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The effects of the heterogeneity of. rat adrenal 

tissues ofdifferent preparations, and of other control

labl~ factors on the corticosteroidogenesis from labeled 

steroid precursors were studied. A double isotope 

method for the simultaneous measurement of the specifie 

activities and internaI productions of steroids was used. 

Evidence points to a deficiency of 21-hydroxylase 

activity relative to the 11~-hydroxylase in the PIM (pre

incubation medium), and in the glomerulosa when NADPH was 

added. The NADPH concentrations seemed to be important in the 

imbalance of the different hydroxylations - smaller 

concentrations promoting only the 21-hydroxylation, interm

ediate the 21- and 18-, but especially 11~-hydroxylation, 

and higher being relatively inhibitory to the three. 

Different pools of enzymes and precursors were demonstrated 

in slice incubations. 

The glomerulosa mitochondria had a very 10w 



hydroxylat1on aet1v1ty, but 18-hydroxyLatlon of cort1co

steroneoccurred read11y. DOC was lnh1~ltory to the 

11~~hydroxylat1on of glomerulosa, but not fasclculata 

m1tochondr1a. 

The 1nterpretat1on of the ln v1tro data obta1ned 

was d1scussed. 
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CHAPTER I 

PURPOSE OF THE INVESTIGATION 

It bas been oustomary to report the resu1ts of the 

studies of the steroid biosynthetio pathways in terms of 

per oent o~nversions of a 1abe1ed preoursor to its d1fferent 

produots. A1though this approaoh has been oommonly app11ed 

and bas fur-n1shed va1uab1e 1nformat1on, 1t assumes that the 

labeled preoursor wou1d be metabo11zed ln a manner 1dent1oal 

to the endogenous preoursor(s) ava1lable w1th1n the system 

under study. 

However, there 1s 1noreas1ng evldenoe,that d1fferent 

pools of preoursors, oe11s and enzymes are art1f1oial1y 

produoed 1n an inoubation. For examp1e, 1t had been shown 

that the pre1noubat1on med1a (PIM) (1 , 2 ) possess some 

enzymatio aot1v1t1es mostly of the l~-, 18- and 21-

hydroxylases, wh10h are assoc1ated w1th oel1ular partlo1es 

and leaked from the oe11s (3). The 2l-hydroxy1ase 1n a 

dl1ute medium is 1nactivated muoh more read11y than the 

llfo-hydroxylase, resu1ting 1n an aooumulat1on of llfi-hydroxy

progesterone ln a d11ute med1um (4). Moreover, there are 

d1fferent histologloa1 zones in the mamma1ian adrena1 oortex 

wh10h are the s1tes of the produot1on of different types of 
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steroid hormones. It has also been reported that there are 

two dissLmilar types of cells present in adrenal sections 

(4a). AlI these phenomena. point to the he'terogeneity of an 

in vitro system. Thus a given precursor can be metabolized 

in a dif'ferent manner when incubated with either the media 

(of' preincubation or incubation) or the adrenal tissues 

(the glomerulosa and the fasciculata tissues separately or 

together), justifying the presence of different pools of 

enzymes With different reactivities. Negligence of this 

concept would lead to the erroneous interpretation of the 

results. 

Renee, the different pools of enzymes had to be 

studied systematically. In order to tackle part of the 

problem, a method has been developed by Dr. J. STACHENKO of 

this Laboratory for the simultaneous measurement of the 

production of steroid from the endogenous precursor as weIl 

as the labeled precuraor added to the system. It also gives 

the final specifie activity of the labeled precursor. 

Applying this method of measurement, the purpose of 

this Thesis was to study the" ef'f.ects .of',,·some. 1ntrinsic . and 

controllable factors on the biotransformation of an added 

precursor in vitro. These factors were. the level of 

organization of the different zones of the adrenal cortex, 



• 

• 

3 

from the sub-cellular level to the intact gland, the 

duration of the incubation, the concentrations of precursor, 

enzymes and cofactors (malate, NADP and G-6-p). 

It was hoped that knowledge derived from such studies 

would help to clarify, at least in part, the underlying 

mechanisms of the rat adrenocorticoid biosynthesis • 
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1. Introduction. 

CHAPTER II 

REVIEW OP LITEBATURE 

The objectives of the investigation reported in this 

Thesis are to demonstrate the heterogeneity of the steroido

genic responses by different rat adrenal tissue preparations, 

and the different factors which are influential in the 

adrenocorticoid biosynthesis in vitro. 

Accordingly, this review attempts to give a concise 

account of the in vitro adrenocorticoid biosynthesis, with 

respect to the experimental methods commonly used and the 

available data. Emphasis Will be given to the results 

obtained with the rat adrenal cortex, which was studied in 

this Thesis because of the ease of its separation into 

different histological zones ( 5 ). 

2. The Adrenal (Suprarenal) Gland. 

The mammalian adrenal glands had been identified and 

described as early as the middle of the sixteenth century 

( 6). Its vital importance had been ascertained by THOMAS 

ADDISON's studies on adrenal insufficiency (Addison's 

disease) in 1855 ( 7), as well as the investigation of BROWN

SEQUABD ( 8) on the effect of adrenalectomy • 
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The suprarenal glands are paired, ~lattened, yellow 

masses of tissue that lie, as their name implies, in contact 

with the upper poles of the kidneys. Anatomically, the 

adrenal gland was shown by KOELLIKER ( 9 ) to cons1st of two 

distinct parts, the cortex and the medulla. These two parts 

have different embryolog1cal origins, histological charac

teristics, and physiological functions (10). 

Embryologically, the adrenal cortical tissue is a 

mesoderm structure derived ~rom the mesonephros. ARNOLD (11) 

had ~urther classif1ed the so called adrenal cortex 

aèèord1ng to 1ts layout intol the outermost part or zona 

glomerulosa (Z. G.), bound by the capsule, the middle part 

or zona ~asc1culata (Z. F.), and the 1nnermost part or zona 

reticularis (Z. R.), adjacent to the medu11a. M1cros

cop1cally, the rat Z. G. cons1sts o~ parenchymal cells 

grouped 1nto 11ttle, irregular clusters w1th cap1l1aries in 

between them. These cells tend to be columnar, with smaller 

and darker nuclei than those o~ Z. F.; the1r cytoplasm 1s o~ 

a more even texture, and conta1ns 11p1d droplets. The Z. F. 

1s a thick layer in wh1ch the cells are arranged in ~airly 

straight cords, which run at r1ght angles to the sur~ace and 

have straight capillar1es between them. The cells are 

roughly polyhedral an~ in preparation, their cytoplasm 

appears to be extensively vacuolated, due to their large 

number of lipid droplets and are sometimes termed spongiocytes • 
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Cholesterol ls more concentrated ln these cells than ln any 

other part or the body (HAM et al. (la». The Z. R. ls a 

relatlvely thln layer ln whlch the cells are dlsposed ln 

cords whlch run in varlous dlrectlons and anastomose With 

one another. Slnusoidal capl11arles occupy the lnterstices 

between the coTds. The Z. R. cells vary ln appearance. 

Some have small dark nu.clel and aCldophlllc cytopla.sm and 

appear to be degeneratlng. Others have 11ghter nuclel and 

cytoplasm. Some cells may have conslderable amounts of 

plgment (10). Between the Z. G. and Z. F. ln the rat ls a 

zone called transltlon or soudanophole. Thls zone ls very 

sensltlve to ACTH in vlvo and mltosls ls actlve there. 

The sterold secretlng endocrlne cells are very slml1ar 

to one another ln thelr ultrastructural features. They 

possess. (1) a remarkably extenslve smooth-surfaced endoplasmlc 

retlculum, (11) a very promlnent Golgl complex, (111) mlto

chondria of hlghly varlable slze and often of unusual lnternal 

structure, (iv) numerous lysosomes and a tendency to accumulate 

11pochrome plgment, and (v) the presence of lipld droplets ln 

greater or lesser numbers (FAWCETT et al. (12». The mlto

chondrla ln the Z. G. of most specles are elongate and have 

lamellar crlstae orlented perpendlcula~ to the long axls of the 

organelle. In the Z. F~ and Z. R., theyare short rods or 

spheres (12) • 
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The lndispensability o~ the adrenals ~or 11~e (1) 

and the dramat1c therapeutic e~~ents (14) o~ some adreno

cort1coids (e~,g., cortisone) had tr1ggered tremendous 

research on the steroidogenesis over the last decades. 

Varlous types o~ investigation had been devised, both ln 

vivo and in vitro. Comprehensive reviews have appeared 

dealing with the numerous aspects o~ the processes involved 

in the studies o~ the various cortical secretory products 

under dl~~erent experimental conditions (15,16,17,18). 

The experimental approach to the study o~ adrenal 

corticoid metabolism has lnvolved experiments in which the 

"disturbances" have ranged ~rom the minute amounts o~ an 

isotopically labeled substance administered to the d1et of 

the intact experimental anlmal, to the manipulat10ns by 

which the animal is finally sacri~lced, w1th lts organes) 

removed and the enzyme{s) isolated ~rom the organes). 

(A) The in vivo method 

The physiologlesl studies involve the analyses of the 

urinary excretion o~ steroids and their metabolites, after 

the administration of steToid or other substances which would 

influence the steroidal metabolism. These studies have 
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provided valuable information which has formed the basis of 

our present understanding of corticosteroid metabôlism in 

man. 

For the direct study of the adrenocorticoid biogenesis 

in the animal, VOGT in 1943 (19) had evolved a method using 

direct blood sampling from the rat adrenal vein by 

cannulation. However, despite the "near physiologioal" 

conditions employed, the method suffers from the l~mitations 

of requir1ng much techn1cal skill and the probable "stressful" 

conditions 1nvolved. Moreover, the trace cort1costeroids may 

escape the analytical detection. 

More recently, MCDONALD et al. (20) had succeeded in 

transplanting one adrenal gland to a combined carotid artery

jugular vein loop in the Mer1no-breed sheep. Th1s group 

reported a normal adrenal steroid hormone secretion and 

histological examination of the transplanted adrenal long 

after the operation. 

In fact, the numerous uncontrollable physiological 

and metabolic processes occurring in the intact animal have 

made it extremely difficult to obtain a true picture of the 

in vivo adrenocortico1d biogenesis. 

(B) The in vitro method 

Much of the work ava11able on the pathways of stero1d 
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biosynthesis has been done in vitro. 

The birth of the in vitro method owed mueh to the 

observations of HARRISON (21) and CABREL (22) that animal 

tissues, and even the vital organs, can be kept "alive" 

under phySiologieal conditions ~or a limited period of time 

after their surgical removal ~rom the animal. In essence, 

the in vitro method is relatively easier and more controllable 

than the in vivo approaeh. It eommonly employs excised glands 

either for incubation in a bur~er system with or without 

preeursor(s) or for perfusion, to determine the pathway of 

adrenocorticoid biogenesis. Vith the teehnologieal advanee

ments in the productions as well as the measurements of 

radioactive isotopes, isotopieally labeled steroids (or 

related substances) have been ~dely used as preeursors or 

tracers in vitro. 

However, the in vitro method only reveals reactions 

that may oecur in vivo, with no e ertai nt y of any physiolog1eal 

1mportance, as HECHTER once remarked (23), nor the extent to 

which 1t does oceur 1n vivo, sinee there is almost a total 

loss of regulatory mechanism and the artefacts are common. 

(1) Perfused, 1s01ated adrenal stud1es. In th1s 

method, the substrates 1n the per~usion med1a (e1ther whole 

blood, plasma, or art1f1cial isotonie med1a) are presented 
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through vascular channels to survlving enzyme systems present 

in the cells, and the steroid content of the perfusate 

analyzed. 

Beef adrenal perfusions had been undertaken by HECHTER 

et al.( 2~24) ln 1948. Most of the pathways of the ste~oid 

blogenesls in the beef adrenal have been elucidated by the 

perfusion method. 

Admittedly, the best of the perfusion conditions 

cannot exactly duplicate the in vlvo physiologiesl conditions. 

