern 

of the macaque monkey was the relatively large amount of 

11-oxygenated-17-oxosteroids. Expressed relative to the 

body weight the excretion of these compounds was considerably 

greater than in the human (Fig. 63). This is consistent with 

the findings of Chamberlain et al (1963), TolSon et al (1966) 

and Pal (1971), who all reported high values for total 

17-oxosteroids in urine. The chimpanzee has also been shown 

to excrete large amounts of 11-oxygenated-17-oxosteroids 

(Elmadjian and Forchielli, 1965). ChRmberlain et al (1963) 

emphasised that the greatest difference between human and 

monkey urine was the high proportion of 11-oxygenated-

androstane steroids present in the latter. 

Trace amounts of androsterone or aetiocholanolone were 

tentatively identified as glucuronide conjugates in the 



FIGURE 64 

A comparison of the daily urinary excretion of C21  

steroids by the macaque monkey, with that of the human, 

(data for the human from; Pal et pi 1966; Ros and Sommerville, 

1971; Beale et al., 1972). 
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macaque monkey; the 11-oxygenated-17-oxosteroids are 

therefore quantitatively more important than the 11-deoxygenated - 

17-oxosteroids; the reverse of this is true for the human 

(Shackleton et al, 1968). 

Relatively large amounts of C21  steroids were 

excreted (total 17-0HCS, 191 lig/24h. and 137 Ig/24h. 

respectively in the two animals). The excretion of 

tetrahydrocortisone and tetrahydrocortisol relative to the 

total C21  steroids was low, but the cortolones and cortols 

were:important metabolites. Rosenthal and Mason (1959) 

reported a much higher excretion of 17-0HCS (0.7-1.7 mg/24h.) 

by the rhesus monkey. The steroids were assayed using the 

Porter-Silber reaction which is relatively specific for 

steroids with a dihydroxy-acetone side chain. However 

'the results may have been over estimated, since Elmadjian 

and Forchielli (1965) reported that 20,S of chimpanzee urine 

samples measured gave such high blanks that an estimation of 

the 17-0HCS concentration could not be made. 

A feature in the pattern of steroid excretion of the 

macaque monkey was the predominance of 11-hydroxy-steroids 

over il-oxosteroids. This was also noticeable in the 

excretion of the C21 steroids in which large amounts of 

androstane-3,11,17-triols, 113-hydroxyandrosterone and 

113-hydroxyaetiocholanolone were excreted. Of the C21  

steroids, the excretion of tetrahydrocortisol and the cortols._ 

was greater than that of tetrahydrocortisone and the 

.cortolones (Fig. 64). In the human the reverse of this 

occurs (Pal et a1,1966; :dos and Somerville, 1971; Beale 



" 

et al, 1972). 

Two new steroids, namely 313-cortolone and 33-cortol 

were identified in the macaque urine in significant amounts. 

There appear to be no reports of these steroids having been 

demonstrated to occur in human urine. From the complexity 

of the gas chromatograms there was every indication that 

there may be additional C21  metabolites present which have 

yet to be identified. 

In contrast to the human, in which C21  metabolites 

excreted are all 3a-hydroXy steroids, in the macaque monkey 

urine both 3a and Xi metabolites are present. 

On investigating the metabolism of radio-labelled 

cortisol and corticosterone several differences were apparent 

between human and macaque monkey metabolism. The most 

striking observation in this study was that, unlike man, 

tetrahydrocortisone and tetrahydrocortisol were not the major 

metabolites of cortisol in the macaque monkey. Fukushima 

et al (1960) injected 14C-cortisol into normal humans and 

showed that 50 of the recovered radioactivity in the 

conjugated fraction was accounted for by the steroids 

tetrahydrocortisone and tetrahydrocortisol; 30 by the 

cortolones and cortols and only 	by the 11-oxygenated- 

17-oxosteroids. 

In the macaque monkey, however, only 4fi,; of the 

radioactivity recovered as glucuronide conjugates was 

associated with tetrahydrocortisone and tetrahydrocortisol. 

The cartels and cortolones on.the other hand, comprised 



TABLE 18 

The distribution of isotope after the intramuscular 

4. injection of 1  C-cortisol to the macanue monkey 

of total radio- 
Steroid metabolite 	activity recovered 

as glucuronide 
conjugates 

11-0xoandrosterone 	15.0 

11P-Hydroxyandrosterofle 
23.9 

1113-Hydroxyaetiocholanolone) 

5a-Androstane-3111,17-triol 	4.9 

Androstane-3,16,17-triols 	8.8 

Tetrahydrocortisone 	0.3 

a-Cortolone ) 
15.5 

p-Cortolone ) 

Tetrahydrocortisol 	3.7 
Cortol 	 9.7 

313-Cortolone 	4.5 

3p-Cortol 	12.0 



43% of the radioactivity while the ] a  steroids accounted 

for 53 (Table 18). quantitatively the most important 

metabolites in the macaque monkey (the 11-oxygenated-17- 

oxosteroids) are the least important in man. 

quite clearly, in the macaque monkey there occurs a 

preferential 20p-reduction and an efficient side chain 

cleavage of cortisol, thus giving rise to the large amounts 

of C19 steroids. It is highly probable that there occurs 

a species difference in the metabolism of cortisol, since 

in the chimpanzee Layne et al (1964) demonstrated that the 

principal metabolites of cortisol were tetrahydrocortisone, 

tetrahydrocortisol and allo-tetrahydrocortisol, and that 

the metabolism of cortisol in this primate was similar to 

that of man. 

The metabolism of corticosterone illustrated again 

the importance of 20P-reduction (Table 19). Of the 

radioactivity recovered as glucuronide conjugates/  37 was 

accounted for by bexahydrocompound A and 23% by 

hexahydrocorticosterone. No evidence was obtained for the 

.presence of tetrahydrocorticosterone and tetrahydrocomound A. 

Two compounds designated Y and Z were apparent in the 

radio-gas chromatograms and these comprised a significant 

amount (35) of the recovered radioactivity; however, their 

identity remains unknown because they were only present in 

trace amounts. 

The metabolism of corticosberone in the macaque monkey 

is therefore significantly different to that of man, in which 



TABLE  19 

Distribution of isotopes after the intramuscular 

injection of 14C-corticosterone to the macaque 

monkey. 

% of total radio- 
Steroid metabolite 	activity recovered 

as glucuronide 
conjugates 

llexahydrodehydrocorticosterone 37 

Hexahydrocorticosterone '23 

Compound Y 14.3 

Compound Z 21.0 



the tetrahydro derivotives are the predominant steroid 

metabolites excreted (Peterson and Pierce, 1960). Again 

this probably a species difference, as Layne et al (1963) 

showed that tetrahydrocorticosterone was the principal 

metabolite of corticosterone in this primate resembled 

that of man. 

4. Concluding; remarks. 

The data presented in this study indicate that the 

secretion of adrenocorticosteroids in the macaque monkey 

is qualitatively and quantitatively similar to that in 

man. This animal would therefore be a suitable model 

for man, in which to study aspects of corticosteroid 

production and regulation by the hypothalamus and pituitary 

gland. 

The use of this animal as a model in which to study 

aspects of the catabolism and excretion of corticosteroids 

in man, would be much less suitable, since the findings 

presented indicate that several significant differences 

exist between human and macaoue monkey steroid catabolism. 
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