The animal, whose adrenal is being prepared for perfusion, 

undoubtedly releases ACTH from its pitultary and the adrenals 

are stlmulated. There is also a mechanical filtration of the 

perfused substrate, leadlng to the progressive blockade of the 

vascular system and the reduction of the substrate available 

for experlmentation (23). 

(il) Adrenal slice incubatlons. Tissue slices 

represent an organized surviving tlssue, the metabolism of 

which reflects that of the original tissue. Thls method, 

developed by WARBURG et al. (25), allows for the controlled 

variations in the suspendlng medium in addition to chemlcal 

analysls of the latter for changes in metabolite conten~. 

It had been observed by SAFFRAN et al. (26) that rat 

adrenal slices produced steroids when incubated in saline 
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medium. This technique involved the excision of adrenal 

glands which are dissected free from the surrounding fat and 

either bisected or quartered. The glands can be obtained 

from no.rmal or pretreated animaIs. The prepared glands are 

preincubated in a physiological medium. The preincubation 

greatly enhanced the sensitiv1ty of the isolated adrenals to 

the factors they were to be exposed to in the incubation medium 

(SAFPRAN et al. (27». The preincubated glands are reincubated 

under the required conditions in fresh physiological media, 

which are modeled after the extracellular fluid with its 

content of sodium chloride and calcium ions. Despite the 

deviations of the secretion rate from the normal withln the 

cells of the slice, these preparations have proven to be 

extremely useful because of the simplicity of the operation. 

This method has been used to study either the effect 

of a trophic factor (28) or an inhibitor (29) on the adreno

corticoid blogenesis, or the pathway of the biogenesis after 

the adm1nistration of a precursor. 

The products of reaction accumulate in course of the 

incubation. They may elther 1nhibit (30 - 32) the rate of the 

react1on, or may be further converted into secondary and 

tertlary products 1n a "normal" or "abnormal" pathway (24). 

Accord1ngly, SAFFRAN (33) and TAIT (34) had a devised a contin-



uous flow (superfusion) technique for such incubations. 

Characteristically, this method involves the constant 

removal of the metabolites formed with the simultaneous 

renewal of the incubation medium, and thus can maximally 

overcome the recirculation of the products formed. 

12 

The tissue sliee technique, however, gives only the 

overall pictures of metabolism rather than concerning single 

reactions and enzymes (ELLIOTT (35». 

(iii) Adrenal tissue homogenate incubations. The 

homogenates represent the level of organization in which the 

cell membranes have been disrupted. Its use is based on the 

assumption that any reaction which occurs in living cells 

can occur in cell-free preparations under appropriate 

conditions. The general principles of this approach were 

due to POTT ER and ELVEHJEM in 1936 (36). Tissue homogenates 

are used for the study of enzymlc reactions elther directly 

in the form of whole homogenate, or as the startlng materlal 

for the preparation of particulate components of cells (37). 

The adrenal tissues are homogenlzed in an alI-glass, 

motor-drlven or a POTTER-ELVEHJEM homogenizer, either in a 

cold KRBG medium, or in iso- (0.25 M) or hypertonie sucrose~ 

Practically all the cells are broken and the subcellular 

components remain unbroken (38). Optimal duration of the 

homogenlzation may be doubled without affecting the results (J7). 
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The incubation conditions of the homogenates, such as 

dilutions and temperature, have been ~ound to be rather 

important in the Interpretation o~ the in vitro steroidogenic 

pathways (TSANG (39». 

(iv) Sub-cellu1ar fraction incubations. The cell 

~ractionation tec~que has proven use~ul in the studies 

designed to deter.mine the location o~ the metabolic processes 

withinthe cell, as it permits the separation o~ various 

particulate structure o~ the cells. With this technique, 

described by SCHNEIDER and HOGEBOOM (40), the homogenates are 

~urther subjected to differential ultracentri~ugation at low 

temperatures (38) to y1.eld sub-cellular particles and fractions 

sedimented at di~~erent speeds, e.g., nuclei, "light" and 

"heavy" mitochondria (HOGEBOOM et al. (41), CAMMER et al. (42), 

PERON et al. (43», mQcrosomes and supernatant ~ract1ons. The 

fractions are incubated in a co~actor-~ortified isotonie 

medium. 

(v) Purified enzyme incubations (44-47). The 

molecular details of regulatory mechantsm operating st the 

level of catalysis have come from studies o~ isolated, 

purified enzymes. Reliable information concerning the kinetics, 

cofactors, active sites, structure, and mechanism of action also 

requires highly puri~ied enzymes. Accordingly, various groups 

(48,49> had attempted to solubilize the adrenal cortex 



hydroxylases. 

SHARMA et al. (50) purified 11~-hydroxylase by 

homogenizing the mitochondrial prepa~tions in distilled 

water, before subjecting it to ultrasonic vibrations 

followed by centrifugation at 105,000 g. The res~lting 
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clear supernatant fluid was dried by lyophilization (yielding 

1 gm. dry enzyme per 50 gm. whole adrenal). The aim was to 

achieve the maximum specifie activ1ty (enzyme units par mg. 

protein) with the best possible recovery of initial activity. 

The purified enzyme is incubated with its substrate 

under optimal conditions for characterization and reqllirement 

studies (48). Manometric technique (51) have been extensively 

used for such enzyme assays. 

(c) Methods of characterizat10n and measurement of adreno

cort1co1ds 

The difficult1es in the isolation of the adreno

cortico1ds have been due to the large number of closely related 

compounds which need separat10ns (52). 

The 1ncubates are extracted with polar solvents (either 

ether, chloroform, d1chloromethane, or ethyl acetate, etc.). 

The dried extracts are subsequently purif1ed and concentrated by 

column, paper, thin-layer or gas chromatography, or a 

combinat1on of these. 
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The application of column chromatography (TSWETT, 1910) 

to steroid analyses owed much to its development by MARTIN and 

SYNGE (53) in 1941. Paper chromatography has been developed 

in the steroid field by ZAFFARONI et al. (54, 55), and later, 

SAV~RD (56), BUSH (57) and EBERLEIN e~ al. (58). Thtn-layer 

chromatography. (TLC) is widely used for the separation and 

characterization of steroids (59) after STAHL (60) who 

standardized the procedure. Gas chromatography (61) has 

developed rapidly since MARTIN and JAMES described thër first 

experiments in 1952. These methods have proven to be extra

ordinary tools capable of separating literally dozens of 

components, even in a sample of less than a microgram (gas 

chromatography). Further purification of the steroids from 

the chromatographie eluates involvea the use of phya1cal 

methods such as crystallization (62). 

The identification of the steroid compound is effected 

through the characterization of its different funct10nal 

groups by chem1cal methoda. For example, the~,p -unsaturated 

ketone 1n ring A 1a tested by, (1) 1ts U.V. absorpt10n D\max. 

240 m~ (63» (64), (11) the 1sonicot1nic ac1d hydraz1de (INa) 

react10n (65) or (111) the soda fluorescence (66) react10n. 

The 20-ket9l s1de-cha1n can be character1zed by, (1) the 

reduct10n of the tetrazo11um salta (64, 65, 68), or (11) oxi

dat10n with per10d1c ac1d (HI04 ) (69, 34). The 21-hydroxyl 
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group can be acetylated (76 - 78) and the acetates charac

terized by their chromatographie mobilities (Table III). 

The dihydroxyacetone side-chain can be detected by the 

formation of osazone (~max.410 mp) ln t~e PORTER-~ILBER 

reactlon. (75), whlch ls also glven by the ~8-hydroxy,11-

dehydrocortlcosterone and 18-hydroxy,11-deoxycorticosterone. 

The l~-hydroxyl group can be oxldlzed by chromium trloxlde 

(CrOJ) to the ll-keto functlon (78). In addltlon, sulfurlc 

and phosphorlc aclds form dlfferent characterlstlc spectra 

(chromogen formatlon), speclflc for lndividual sterolds 

(ZAFFARONI (79». 

The sterold ldentlflcatlon ls relnforced by physical 

approach whlch lncludesl (1) mass spectrometry (80, 52), 

(il) meltlng points, (111) optlcal rotatlon (81), (iv) lnfrared 

absorption spectroscopy (82 - 84), (v) nuclear magnetlc 

resonance (NMR) (&5, 86) or nuclear spln resonance spectros

copy (NSR), and (vl) X-ray crystallography (87 - 89) which 

is very useful for the characterlzation of the sterold 

molecule in detall. 

Some of the methods outllned above have been developed 

into quantltative methods for the spectrophotometrlc measure

ments of the 11ght absorptlon at certain wavelengths (90). 
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The availability of liquid scintillation spectrometers for 

counting weak beta-emitting isotopes has extended the use of 

tritium and carbon-14 as valuable tools for the biochemical 

and analytical studies (91,92). Accordingly, the use of 

these isotopes have been designed in various ways, such as 

isotope dilution analyses (93) and the double isotope 

derivative methods (94,90,95). Such isotopie methods are 

independent of the losses incurred during the extensive 

purification processes of the steroids. 

4. Experimental Data of the Study of Adrenocorticoid Biogenesis. 

(A) Steroids produced by adrenal cortex in vitro 

Some twenty-nine different steroids were isolatedfrom 

the bovine adrenal tissue extracts (cortin) by the early 

investigators (PFIFFNER et al. (96), KENDALL et al. (97,98) 

and REICHSTEIN et al. (99». With the exception of the 

estrogens and of the sterols, all these sterolds have either 

nineteen or twenty-one carbon atoms as well as the charac

terlstic cyclopentanoperhydrophenanthrene nucleus. A few of 

them are biologically active in carbohydrate (glucocorticoids) 

or mineraI (mineralocorticoids) metabolism. 

In all species studied, cortisol and corticosterone, 

or a mixture of both, are quantitatively and quaIitativeIy 

the most important glucocorticoids synthesized or released 
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in vitro by the mammalian adrenal cortex (HAYANO et al. 

(100». Singly or together these two compounds may contribute 

up to eighty-five per cent or more of the tota1A4-3-keto

steroids, according to BUSH (101). Rat (Order Rodentia), 

placed in Group II (SANDOR U02» of the tentative classifica-

tion of anima1s according to the chemical nature of the 

corticoid hormones elaborated, secretes only 17-deoxycortico

steroids. Corticosterone is the major secretory product in 

the rat ( 5 ,lOJ,lot1-,105,106). Aldosterone, fi rst iso1ated by 

SIMPSON and TAIT in 1952 (10~, is the most potent minera1o-

corticoid produced. It is however, secreted in minute 

quantities (estimated 25 - 103 DOCA eqts./Kg/hr. (66» by 

intact rats under normal conditions. 

The second most abundant corticosteroid produced in 

vitro by the rat adrenal had been reported (BIRMINGHAM et al. 

(108) and PERON (109,110» to be 18-hydroxy, 11-deoxycortico

sterone (18-0H-DOC). The isolation of 18-hydroxycorticosterone 

(18-0H-B) in the rat had been made by PERON (109,110) and in 

bovine and human glomerulosa by SANDOR and LANTHIER (111). 

It was shown to be produced by the zona glomeru1osa of the 

rat adrenal cortex by STACHENKO et al. (5 ). 

Labeled 19-hydroxy, 11-deoxycorticosterone had been 

isolated and 19-hydroxycorticosterone tentatively identified 

by LUCIS et al. (tt2) in incubations with 14C-Iabe1ed 
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progesterone or 11-deoxycortlcosterone. The structural 

formu1ae of the major sterolds produced by the rat adrena1s 

studled ln thls Thesls are glven ln APPENDIX A. 

(E) Pathways of adrenocortlcold b10genesls 

The pattern of sterold synthesls ln adrena1 cortex ls 

comp1ex both ln terms of the mu1t·1pllcl ty of reactlons 

1nvo1ved and the structural and spatla1 organlzatlon of these 

reactlons with1n the ce11. 

The sequence of the enzymatlc reactlons 1ead1ng to the 

formatlon of actlve cortlcostero1ds by the adrena1 cortex had 

been lndlcated by the perfuslon stud1es of HECHTER et al. (llj 

and HEARD et al. (114). Accordlng to these authors, the 

posslble routes of adrena1 cortlcosterold blosynthesls ls 

through acetate, 1nvo1vlng cholesterol andA5_pregnenolone 

and progesterone as key lntermedlates. 

(1) From acetate to cholesterol. SRERE et al. (11~, 

ZAFFARONI et al. U16), HAYNES et al. (11~, and HECHTER et al. 

(11~ demonstrated that the b1osynthes1s of adrenal cortlco

sterolds started from acetate. Cholesterol ls the key 

1ntermedlate (119, 120, 121, 118, 119, 113, 115, 116, 122, 123-125) but 

may not be an obllgatory one (114,122,126). Most of the 

sequences of the enzymatlc react10ns lnvolved are stlll obscure 

and are presumed to be slm1lar to the pathway e1uc1dated ln the 
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11ver by BLOCH (12~. From the work of thls author, HECHTER 

et al. (23,113,128,129) has establlshed the schematlc 

presentatlon of the pathway ln the adrenal cortex as shown 

ln Flgure 1. 

(11) From cholesterol to~5_pregnenolone. The work 

of ZAFFARONI (129) and CASPI et al. (13œ strongly support the 

vlew that cortlcosterolds are syntheslzed vla cholesterol. 

Cortlcal preparatlons cleave cholesterol lnto 6?-pregnenolone 

and lsocaprolc acld (131,132). The basic mechanism for 

cholesterol slde-chain cleavage ls assoclated with the 

inltial hydroxylatlons at C-20 and C-22 (13~, wlth the flow 

of el~ctrons and oxygen actlvatlon slmilar to those of the 

steroid ll~-hydroxylatlons proposed by OMURA et al. ~3~135). 

The scheme of several pathways leadlng to the formatlon of 

65-pregnenolone from cholesterol or cholesterol sulfate (1)5, 

137) ls given ln Flgure 2. 

(ill) From ~5-pregnenolone. to progesterone. The 

blotransformation of ~5_pregnenolone to progesterone by 

adrenal cortex was establlshed by HECHTER et al. (2), LEVY 

et al. (13~ and SAMUELS et al. (13~140). It lnvolves two 

enzymatlc steps (TALALAY (141), EWALD et al. (142) and 

KRUSKEMPER et al. (143»' the oxldatlon of the ~-3fi-hydroXy 

functlon to the 3-ketone, followed by the shlftlng of C-5, 

c-6 double bond to c-4, C-5 bond. The enzymes and co-enzyme 
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Fig. 1. Bio.ynthe.l. of cholesterol from acetate. 
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NADPH 
°2 

Cholesterol-----~~ 2~Hydroxycholesterol (132) 

Cholesterol sulfate 20OC:, 22~-D1hydroxycholesterol (138) 

+ NADPH + H2 0 

AS-Pregnenolone ~,======,~S-Pregnenolone + 1socaproaldehyde 
sulfate 

F1g. 2. B1osynthes1s ofAS-pregnenolonefrom cholesterol 
(part1ally adapted from SHIMIZU (157» • 
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1nvo1ved had been desor1 bed by SAMUELS et al. (140), TALALAY 

et al. (144), KAWARHARA et al. (145) and KOWAL et al. (146,147». 

Progesterone and NADH 1nh1blt these reaot1ons (39). 

(1v) From progesterone to oort~oosterone. Progesterone 

1s read11y oonverted by rat adrenal to oort1oosterone, with 

11-deoxyoortloosterone as 1ntermed1ate (EICHHORN et a1~ (148), 

LUCIS et al". (112) and HECHTER e~ al. (128». DORFMAN et al. 

(156) demonstrated th~t 11~-hYdroXy1at1on 1s most eff101ent 

when à4-3~keton10 k~to1s w~re subst~tes. These f1nd1ngs 

suggested that hydroxy1at1on at C-21 must preoede the C~l~

hydroxy1atlon. 

Progesterone g1ves r1se to l~-hydroxyprogesterone 1n 

oourse of adrena1 oort~oostero1d b1osynthes1s, most1y 1n 

homogenate and perfus1onexper1ments (HECHTER et al. (149». 

There are st111d1souss1ons whether 11~-hydroxyprogesterone 

1s a preoursor of cort1oosterone (BROWNIE et al. (150), LEVY 

et al. (138), EICHHORN et al. (148), GIROUD and STACHENKO (151, 

152), KRAULIS and BIRMINGHAM (153), MAKOFF et al. (154) and 

CREANGE et al. (155». 1~-hydroxy1at1on does not occur w1th 

C-21-deoxystero1ds 11ke progesterone or 17-hydroxyprogesterone 

when a pur1f1ed m1tochondr1a1 system 1s used (149). 

There 1s 1ncreas1ng ev1dencesupport1ng the v1ew that 

progesterone 1s not neoessar11y an ob11gatory 1ntermed1ate 
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ln cortlcold blosynthesls (WELIKY et al. (158), BERLINER 

et a1. (159), PASQUALINI et al. (160), KOWAL et al. (147». 

Sterold hydroxylases can act dlrectly on Â 5-pregnenolone 

(147, 158 - 160) by havlng dehydrogenatlon and lsomerlzatlon 

occurring arter the hydroxylatlons (KOWAL et al. (147), 

wnrTEHOUSE et al. (161». 

(v) Blosynthesls or aldosterone. Labeled progesterone, 

DOC and cortlcosterone glve rlse to radloactlve aldosterone 

(162 - 166), whlch ls produced by the zona glomerulosa cells 

of the mammallan adrenal cortex (GIROUD et al. (5), AYRES et al. 

(167,168». TAIT et al. (169) calculated that at least 50% 

of the a1dosterone produced was derlved from cortlcosterone. 

~~ and NEHER (170) have stressed that corticosterone lies on 

the main pathway or aldosterone blosynthesls. AYRES et al. 

(162) and RAMAN et al. (171) favoured the vlew that the pathway 

from progesterone leadlng to DOC and cortlcosterone ls llkely 

the major pathway for aldosterone blosynthesls. As suggested 

by KBAULIS et al. (172) and NICOLA et al. (173), posslble 

alternative pathways vla l8-hydroxy or oxo-derlvatlve or 

pregnenolone may occur. 

NEHER et al. (174) and ULICK et al. (175) and RAMAN 

et al. (49) have polnted to the Importance or the l8-hydroxylated 

steroids as posslble Intermedlates ln the blosynthesls of 

aldosterone. AlI aldosterone produclng specles can syntheslze 
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aldosterone from corticosterone concomitant with the 

production of 18-hydroxycorticosterone (SANDOR (102». 

Although 18-hydroxycorticosterone may be the intermediate 

and obligatory precursor of aldosterone in vertebrate 

adrenals, exogenous 18-hydroxylated substances are not 
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efficiently incorporated (NICOLIS and ULICK (111, 176», 

probably due to their 18-20 cyclic hemlketal structures 

(STACHENKO et al. (177) and ULICK et al. (116» in solution, 

whereas the open form may be the actual intermediate in 

aldosterone biosynthesis (178). However, PASQUALINI (179) 

observed slgnificant incorporation of radioactive 18-hydroxy-

corticosterone into aldosterone in human adrenal tissues, both 

normal and with tumor •. STACHENKO et al. (152) reported the 

concomitant inhibition of 18-hydroxycorticosterone and aldo

sterone production from corticosterone by metopirone (SU-4885) 

and suggested that 18-hydroxylation of corticosterone (or a 

closely related steroid) might be a necessary step in aldo-

sterone blosynthesis. 

+ RAMAN et al. (49) noted that the presence of NADP or 
+ NAD in the incubation media resulted in the conversion of 

18-hydroxycorticosterone into 18-hydroxy,11-dehydrocorticosterone 

and not aldosterone. The 18-hydroxy,11-dehydrocorticosterone 

was not found to be a precursor of aldosterone in the in vitro 

system (49). The formation of 18-hydroxy,11-dehydrocorticosterone 
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and the inhibitory effect of lB-hydroxycorticosterone (but 

not lB-hydroxy,ll-deoxycorticosterone or aldosterone) on 

the lB-hydroxylation of corticosterone appears to be of 

significance in the control of aldosterone biosynthesis (49). 

(C) Adrenal cortex hydroxylases (184) 

Many of the enzyme systems involved in the.cortico

steroid biosynthesis (139, 156) are hydroxylases. They have 

been classified by the Internat10nal Commission on Enzymes 

as sub-roup EC-1-99-1 of the ma1n class oxido-reductase. 

They aIl have some common characteristics with respect to 

their requirements for activ1t1es. Only the 21-, ll~- and 

lB-hydroxylases of the cort1costeroids, relevant to this 

Thesis, are presented here. 

(a) l~-hydroxylase (EC 1.99.1.7) Th1s is the most 

1ntensively stud1ed steroid hydroxylase, especially by HAYANO 

et al. (191, 30, 192 , 15). As first reported by SWEAT (193), 

1t is found in the m1tochondr1al fraction (100, 194, 192 , 193, 

195, 150, 196, 197). It has an optimum pH of 7.4 (HAYANO and 

DORFMAN (30». The 11~-hydroxylase system has an optimum 

temperature of 37oC. and 1ts rapid destruction takes place at 

41 oC. or above. 

GRANT (48), TOMK INS et al •.. ( 19B) and SHARMA et al. ( 50 ) 

had solub1lized and purif1ed this enzyme. It can be obtained 
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in a soluble form by ultrasonic treatment (RAMAN et al. (49». 

11~-hydroxylation occurs throughout the cortex (199-

202). It has been speculated that two 11ft-hydroxylases 

exist in the Z. G., one specifie for progesterone, the other, 

throughout the cortex, is specifie for DOC (GRANT (17». 

SWEAT et al. (203) reported the s~paration from a soluble 

extract of acetone-dried adrenal mitochondria two fractions, 

designated F-40, and F-80, which were prec1pitated ~th 40% 

and 80% ammonium sulfate respectively. They observed that 

these two fractions were highly active and require Mg2+ and 

NADPH, for their activities. The multiple-component nature 

of 1~-hydroxylase had been re-examined by TOMKINS et al. 

(198, 204), who found that the combination of three protein 

fractions and an unknown heat-stable factor were essential 

for 11~-hydroxylase activity in the presence of O2 and NADPH. 

An NADPH-specific flavoprotein (Fp ) and a non-heme lron

protein (NHIP) have been shown to be constituents of the 

11~-hydroxylase system (OMURA et al. (134), SUZUKI et al. 

(205), SWEAT et al. (206». These two components ~th the 

cytochrome P450 made up the electron transport system for 

11~-hydroxylation. 

The effect of ascorbic acid on 11fo-hydroxylase has not 

been settled (207 - 211). DOC has a strong inhibitory effect 

on the 11~-hydroxylation (HAYANO et al. (30), PERON et al • 
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(212». Moreover, SHARMA et al. (213) had shown that 

several C19 stero1ds, e.g., testosterone, are competitive 

1nh1b1tors of the 11~-hydroxylat1on of DOC. 

(b) 21-hydroxylase (EC 1.99.1.11). This enzyme, 

wh1ch 1s present in all euther1a (5, 151) and throughout 
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the cortex (GIROUD et al. (185, 186»,was found to be 

assoc1ated w1th the 15,000 g supernatant (RYAN et al. (183» 

of beef adrenals. HAYANO et al. (100) bel1eved that 1t may 

be adsorbed on m1tochondr1al surface. Attempts to obta1n 

the act1v1ty of the m1crosomal particles in solution have 

been unsuccessful (184). 

The 21-hydroxylat1on act1v1ty of progesterone 1s 

optimal at pH 6.9 to 7.4 (187) and 1nh1b1ted by carbon 

monox1de (RYAN et al. (183». It requ1res atmospher1c 

oxygen and NADPH (183) but 1s 1nh1b1ted by a high concen

tration of NADPH (188). It 1s st1mulated by a prote1n 

factor (154). Its partial inactivation or inhibition in a 

d11ute homogenate, or dur1ng incubation at 37°C., had been 

observed by TSANG (189). The requ1rement of P450 for 1ts 

act1v1ty 1s well establ1shed, but the role of the P450 

reductase system on th1s enzyme requ1res further clarification 

(BRYSON et al. (190». 

(c) 18-hydroxylase. PSYCHOYOS et al. (214) and others 

(215, 216, 49, 102) had shown that 18-hydroxylase and 18-01-

dehydrogenase (RAMAN et al. (49» are assoc1ated ma1nly w1th 
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the mltochondrlal fractlon (4,000 gjl0 mln.) of rat adrenal. 

Thls 18-hydroxylase was reported by WILSON et al. (216) to be 

located ln the "heavy" mltochondrla of the rat adrenal 

homogenate, but NAKAMURA et al. (215) found the presence of 

the enzyme ln the nuclel and mlcrosomes as weIl. 

The 18-hydroxylatlon occurs ln the rat adrenal sections 

and homogenates (108, 109). Slnce 18-hydroxycortlcosterone 

(109, 110) ls produced ln the Z. G. and the 18-hydroxy,11-

deoxycortlcosterone ln the Z. F. (108 - 110), lt ls evldent 

that the 18-hydroxylase ls present throughout the rat adrenal 

cortex. 

RAMAN et al. (49) notlced that there was no slgnlflcant 

loss ln 18-hydroxylase and 18-ol-dehydrogenase actlvltles in 

mltochondrla followlng ultrasonlc treatment, and these 

actlvltles were located prlnclpally ln the sedlment after 

centrlfugatlon at 105,000 g for 60 mlnutes. Thls wouln 

lndlcate that lntact mltochondrla were not requlred for 

18-hydroxylase and 18-ol-dehydrogenase and they are posslbly 

closely bound to elther mltochondrlal membranes or to the 

crlstae. 

The 18-hydroxylatlon requlres the same NADPH-cytochrome 

P450 reduclng system as 11~-hydroxylatlon (184). Sucha 

requlrement for the eventual synthesls of aldosterone from 

cortlcosterone ln cell-free systems have been demonstrated by 
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several groups (RAMAN et al. (49), PSYCHOYOS et al. (180), 
, , 

TALLAN et al. (181) and GREENGARD et al. (182». The 

18-hydroxylas~ act1v1ty of rat at saturat1ng substrate concen

trat10n 1s about as h1gh as the 11~~hydroxylase act1v1ty (184). 

RAMAN et al. (49) observed that SU 8000 (3-16~chloro-3-methyl-

2-1ndenyl)pyr1d1ne) 1nh1b1ted the 18-01-dehydrogenase and, to 

a lesser,extent, th~ 18-hydroxylase. The 10ns of soma 

trans1t1on el~ments (e.g., Cu2+), as much ~s 1 x 10~3 M, would 

1nh1b1t the convers1~n of cort1éosterone to 18-hydroxycort1co

sterone and aldosterone (49 L 

D. Adrenal cortex stero1d hydroxylat10n character1st1cs 

(a) Requ1rementsl Mo~t of the stero1d hydroxylases 

have been shown to have common requ1rements and the same 

mechanism 1n the1r act1v1ties (184). 

(1) Oxygene SAFFRAN a~d BAYLISS (28) demonstrated 

that rat adrenals fa11ed to produce corticoids when a1r or 
18 18 oxygen env1ronment 1s replaced by n1trogen. Us1ng H20 ,°2 

and D20, HAYANO et al" (217) had proven that molecular oxygen, 

but not H20, 1s ut111zed for the 1~-hydroxylat10n of ster01ds. 

Th1s was conf1r.med bySWEAT et al. (218). HAYANO et al. (219) 

reported that 21-hydroxylat10n also requ1red molecular oxygene 

(11) NADPH. NADP or NADPH are necessary for the 21-, 

llft- and 18-hydroxylat10ns of ster01ds (220 - 223). SAFFBAN 
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and BAYLISS observed no cort1eostero1dogenes1s when rat 

adrenal homogenates were 1ncubated alone (28). 
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For the source and d1str1but1on of NADPH, PERON and 

MCCARTHY (224) stated that any substrate permeable to the 

adrenal cort1cal m1tochondr1al membrane and wh1ch can be 

ox1dized by the proper dehydrogenase in a NADP-linked 

react10n will give r1se to intram1tochondrial NADPH. The 

1ntramitochondr1al NADP appears to be very firmly assoc1ated 

with mitochondrial enzyme (225). The idea that average 

cellular concentrat1on of NADPH 1n rat adrenal gland is 

directly related to the rate of synthes1s of adrenal stero1ds 

(226) was not confirmed by HARDING and NELSON (227, 228). 

Using the method of PURVIS (229), PERON et al. (226) showed 

that the total pyrid1ne nueleotides appear to be approximately 

equal 1n distribution in mitoohondrial and supernatant 

fract1on. Essent1ally the same pattern of pyridine nucleotide 

content was obtained in cell fractions from normal and hypo

physectomized animaIs (PERON et al. (230». 

With regard to the role of NADPH, PERON et al. (231) 

found that adrenal t1ssues maximally stimulated with ACTH 

will be further st1mulated by NADP+ + G-6-P. Conversely, 
+ adrenal tissues maxtmally stimulated with NADP + G-6-P will 

st111 respond to ACTH (230). These authors al8.o found that 

when the swelling of mitochondria 1s maximal, at a 
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concentràtion o~ Ca
2

+(11 mM), exogenous NADPH would 

penetrate into mitochondria and be util1zed by the 

hydroxylase system (232). Accord1ng to GUERRA et al. (233), 

the exogenous NADPH would bring about hydroxylation by other 

mechanism when mitochondria were max1mally swollen. NADPH 

participa tes in the mechan1sm of the trans~er of electron 

(234). According to SIH et al. (235), the dual role o~ 

NADPH 1sl (a) to serve as an accessory capacity, keeping, 

P450 in the Fe2+ level of ox1dation, and '(b) NADPH directly 

1nvolved in stero1d hydroxylation reaction to generate the 
2+ 

highly reactive hydroperoxo complex, P450Fe -O-OH. 

The two known pathways ~or the generat10n o~ NADPH 

through the action o~ the dehydrogenases arel the direct 

ox1dat1ve pathway, and the Krebs tricarboxyl1c ac1d cycle. 

The source of the hydrogen atoms must be ~rom the substrates 

o~ the specifie dehydrogenases, the substrate being der1ved 

~rom glucose. 

As stated 1nHAYNES' hypothes1s (236), the st1mulatory 

e~fect of ACTE on cort1costero1d b10genesis in the adrenals 

1s, essent1ally, to 1ncrease the breakdown o~ glycogen to 

G-6-P, wh1ch, upon ox1dation, produces more NADPH. The adrenal 

cortex conta1ns a h1gh level of glucose-6-phosphate dehydro

genase (G-6-P-D), and 6-phosphogluconic dehydrogenase (237, 

238), which show h1ghest act1v1ties in zona fasc1culata

ret1cuIar1s (239, 240). From the1r recent stud1es w1th bovine 
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and rat adrenals, MCKERNS (241) found that G-6-P-D has the 

h1ghest act1v1ty, wh1lst 6-phosphoglucon1c dehydrogenase, 

1soc1tr1c dehydrogenase, and mal1c dehydrogenase are 1n the 

decreas1ng order of act1v1ty. 

It has been shown that Krebs tr1carboxyl1c ac1d (TGA.) cycle 

intermediates support m1tochondr1al 11ft-hydroxylat1on of DOC 

(192, 194, 196, 244, 245) and that the react10ns may be affected 

by uncouplers of oxidat1ve phosphorylat1on (BROWNIE et al. (195». 

The role of the TCA cycle 1ntermed1ates would be to generate the 

1ntramltochondr1al NADPH requ1red for the stero1d hydroxylat1ons 

(225, 245, 246). Fumarate 1s requ1red 1n relatlvely h1gh 

concentrat1ons for l1fo-hydroxylat1ons by m1tochondr1al (194) 

preparat1ons, but not 1n pure acetone powder extracts. It has 

been assumed to play no direct raIe 1n the 11~-hydroxylat1on 

(247) other than related to the product1on of NADPH (48), but 

HAYANO et al. (219) suggested that fumarate serves 1n the 

protect1on of the 02-bound enzyme rather than as a reductant 

for NADP: The order of relat1ve eff1c1ency of the TCA 

1ntermed1ates, accord1ng to SWEAT et al. (194), 1s1 fumarate, 

malate, succinate, isocitrate, c1sacon1tate and c1trate (JO, 

248). In aged t1ssue preparat1ons, malate was somewhat less 

act1ve st111 (HAYANO et al. (249». 

Both energy-11nked transhydrogenase react10n (OLDHAM 

et al. (242» and non-energy-dependent react10ns are poss1ble 
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mechanlsms for the NADPH formatlon ln adrenal cortex 

mltochondrla. SAUER et al. (243) suggested that the 

substrate utlllzed determlnes the method of NADPH formatlon 

ln vl tro. It was also noted that the selectton .. between the 

pathways of NAD?H generatlon for 11~-hydroxylatlon ls 

probably specles dependent (CHENG (133». 

(111) Calclum lons (Ca2+). PERON et al. (232) 
2+ observed that Ca have an effect on utlllzatlon of both 

Krebs TCA cycle lntermedlates and NADPH and concluded that 
2+ Ca are requlred for cortlcosterold blosynthesls 1n v1tro 

(250) • 

level. 

The locus of ea2+ actlon was at the m1tochondr1al 
2+ 

However, the poss1ble 1nfluence of Ca on 11~-

hydroxylat1on wh1ch 1s separate from 1ts swel11ng effect on 

m1tochondr1a has been speculated (251). 

(b) Mechan1sm of adrenal cortex sterold hydroxylat1on. 

Var10us ~nvestigators have studled the mechan1sm of stero1d 

hydroxylat1ons (252, 192 , 253, 31, 254, 255, 48). 

The react10n apparently proceeds by electrophl11c 

attack whereby the 1ncom1ng hydroxyl group replaces the 

hydrogen at the position to be hydroxylated with retention 

of conflguration (256). According to MASON (257), steroid 

hydroxylation (mixed-function ox1dations) reactions have the 

following stoichiometry • 
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where A stands for a pr1mary, secondary, or tert1ary carbon of 

the stero1d molecule. The val1d1ty of the sto1ch1ometry for 

th1s equat10n was establ1shed by C06PER et al. (258), who 

showed that the rat10 of NADPH ox1d1zed to 17,21-d1hydroxy-

progesterone formed to O2 reduced 1s 1ndeed 1.1.1 as pred1cted 

by the above equat1on. 

Incorporat1on of one atom of 1802 1nto the stero1d 

molecule has been demonstrated for adrenal 11~-hydroxylat1ons 

(218, 259). For adrenal 21-hydroxylat1ons (258) and 1~

hydroxylat1ons (260) 1t has been shown that one mole of NADPH 

and one mole of 02 are ut111zed for each mole of hydroxylat1on 

product formed 1n accordance to the above equat1on. Although 

the fate of the second oxygen atom cannot bed1rectly 

determ1ned, 1t 1s most 11kely that 1t 1s reduced to water by 

NADPH (184). 

(1) Electron transpo~t system of m1xed-funct1on ox1dase. 

Stemmed from the works of RYAN and ENGEL (183), GARFINKLE (261), 

KLINGENBERG (262), ESTABROOK and co-workers (263), OMURA and 

SATO (264) 1solated a cytochrome-11ke substance from 11ver 

m1crosomes and called 1t P450 because of 1ts strong absorpt1on 

at 450 mp 1n the CO-complex forme tater, OMURA et al. (134) 

and HARDING et al. (265) 1solated a s1m1lar substance 1n beef 
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and rat m1toohondr1a neoessary ~Qr th~ 1~-hydroxylat1on o~ 

DOC. More reoently, OMURA and o9llaboratQrs (134) and 

NAKAMURA an~ OTSUKA (266) had 1solated ~rom bée~,·rat and 

poro1nem1toohondr1a three prote1n ~raot1onsl a non-heme 

1ron-prote1n (NaIP), oalled adrenodox1n (205), a NADPH

speo1f10 ~lavoprote1n dehydrogenase (Fp ) and a oytoohrome

prote1n CO-oomplex oalled P450' These three ~raot1ons, 

upon reoomb1nat1on, support the 1~-hydroxylat1on of DOC to 

oort1oosterone (134, 267). From suoh stud1es, they have 

evolved the soheme of eleotron flow or1g1nat1ng as a result 

of the ox1dat1on of 1ntram1toohondr1al NADPH and the passage 

of eleotrons from one oomponent to the next through the 

term1nal oytoohrome P
450

• Aooord1ng to SIMPSON et al. (268), 

P450 1s. (1) respons1ble (269) ~or oxygen aot1vat1on 1n 

stero1d m1xed-funot1on ox1dases, of both m1toohondr1al and 

m1orosomal level, (2) the s1te of substrate b1nd1ng 1n these 

enzyme systems. P450' the enzyme for the m1xed-funot1on 

ox1dases, aots, 1n oonjunot1on w1th moleoular oxygen and 

other enzymes, in d1reoting the stereospeo1fio transfer of 

hydroxyl ions at the 1~- and other posit1ons o~ the stero1d 

moleoule (270). The reaot1ons 1nvolved oould be represented 

by the following soheme (271) in F1gure 3, where arrows 

ind10ate the direot1on of eleotron flow. The central role 

of oytoohrome P450 in the hydroxylat1on of these substrates, 
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Fig. 3. Scheme of electron transport in microsomal 
and mitochondrial mixed-function oxidases of bovine 
adrenal cort ex (271) • 
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with particular emphasis on the cellular distribution of 

this pigment, has pointed to the effectiveness of compart

mentalization of these.reactions. However, the intimate 

details of how cytochrome P450 activates oxygen and interacts 

with steroid substrates remain unresolved (272). 

(ii) Suppl y of reducing equ+valent in mitochondria. 

In contrast to other types of mitochondria from mammalian 

tissues, mitochondria from adrenal cortex possess two 

distinct types of electron transport (respiratory) chains. 

one type similar to the respiratory chain observed in liver, 

heart, kidney or muscle mitochondria, the second type of 

electron transport chain is functional (134, 169) in transfer 

of reducing equivalent from NADPH to cytochrome P450 for the 

1~- and 18-hydroxylation of DOC. 

As first suggested by HARDING et al. (134), the energy 

generated during a Krebs TCA cycle intermediate oxidation by 

the conventional type of respiratory chain may be utilized by 

the energy-linked pyridine nucleotide transhydrogenase to aid 

in maintenance of a high level of NADPH for the operation of 

the hydroxylation pathway. Recently, SIMPSON et al. (272) 

have proposed the scheme of metabolic pathways in bovine 
... 

adrenal cortex shown in Figure 4. In this schema, it can be 

seen that the only link between the respiratory chain and 
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the hydroxylatlon pathway (1. e., the cytochrome P450 chaln) 

1s through the transhydrogenatlon between NAD and NADP, 1. e. , 

connected by energy-llnked pyrldlne nucleotlde transhydrogenase 

(ELTH) (SWEAT et al. (194), OLDHAM et al. (242 j, and PURVIS 

et al. (273». This seems to be supported by the hlgh actlvlty 

of pyrldlne transhydrogenasc detected by HARDING et al. (228) 

in rat adrenal mltochondria. The transhydrogenase activlty 

provldes a mechanism which permits the hydroxylatlng enzymes 

to compete favourably with the respiratory enzymes for reduclng 

equivalents (274). Malate is oxidized to pyruvate ln the 

bovine and rat adrenal gland mltochondr1a with the concurrent 

formation of 1ntram1tochondrial NADPH necessary for sterold 

11~-hydroxylat1on. PERON et al. (275) descr1bed a possible 

"malate shuttleM mechanism by which the cytoplasm1c malic 

enzyme could act in vivo to produce malate from pyruvate, 

bicarbonate and extramitochondrial NADPH. This malate would 

enter the m1tochondria to generate the 1ntram1tochondrial 

NADPH • 
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E. Conclusions 

From the information based on the study of cell 

fractions and the previously presented views of adrenal 

corticosteroidogenesis, the scheme shown in Figure 5, 

partially adapted from LONG and JO~~, 1969 (12), for the 

biochemical pathways in the synthesls of' adrer1B.l sterolds 

can be drawn (FAWCETT et al. (12». 
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The several steps in the blosynthesls of cholesterol 

from acetate involve enzymes that are elther in the membranes 

of the smooth reticulum (microsomes) or ln the surrounding 

cytoplasmic matrix (supernatant). The choleste~ol formed 

probably moves to mitochondria for cleavage of the side-chain 

in a series of hydroxylation reactlons. The resulting 

pregnenolone is acted upon by enzymes whlch also reside in 

the reticulum or in the matrix, leadlng to the formation of 

progesterone. Continuing along the path to adrenal steroids 

involves the action of successive hydroxylases of which the 

first (21-hydroxylase) is the retlculum (RYAN et al. (183» 

and the others are mitochondrial (12). 

However, much still remains to be learnt about how 

substrates move from one organelle to another, for the 

successive steps in steroid synthesls, and how this traffic 

is controlled • 



• 
42 

Fig. 5. Schema tic of the biochemical pathways in 
the synthesis of adrenal steroids. Mitochondria or 
smooth endoplasmic reticulum are depicted to indicate 
the probable sites of the enzymes involved in the 
various steps (11). 
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ALDOSTERO .. E 

Fig. 5. Schematic of the biochernical pathways in 
the synthesi s of adrenal steroids. Mi tochonclria or 
smooth endoplasmic reticulum are depicted to indicate 
the probable sites of the enzymes involved in the 
various steps (12.). 
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1. Buffer solution 

CRAPTER III 

MATEBIALS AND REAGENTS 

(a) Krebs-Binger bicarbonate g1ucose (KBBG) solution 

of pH 7.4 (consisting of 118.5 mM NaCl, 4.7 mM KCl, 1.2 mM 

KH2P04 , 1.2 mM MgS04.7H20, 24.8 mM NaHCo3 , 2.5 mM CaC12 , 

11.1 mM glucose in distilled water) was the buffer medium 

used for aIl the incubations in this Thesis. The buffer was 

freshly prepared from the mother solutions (38), and gased 

with 95% 02 - 5% CO2 before use. 

(b) Phosphate buffer of pH 7.6 (consisting of 10.1 mM 

KH2P0
4

, 56.9 mM Na2HP04 ) was used as the medium for the 

enzymatic reduction of the 20-ketone group of progesterone 

or 11~hydroxyprogesterone. 

2. Cofactors and enzymes 

The following were purchased from Sigma Chemical 

Company. 

NADP (nicotinamide adenine dinucleotide phosphate monosodium 

salt) , 

~NADH (beta-nicotinamide adenine dinucleotide, reduced form), 

G-6-P (glucose-6-phosphate disodium salt), 

G-6-P-D (glucose-6-phosphate dehydrogenase, type V), 
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2~hydroxysteroid dehydrogenase, type II. 

3. Non-radioactive A4-3-ketosterolds 

These were obtalned from Steroids Inc. or Merck in 

crystalline forms. They were used mostly as internaI 

standards and sometlmes for the dilution of the respective 

radioactive steroids usedas precursors in incubations. 

Known amounts of steroids were weighed in a Micro 

Gram-atic Balance (made by E. Mettler, Zurich), dissolved 

in distilled ethanol and stored ln stoppered flasks at 4°C. 

The purity of a steroid was cheekéd by testing 60 pg. of 

the compound in an appropriate thin-Ia.yer chromatography 

(TLC) system. When no ultraviolet light (250 mp) absorbing 

impurities were visualized, the compound was used Without 

further purification. 

The TLC systems (Table 1) for this purpose werel 

TLC - 1 for aldosterone, corticosterone, l~-hYdroXy

progesterone and l1-deoxycorticosterone; TLC - 6 for 

progesterone; TLC - 2 for aldosterone-18,21-dlacetate, 

corticosterone-21-monoacetate and ll-deoxycorticosterbne-

21-monoacetate. 

4. Radioactive steroids (New England Nuclear Corp.) 

Whenever possible, 14C-Iabeled sterolds were used as 

precursors in incubations, and 3H-labeled steroids as tracers 



for the correction of losses incurred during the 

purification processesl 

The labeled steroids Conly free forma were used) 
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were purified mainly by TLC described,above and paper 

chromatography(PC), (elg., toluene propylene glycol-methanol 

system for aldosterone), aided by radioautography and 

radiochromatogram scanning for the recognition of puritYI 

The specifie activities of the labeled steroids 

obtained from the suppliers are as followsl 

3' 1,2- H-steroids 

14 4- C-steroids 

10 curies/mM (11-deoxycorticosterone), 

20 - 30 curies/mM (aldosterone, cortico

sterone), 

25 - 40 curies/mM (progesterone), 

20 - 30 mc/mM (ll-deoxycorticosterone), 

30 - 50 mc/mM (aldosterone, cortico

sterone, progesterone). 

Radioactive precursors when diluted was with known 

amounts of the non-radioactive steroids to a suitable 

specifie activity. The final specifie activities were 

determined before use. 
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5. Radioactive acetic anhydride (New England Nuclear Corp.) 

Acetic-3H anhydride, specifie activity 50 mc/mole, 

was used undiluted (in 12% benzene solution). Acetic-14C 

anhydride, specifie activity 10 mc/mole, was usually diluted 

about 10 times with non-radioactive acetic anhydride. 
5 

Anhydrous benzene was then added to give a final concen-

tration of 10% acetic anhydride in dry benzene (v/v). 

Radioactive acetic anhydride vial was securely 

stored in brown, tightly waterproof bottles containing 
o desiecant at -20 C. 

6. Reagents for extraction, chromatography and chemical 

reactions 

Unless otherwise stated, the following solvents 

(reagent grade) were redistilled in an aIl-glass apparatus 

fitted with a fractionation column of Vigreux type. Certain 

solvents which required special treatment are described 

below. 

Ethyl acetate was washed once with 1/10 volume of 

distilled water to neutrality, dehydrated with anhydrous 

sodium sulfate, filtered, redistilled and collected over 

anhydrous sodium sulfate on filter paper in a funnel. 

Toluene for chromatography was washed once with 1/10 

volume of reagent grade H2S04, once with 1/10 volume of 10% 
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Na2CO and f1nally with 1/10 volume of distilled water to 
3 

neutrality. It was then dehydrated with anhydrous sodium 

sulfate, filtered and redistilled. 
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Acetic anhydride (non-radioactive), benzene, pyridine 

and acetic acid were distilled according to KLlMAN and 

PETERSON (78), and stored at 50 C. in a vacuum desiccator 

over a layer of calcium chloride. 

7. Scintillation fluid for counting 

Four grams of 2,5-diphenyloxazole and 0.1 gm. of 

1,4-bis-2(5-phenyloxazole)benzene (Packard Instrument Co., 

La Grange, Ill., U. S. A.) were dissolved in 1 litre of 

redistilled toluene. 

8. PORTER-SILBER reagent 

This consists of the following four parts. 

(a) Diluted sulfuric acid - 62% (19 ml. redistilled H20'31 ml. 

concentrated H2S04 ), 

(b) Phenylhydrazine HCl, recrystallized from ethanol 4 times, 

(c) Phenylhydrazine-sulfuric ac1d solution (16 mg. of reagent 

(b) plus 10 ml. of reagent (a» prepared each day 

immed1ately before use, 

(d) Ethanol, redistilled 3 t1mes. 

9. Iso-nicot1nic ac1d hydrazide reagent 

This cons1sts of the follow1ng four parts • 



(a) Absolute aldehyde free, 3 t1mes d1st11led methanol, 

(b) Ison1cot1n1c ae1d hydraz1de reagent (Taylor Chem1eal 

Co. ), 

(c) Ac1d alcohol (0.625 ml. conc. HCI 1n l 11tre of 

absolute ethanol). 
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500 mg. of 1son1cot1n1c ac1d hydraz1de 1s d1ssolved 

1n 1 11tre of ac1d ethanol. The reagent appears to be 

stable for a few weeks when kept 1n fr1g1daire. 

10. Per10d1c ac1d reagent 

2.28 gm. of per1od1c ac1d 1s d1ssolved 1n 98 ml. 

d1st11led water and 2 ml. d1st11led pyr1d1ne followed 

by thorough shak1ng. The conta1ner 1s weIl stoppered, 

wrapped 1n t1n fo11 and kept 1n the cold room. 

11. Chrom1um tr1ox1de ox1dat10n reagent 

Th1s reagent 1s made up of 0.5% chrom1um tr1ox1de 1n 

95.% acet1c ac1d. 

To a 10 ml. volumetr1c flask f1tted w1th a glass 

stopper, 0.5 ml. d1st11led water was added. 100.% 

re-d1st11led acet1c ae1d (78) was added, 1n small port10ns 

w1th st1rr1ng, to 0.5 gm. Cr03 and transferred by a Pasteur 

pipette to the volumetrie flask, unt11 aIl the ox1de has 

been d1ssolved and quant1tat1vely transferred to the flask. 

The f1nal volume of 10 ml. 1s made up w1th the acet1c aC1d, 
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including the rinsing of the pipette. The flask is wrapped 

in tin foil and weIl stoppered after thorough shaking. It 

is kept in a frigidaire. The reagent prepared in this way 

can be stored for a few months. 

12. Glassware and vials 

AlI glassware was thoroughly cleaned by the folloWing 

procedure. Glassware after use(or new ones) was rinsed with 

water, and then cleaned with the detergent and water before 

being put into the chrom1c ac1d (concentrated) clean1ng 

solut1on for 12 hours. Finally, they were r1nsed thoroughly 

with tap water, and s1x times with dist11led water before 

the final dry1ng in the oven. 

Quickfit Corning glass corked tubes model MF 24/0/4 

with a conical tip, capacity 7 ml., were used for mlGrg~acetyla

tion of steroids when minute amounts of labeledacetic 

anhydride (0.03 ml.) were used. Separatory funnels (60 ml. 

capacity) fitted with Teflon tap (Fisher No. 10-437-10) 

were used for the extraction of steroids. Vacuum extractors 

(Scieitific Glass Blowing, Montreal) of about 6 ml. capacity 

and having sintered glass filters were used for elution from 

thin-layer chromatoplates • 
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(A) General 

CHAP.rEB IV 

METROns 

For the separation, p~~ication and identification 

of the steroids, thin-layer and paper chromatographies were 

mostly used, either alone or in conjunction with different 

treatments wh1ch mod1~y the steroid molecules chemically. 

1. CHROMATOGRAPHY 

1. Chromatography Systems (Tables l - III and Figure 7) 

Both thin-layer and paper chromatographie systems 

have been used ~or the separation and puri~ication and 

ident1~ication of steroids in this Thesis, although th1n

layer chromatography liaS most onen used. 

(a) Thin-layer chromatography (TLC). 

(1) Procedure and systems used. Glass plates 

(20 x 20 cm.) were coated ~th Merck sil1ca gel G, 0.5 mm. 

th1ck, contain1ng 1% of lamp phosphor (Sylvan1a Electric 

Products Inc.) to ~ac1li tate the detect10n of' the ClC, ft -

unsaturated stero1ds under ultraviolet (U.V.) light (250 mu 

M1neral1ght UVS. 11 San Gabriel, Calif., U.S.A.). The plates 

were dr1ed overnight and activated by heat1ng ~or 30 m1nutes 

under an 1nfrared lamp be~ore use. The applicat10n I1ne was 
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2 cm. above the edge of the glass plates. The TLC systems 

.require no equilibration time, but in order to have 

reproducible running rates of the different steroids, it was 

found to be necessary to line the walls of the chromatography 

tank with chromatography paper (Whatman No. 2, 23 x 24 x 12 cm.) 

saturated with the solvent system. Plates were developed at 

room temperature (210 C.) by ascending chromatography until 

the solvent front was 17 cm. from the origine The time of 

development varied from 45 to 90 minutes, depending on the 

system used. A list of the TLC systems used is given in 

Table 1. The different systems will be referred to by the 

Arabie numbers assigned to each system. 

(ii) Detection of steroids on thin-layer chromatograms, 

(1) Ultraviolet light absorption. The radioactive oe:, j8 -

unsaturated steroids isolated on thin-layer chromatograms 

were visualized in the dark as U.V. absorbing spots (Mineral

ight UVS.ll). The localization was facilitated by the 

addition of 10 - 20 pg. of rhe respective non-radioactive 

internaI pilots whenever po.ssi ble or necessary. 

(2) Radioautography. The radioactive (C14 ) products on 

thin-layer plates were located with x-ray films (Cronex 2DC 

medical x-ray film, DU Point). The plate was marked with 

a C14 marker (e.g., highly radioactive C14_progesterone) to 

ascertain the actual position of the film on it. The plate 
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was placed 1n a 11ght-t1ght x-ray cassette (Halsey R1g1d~orm 

Cassette, 8 x 10", Brooklyn, N.Y., U.S.A.) ~or a length o~ 

t1me depend1ng on the quant1ty o~ rad1oact1v1ty app11ed, but 

not less than 24 hours. The ~11m was then developed by 

standard x-ray ~ilm developing techniques in an automatic 

processing mach1ne (Kodak) in the X-Ray Department, Montreal 

Ch11dren's Hosp1tal. The ~11m was not sens1t1ve enough to 

detect the 3H~labeled compounds used 1n this Thes1s. 

(i11) Elut10n ~rom thin-layer chromatogram. S1lica 

gel on areas conta1n1ng the stero1ds were extracted ~rom the 

plate with a vacuum extractor (Sc1ent1~1c Glass Blow1ng, 

Montreal) hav1ng a s1ntered glass ~1Iter. The stero1ds were 

eluted from the s111ca gel w1th 3 x 2 ml. ethyl acetate

ethanol (3.2, v/v). The eluate was evaporated under a stream 

o~ dry a1r at 40oC •• In most 1nstances the losses could be 

corrected by the add1t1on o~ a rad10active stero1d tracer 

pr10r to the process1ng of the extract. 

(b) Paper Chromatography (PC) 

(1) Procedure and systems used. The type of Whatman 

~11ter paper used depended on the system to be used. For 

systems requ1r1ng 1mpregnat1on, e.g., the toluene propylene 

glycol (T.P.G.) system, ~1atman No. 1 was used. ~or systems 

not requ1r1ng 1mpregnat1on,e.g., Bush A system, Whatman No. 2 

paper was used. The paper was used unwashed after pr10r 
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scannlng under ultraviolet llght (250 mp) to check lr lt 

was rree or u.v. absorbing or rluorescent lmpurltles. Th~ 

paper was cut into strips 45 cm. long, and the wldth was 

dependent on the number or spots to be applled on the paper. 

However, gener.ally 2 cm. wldth was allowed ror each spot cut 

out to prevent mixing or the spots when the solvent rront 

descended. The common head was 12 cm. long and the 11ne or 

appllcatlon was 1 cm. rrom the common head. A llst or paper 

chromatographie systems used is gl ven ln Table II. 

(11) Detection or sterolds on paper chromatograms. 

(1) Ultravlolet light absorptlon. The radl oact 1 ve oc., ~ -: 
.,", 

" 

unsaturated steroids lsolated on paper chromatograms were 

vlsuallzed on a U.V. rilter (18" x 6!",(ICS) D. 631-512 9863 

OI). The localizatlon was racllltated by the addltlon of 

10 - 20 pg. or the respectlve non-radloactlve lnternal pllots 

whenever posslble or necessary. 

(2) Radlochromatogram scannlng. Radloactlvlty on paper 

strlps was scanned with a radlochromatogram scanner (Packard 

Model 7200). The sensitivlty was adjusted according to the 

expected amount or radioactlv1tyln the compounds studled. 

The speed was usually set at 0.5 to 1 cm./mln. 

(ill) Elution rrom paper chromatogram. Areas on the 

strlps contalnlng the sterolds were cut out, rolded ln zlg

zag form wlth rorceps and placed in large tubes that can be 
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stoppered t1ghtly. Suff1c1ent eth yI acetate-ethanol ().2,v/v) 

was added to 1mmerse the paper cutt1ngs completely for )0 

m1nutes w1th.the tubes stoppered. The tubes were then 

shaken v1gorously for about 2 m1nutes. The paper was taken 

up by clean forceps to the mouth of the tubes and allowed to 

stand for about 10 m1nutes dur1ng wh1ch the r1ns1ngs of the 

stoppers and the forceps would have dra1ned 1nto the tubes. 

Drops of the ethyl acetate-ethanol ()12,v/v) solut10n were 

added by means of Pasteup p1pette along the top edge of the 

z1g-zag paper unt11 10 ml. of the solut1on had been added. 

The paper was allowed to dra1n off aIl the solution added to 

1t. After remov1ng the paper (wh1ch could tnen be d1scarded) 

and r1ns1ng the mouth of' the tubes w1th a few drops of the 

ethyl acetate-ethanol ()12, v/v), the tubes were dr1ed under 

a stream of dry a1r at 400c .• 

2. Chemical Mod1f1cat10ns 

(a) Acetylat10n of ster01d co~pounds 

(1) W1th rad10act1ve acet1c anhydride. The procedure 

descr1bed by STACHENKO et al. (95) was followed. Stero1ds 

were concentrated at the tip of an acetylat10n tube, wh1ch 

was allowed to get ~horoughly dry at least 4 hours 1n a 

vacuum des1ccator. The p1pettes, flamed for about )0 seconds 

1mmed1ately before use, were f1tted 1n an "ultra-m1cro p1pet

f111er". 0.025 ml. of d1st111ed pyr1d1ne and 0.03 ml. of 

acet1c-3H anhydr1de were added to the tube, wh1ch was 
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stoppered lmmedlately, and gently shaken to .. allow 

complete mlxlng of materlals at the tlp. The mlxture was 
o 

lncubated overnlght at 50C. ln a constant temperature Drl-

thermolyne bath (Dubuque, U.S.A.) ln the dark. 

The extractlon was carrled out accordlng to the method 

of KLlMAN and PETERSON (78). 

(11) Wlth non-radloactive acetlc anhydrlde ("macro"-

acetylatlon)(76). 0.30 ml. of dlstllled pyrldlne and 0.15 ml. 

of acetlc anhydrlde were used. After standlng overnlght at 

room temperature ln the dark, the acetylatlon was stopped wlth 

1 ml. of dlstllled ethanol and the excess reagent was drled 

under a stream of alr. Should the drled tube stll1 exhlblted 

the pyridlne odor, another 1 ml. of ethenol was added and the 

tube.dr1ed as before. The acetylated extract was applled to 

either paper or thin-layer chromatography dlrectly from the 

acetylation tube. 

(b) Ox1datlon of the 11~-hydroxyl group of the stero1d 

molecule 

Oxidat1on of the 11,a-hydroxyl group of the sterold 21-

acetates or the 21-methyl sterold to the 11-keto group was 

carried out accord1ng to the method descr1bed by KLlMAN and 

PETERSON (78). 

(c) Reduct10n of progesterone and l~-hydroxyprogesterone 
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wlth 20~hydroxysterold dehydrogenase (Slgma) 

Because o~ the lack o~ hydroxyl groups whlch may be 

readl1y acetylated wlth acetic anhydrlde on the progesterone 

or 11~hydroxyprogesterone molecule, the two sterolds were 

~lrst reduced enzymatlcally to the 20~hydroxyl derlvatlves 

be~ore acetylatlon. 

The eluates o~ the spots correspondlng to progesterone 

or 11~hydroxyprogesterone were lncubated ln a test tube with 

0.1 mg. o~ 20~-hydroxysterold dehydrogenase and 0.2 mg. (0.256 

pmoles) o~ ~NADH (excess lf necessary) in 1 ml. phosphate 

bu~fer pH 7.4 (Chapter III, l).overnlght at room temperature, 

keeplng the tubes tlghtly stoppered and in the dark. 

The reductlon product was quantitatlvely transferred to 

a separatory funnel (60 ml. capaclty) wlth 1.5 ml. dlstl11ed 

water and extracted wlth 2 x 6 ml. dlchloromethane. The 

dlchloromethane extract was concentrated at the tip o~ a 15 ml. 

centrl~uge tube to facilitate chromatographie appllcation. 

(d) Perlodic acid oxldation 

Etlo1actones of 18-hydroxylated steroids were formed 

by the method descrlbed by TAIT et al. (34). 

Equal volumes of 0.5 ml. dlstllled methanol and ~ 

0.5 ml. of perlodic acld (HI04) were added to the 18-hydroxy

lated sterold samples. After weIl mlxlng, they were placed 
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in the dark for 18 hours. At the end of the oxidatlon 

perlod, 1 ml. of dlstl11ed water was added to each tube 

before proceedlng to the extractlon of the oxldation mlxture 

wlth dlchloromethane. The method of extractlon ls ldentical 

to that descrlbed for chromlum trloxlde (see (b) above). 

The standard etlo1actone of aldosterone ~300 ug.) were obtalned 

by uslng 1 ml. of methanol and 1 ml. of periodlc acld for the 

oxldation. 

After the extraction of the oxldlzed samples, TLC - 2 

was applled. In thls system, the etlo1actone of aldosterone 

had an Rf = 0.26, etlo1actone of 18-hydroxycortlcosterone 

gave an Rf = 0.09, and etlo1actone of 18-hydroxy,11-deoxy

cortlcosterone had an Rf = 0.35. 

3. Quantlflcatlon of the Sterolds 

(a) Ultravlo1et Llght determlnatlon 

Sterolds wlthd,fo- unsaturated grouplng maxlmally 

absorb U.V. 11ght at 238 - 240 mp. The method of U.V. 

determlnatlon of the sterolds follows that descrlbed by 

ELLIOT et al. (64). 

S111ca cuvettes and Unlcam Spectrophotometer Model 

SP 500 wlth hydrogen lamp settlng were used. The samples 

were read ln cuvettes contalnlng 1 ml. Methanol (3 tlmes 

dlstl11ed) at 225, 240 and 255 mp, agalnst paper or thln-layer 
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silica gel blank. Two sets of standards, say of progesterone, 

of 2, 5 and 10 ug. were read similarly, one set before and 

one set after the reading of the actual samples, to check 

the agreement of the precision of the machine. 

After applying the ALLEN Correction Factor (216) to 

the readings, the actual quantities of the steroids in the 

sampI es were read off from the standard curve. 

(b) Iso-nicotinic acid hydrazide (INE) reaction (65, 65a) 

The reaction quantitativsly determines the A4_3_ 

ketosteroids on the basis of the rapid formation of their 

hydrazones from INH in acidified alcohol. A yellow colour 

having an absorption maximum at 380 m}1. 

Two sets of sta~dards,structurally most s1m1lar to 

the steroid studied, of 2, 5 and 10 ug. were prepared and 

dried in tubes fitted with glass stoppers. To these tubes, 

the dry samples of steroids and the blank eluates were 

added 0.8 ml. of INa reagent (Chapter III, 9) and the tubes 

were shaken. After 1 hour of standing in stoppered tubes, 

the samples were read at 350, 380 and 410 mp. in a Unicam 

Spectrophotometer Model SP 500. The readings of the 

standards were against the reagent blank while the samples 

were read against the blank eluate. 

After applYing the ALLEN Correction Factor (216) to 
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the readings, the actual quantities of the A4-3-ketosteroidS 

in the samples were determined from the standard curve of 

cortisol. 

(c) PORTER-SILBER reaction 

The PORTER-SILBER reaction (75) was followed to 

detect and measure the dihydroxyacetone side-chain of 

steroids (cortisol, as in the determination of the specifie 

actiVity of a batch of labeled acetic anhydride). The 

reaction is also given by 18-hydroxy,11-deoxycorticosterone. 

To the dry steroid residue and the dry eluate of paper 

or thin-layer chromatography blank was added 0.3 ml. ethanol. 

They were weIl mixed. ~en 0.45 ml. of phenylhydrazine

sulfuric acid solution was added to each tube followed by 

a thorough mixing. The tubes, tightly stoppered, were kept 

at room temperature overnight in the dark. The procedures 

were also applied to the two sets of cortisol standards of 

2, 4 and 8 ug. 

On the following day, the' reaction mixtures ,:were 

read in a Unicam Spectrophotometer Model SP 500 at 370, 410 

and 450 m~ set with the tungsten lamp against the reagent 

and eluate blanks. Quartz cuvettes were used. If the 

reaction mixtures gave too high readings, they could be 

diluted with the reagent blank (prepared in excess) and 

proceed with the readings. 



60 

After applying the ALLEN Correction Factor (276) 

to the readings, the actual quantities of the steroids in 

the samples were read against the cortisol standard curve. 

(d) Determination of specifie activity of 3H_ or 14C-Iabeled 

acetic anhydride 

The determination of the specifie activity of the 

commercial 3H_ or 14C-Iabeled acetic anhydride used in these 

experiments have been described by STACHENKO et al. (95). 

Generally, the specifie activity of 3H~acetic anhydride used 

was 50 uc/pmole and that of the 14C-acetic anhydride was 

10 pe/pmole. 

(e) Estimation of radioactivity in samples 

Aliquots of the steroid eluate after chromatography 

were transferred into 20 ml. glass vials (Packard, Cat. No. 

6001015), dried under a stream of air under infrared light 

at about 500 C •• Fifteen millilitres of scintillation 

mixture (Chapter III, 7) was introduced into the vials. 

Sinee most of the samples contained 3H and 14c, simultaneous 
4 ' counting (78) of 3H and 1 C was done in a Paekard Tricarb 

Scintillation Spectrophotometer, Model 4322, at a single 

voltage (1580 volts), using the discriminator ratio method 

of OKITA (278). Each sample was counted for sufficient 

time (20 minutes) so that a standard error of the mean of. 

less than 2% was achieved in both channels. Efficiencies 
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for 14c and J H under dual label conditions were genezally 

about 55 and 22% respectively. Standards of 3H and 14C 

toluene (Packard Co.) were also counted along with each batch 

of assay in order to evaluate such efficiencies as weIl as to 

permit the calculations in d.p.m. 

No quenchlng correction was necessary since the 

external standardization showed no quenching in the samples 

relative to the pure standards. Background counts were not 

more than 12 c.p.m. in the 3H channel and 14 c.p.m. in the 

14c channel. The temperature of the counter was at 4 - 50 C •• 

Under the counting settings employed, 3H counts 

appearlng in the 14C channel were about 0.1-0.2%, 14C counts 

entering (8spiI18 ) the 3H channel was up to approximately 

9 - 11% of those in the 14C channel, and were corrected for 

by countlng a pure 14C standard with each batch of assays. 

(f) Proteln determination' 

In_some of the experiments, estimation of the total 

proteln ln the prelncubatlon media or homogenates was made 

by the Micro KJELDAHL method (277). This was carried out in 

Drs. N. DBUHMOND and R. SCRlVER's laboratories, Montreal 

Children's Hospltal. 

Preparations The digestion solution was made up of 

10 gm. selenium oXide, and 10 gm. copper sulfate dissolved in 

a mixture of 150 ml. concentrated sulfuric acid (36N) and 
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250 ml. phosphoric acid. 

Boric acid solution consisted of 40 gm. of borie aCid, 

200 ml. absolute ethanol, 10 ml. mixed indicator (0.066 gm. 

methyl red and 0.03 gm. bromocresol green dissolved in 100 ml. 

of 95% ethanol) made up to l litre with distilled water. 

Aliquots of homogenates or the preincubation media 

were introduced into a Micro KJELDABL digestor, set at 

maximum heating capacity, for 3 hours to convert the nitro

genous compounds to ammonium sulfate. The same digestion 

process was applied to the urea standards (range from 35 to 

280 pg. nitrogen per ml.). 

The content of the KJELDAHL flask was washed quallti

tatively with 3 x 1 ml. distilled water into the centre weIl 

of the Labanco Micro KJELDAHL di~tillation apparatus, to 

which 8 ml. of saturated sodium hydroxide solution were also 

added to create an alkaline condition necessary for the release 

of ammonia from the ammonium sulfate. During the distillation, 

the ammonia was trapped in a beaker containing 20 ml. (exact 

volume not essential) of boric acid solution. Distillation 

of ammonia was discontinued when the beaker contained 40 ml. 

of borie acid-distillate mixture. This should also be the 

moment when the intensity of the blue colour in the mixture 

was maximum.. 



The ammonia trapped in the boric acid solution was 

then titrated with 7N/l000 sulfuric aCid, to an end point 

identical to the light green colour of a blank which consisted 

of 20 ml. boric acid diluted to 40 ml. with distilled water. 

The total protein content wes taken as 6.25 times that 

of the total nitrogen values. 

(B) Experimental 

1. General Preincubation Procedure 
(a) Preparation of' tissues 

Male hooded rats (Long-Evans strain), weighlng 180 ± 

20 gm., were anaesthetized with Nembutal (sodium pento

barbital) at a dose of 7 mg./l00 gm. body weight, given 

intraperltoneally in the animal room. Dorsal bilateral 

adrenalectomy wes performed. The excised glands were quickly 

trimmed free of surroundlng fat on a crushed-ice surrounded 

Petri-dish, with caution of not damaging the glands. When 

the separation of the zones of the glands (i.e., the zona 

glomerulosa and the zona fasciculata-reticularis) wes desired, 

the glands were carefully incised at the capsules and gently 

stroked horizontally to remove the internaI zona fasclculata

reticularis (5). The capsules would contain the zona glomeru

losa. The tissues were placed in 0.9% ice cold saline not 

more than two hours before use. 
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(b) Preincubation of the adrenal tissues (27) 

The whole, quartered or zonated ratadrenal glands 

used for incubation or for preparation of a homogenate were, 

always subjected to a preincubation period (unless otherwise 

stated)(27). The whole, quartered, or zonated glands were 

washed two times with 1 or 2 ml. of cold KRBG, gently blotted 

dry with filter paper to remove excess buffer, and quickly 

weighed on a microtorsion balance. The weighed tissues were 

placed in a beaker containing KRBG (generally 1 ml./15 mg. 

tissues). The preincubation took place in a DUBNOFF 

Metabolic Incubator, shaking at 60 cycles per minute, in 

95% 02 - 5% cO2 atmosphere, for 1 hour at room temperature 

(2, 189). The preincubation media (PIN) were generally 

dl'scarded at the end of the preincubation unless otherwise 

stated. 

(c) Collection of the PIN and pneincubated tissues for 

reincubation with labeled sterold precursor(s) 

At the end of the prelncubation described above, the 

PIN, when required, were kept"and dlluted wlth fresh KRBG 

for the re-incubation, the exact details were given in the 

experimental data of this Thesis. 

The preincubated tissues were transferred to a fresh 

volume of KRBG medium to which labeled steroid precursor(s) 

had been d~ssoived for incubation. 
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(d) Preparation of adrenal ~omogenates 

When a tissue homogenate was required, the adre7.1als, 

whether preincubated or not, were homogenized in an all

glass power-driven homogenizer for 1 minute in either cold 

0.44 M sucrose (38) solution or KRBG (see Experiment II). 

The homogentzation was performed in anice-bucket to minimize 

the alteration of the enzym.1c activity during the process. 

(e) Preparation of sub-cellular particles (the mitochondria) 

(38, 41 - 43) 

When the mitochondrial fraction was desired for studY, 

the homogenates prepared With 0.44 M sucrose were centrifuged 

in a refrigèrated automatic centrifuge (Servall RC 2B) at 

2,500 r.p.m. (750 g) for 10 minutes. The supernatant was 

removed, with no washing of the nuclei, and re-centrifuged 

at 10,500 r.p.m. (13,300 g) for 10 minutes. During the 

centrifugation process and before the incubation, everything 

was kept cold in an ice-bath. 

2. Incubation Conditions 

The PIM, preincubated tissues, homogenates and the 

mitochondrial fractions of the rat adrenals were incubated from 

10 minutes to 2 hours, depending on the experiment, but aIl 

in 95% 02 - 5% CO2 , and generally at 37°C. with the Incubator 

shaking at 60 cycles per minute. The incubation medium was 

KRBG, including in the case of the mitochondrial fractions 
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obtained by centrifugae10n in 0.44 M sucrose. 

3. Extraction of the Incubates 

(A) At the end of the incubation 

(i) Tissue incubation. When only the tissues were 

incubated, the supernatant medium was decanted and the tissues 

were washed with KRBG (1 ml.). This. washing was added to the 

incubate. The enzymatic reaction in the incubates were 

stopped by the addition of 1 volume of acetone or dichloro

methant with a thorough shaking. The tissues were homogen

ized in 3 ml. distilled water in a manner described in 1 (d) 

ab9ve in this section. This homogenate was either added to 

the supernatant (Experiment I) or processed separately (Exper

iment III). 

(ii) Incubation of other kinds of preparations. Wh en 

homogenates, PIM or sub-cellular fractions were incubated, 

the reactions were stopped with acetone or dichloromethane, 

either in the aliquots peridocially removed (Experiment II) 

or in the total media. 

lB) Processing of) incubates for either percent conversions or 

specifie activity determinations of the steroids 

Depending on the biological parameters studied, the 

incubates obtained were processed according to either or 

both of the following approaches. 
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(i) Specific activities determinations. When the 

the exogenous productions from the added precursor as weIl 

as the endogenous prod~ction from the in situ precursor 

was looked for, the incubates o~ the tissue homogenates 

were divided into two aliquots(Experiments l - III). 

Aliquot IIwas processed for obtàining the specific 

acti vi ties of the steroids, 1.' e., after the evaporation of 

the acetone, the aliquot of the media was extracted with 

three volumes of dichloromethane. In the case of the tissue 

homogenates, a partition with petroleum ether (b.p. 30 - 60°C.) 

and 25% ethanol was carried out. The lipid extracts were 

acetylated with a,labeled acetic anhydride (generally the 

tritiated type) of known specific activity (50 mc/mM, Chapter 

III, 5) after extraction of the acetates (7S)and addition of 

non-radioactive ("cold carriers") carriers of the steroid, 

acetates under study (e.g., aldosterone, corticosterone, 

l1-deoxycorticosterone and progesterone). The extract was 

applied on TLŒ (Figure 7'and Table 1), eluted and processed 

as described in the later:.part of this 'section ( page 74 ) 

for individual steroids until the constancy of 14c/3H ratios 

were reached. 

(ii) Percent conversions. When only the percent 

conversion of the steroid produced from the labeled precursor 

added was required, as was generally the case for the 
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subcellular fractlons, PIN, dl1uted homogenate, where the 

endogenous productlon was deemed to be very small and not 

measurable, the lncubates were dlrectly extracted (as 

descrlbed ln the prevlous paragraph) after the addltlon of 

trltlated sterold tracers (e.g., progesterone, aldosterone, 

cortlcosterone and ll-deoxycortlcosterone) of known amounts 

as weIl as the lnternal (i.e. non-radloactlve) sterold carrlers 

for the recovery purposes. Thls applled also to allquot II 

derlved from (1) above. 

The dlchloromethane extracts were then developed on 

TLC as shown ln Flgure 7. The sterold free alcohol were thus 
~ 

processed lndlvldually to constant 14C/3H ratlos through the 

formatlon of thelr acetates and thelr chromlum trloxlde 

oxldatlon products. 

4. Speclal Notes on the Processlng of Incubates 

In the experlments wlth dl1ute medla, PIM or mltochon

drlal fractlons (see Experlments l - V, Chapter V), only the 

percent converslons of the precursors were examlned. Hence, 

the total extract was processed. 

In the experlments with tlssues or concentrated 

homogenates, the speclflc actlvltles as weIl as the percent 

converslons of the precursors and thelr products were analyzed, 

and therefore the lncubates were dlvlded lnto two known allquots. 

In Experlment III, there was not only the processlng of 



the medla, but also the separation of the lncubatlon 

system lnto tlssues and media, for the analyses of both 

percent-converslon values and the speclfl'c acti vltles of 

the sterolds. 

5. Systematlc Processlng of A1iguot land Allguot II of the 

Dlchloromethane Extracts (Figure 7) 

The followlng ls a more detailed descrlptlon of the 

systematlc processlng of the two aliquots. 

(a) Allquot l for percent conversion 

Both the relevant 3H-labeled sterold trac ers 

(aldosterone, ll-deoxycorticosterone, cortlcosterone, and 

progesterone) of known and appropriate radloactlvlty (d.p.m.) 

and the correspondlng non-radioactive ("cold tl
) lnternal 

standards (approxlmately 20 pg. each) were added to a known 

portlon (Allquot 1) of the dichloromethane extract. The 

extracts of aliquot l were quantitatively applled to TLC - 1. 

For lllustratlon, Figure 12 (ii) (Experlment III) is 

a photocopy of the radloautogram showlng the typlcal and 

major radloactive metabolltes, isolated from allquot l, with 

4-C14_progesterone and 4-c14-11-deoxycortlcosterone as 

precursors incubated with whole and quartered rat adrenals, 

under the conditions described in the Experimental of 

Experiment III~ . 
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In order of decreasing polarity, radioactive spots 

running with internaI standards or expected Rf are. 

18-hydroxycorticosterone (18-0H-B), aldosterone, 18-hydroxy, 

ll-deoxycorticosterone (18-0H-DOC), corticosterone, l1B

hydroxYoProgesterone (ll~-OH-P), ll-deoxycorticosterone 

(DOC) and progesterone (Prog.). They were eluted with ethyl 

acetate-ethanol (3a2 v/v), and known aliquots of the samples 

were taken for counting. Further purification and identi

fication of these fractions are given below. 

(i) 18-Hydroxycorticosterone and 18-hYdroxY,11-deoxycor

ticosterone 

~~ese two fractions were measured by U.V. absorption 

directly after TLC - 1. An aliquot was taken for counting 

for each of these compounds and the remaining portions were 

oxidized by periodic acid (34). After the extraction from 

this oxidation with dichloromethane, the dried extract was 

applied to TLC - 2 and the whole lot was eluted for final 

counting to check the agreement with the first aliquot 

counting. If sufficient quantities were available, a portion 

of these eluates were reacted with INH reagent for a check on 

quantification. Lack of available authentic standards prevented 

further purification of these two compounds. 

(ii) Aldosterone fraction 

This fraction was acetylated with non-radioactive acetic 

anhydride for 36 hours to yield aldosterone-18-21-diacetate 

(aldo-diacetate). The acetylated fraction was applied to 
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applied to TLC - 2. In this system, the Rf for aldosterone 

diacetate was 0.34. An aliquot from the aldosterone 

diacetate eluate was taken for counting, the remaining part 

was dried, and oxidized with chromium trioxide. By such 

operations, aldosterone diacetate gave aldosterone-11,18-T

lactone-21-monoacetate (279). The oxidation product was 

chromatographed in TLC - 7. The aldosterone-11,18-7-lactone-

21-monoacetate fraction which had an Rf of 0.14 in this 

system was eluted, an aliquot taken for counting and the 

rest re-applied in TLC - 2, in which 11,18-1r-lactone-21-

monoacetate had an Rf of 0.23. A constant 14C;3H ratio was 

usually attained after these chromatographies. TLC - 14, 

in which the monoacetate of aldosterone wes also applied 

when the 14e;3H ratios were not yet constant, was the last 

TLC system in the schedule for aldosterone fraction and 

gave an Rf of 0.28 for its monoacetate. 

(iii) Corticosterone fraction 

This fraction wes acetylated with non-radioactive 

acetic anhydride. The acetylated product, was re-applied 

to TLC - 2. The acetylated product running with internaI 

pilot corticosterone-acetate (Rf = 0.19 was eluted, an 

aliquot taken for counting, the remaining thoroughly dried, 

The corticosterone-acetate (B-acetate) was oxidixed to 

l1-dehydrocorticosterone-21-acetate (A-acetate) by chromium 
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trioxide. 

The oxidized product (A-acetate) was re-chromatographed 

in TLC - 3. In this system, the Rf for A-acetate was 0.35 

and that of B-acetate was 0.25. The A-acetate fraction in 

TLC - 3 was eluted, with an aliquot taken for counting and 

the rest re-applied in TLC, - 4, the fourth and final system 

for the fraction, which had an Rf 0.23 for the A-acetate. 

After elution, an aliquot was taken for counting. A constant 

14c/3H ratio was generally achieved from the second chrâmat6-

graphy onwards. This constant ratio served as a criterion 

for the identity of the 14C-labeled product with 3H-labeled 

corticosterone tracer. 

(iv) Il-deoxycorticosterone fraction 

This fraction was acetylated with non-radioactive 

acetic anhydride ("macro"-acetylation) to convert it to 

I1-deoxycorticosterone-21-acetate (DOCA). An aliquot was 

taken for counting after its TLC - 1 (DOC Rf = 0.66) 

before the acetylation. The extracted DOCA from the acetyla

tion mixture were applied to TLC - 2 where it showed an Rf 

of 0.46. After elution and aliquot taken for counting, the 

DOCA fraction was then oxidized with chromium trioxide to 

eliminate contaminants, if any, susceptible to chromium 

trioxide oxidation. The dichloromethane extract from the 

oxidation was re-chromatographed in TLC 15 (Rf = 0.40), 
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TLC - 6 (Rf for DOCA = 0.50) and TLC - 5 (Rf for DOCA = 0.34), 

an aliquot being taken for counting after each chromatography, 

until the constancy of 14c;3H ratio was attained. 

(v) Progesterone fraction 

Virtually aIl the 14C-Iabeled materials in this 

fraction were unconverted 4-C14_progesterone which had been 

added as an exogenous steroid precursor. This fraction was 

applied to TLC - 6 (Rf of progesterone = 0.54) and. an aliquot 

of the eluate was taken for counting before the rest was 

enzymatically reduced to its 20~-ol form (see (A) 2 (c) of 

the present Chapter), 20~-ol-pregn-4-en--3-one, the dichloro

methane extract of which was applied to TLC - 6 aga in. Besides 

taking the aliquot of its eluate for counting, it was followed 

by the acetylation (macro-) with non-radioactive acetic 

anhydride, extraction and the addition of 20ft-acetoxy-pregn-

4-en--3-one (20 pg.). TLC - 11 (Rf of this acetate = 0.32) 

followed but preceded the chromium trioxide oxidation. The 

dichloromethane extract of the oxidation mixture was applied 

to TLC - 12 (Rf = 0.28) and TLC - 10 (Rf = 0.27) after taking 

the aliquot for counting from each eluate. The TLC purifica

tion proceeded until constant 14c;3H was reached. 

(vi) 11 -HYdroxyprogesterone fraction 

Due to the unavailability of 3H-Iabeled l~-hydroxy

progesterone, this fraction was analyzed immediately after 
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TLC - 6 (Rf = 0.38), where the l1-dehydrocorticosterone 

were weIl separated from this compound (Figure 9), with 

the correction for losses. However, when the quantity of 

radioactivity of 118-hydroxyprogesterone permitted, further 

TLC and chemical treatments similar to those for progesterone 

described above could be followed. 

The details of a partial characterization of this 

fraction had been published by TSANG et al. (2). 

(b) Aliquot II for specifie activity determinations 

The dichloromethane extract of this aliquot was 

acetylated with 3H-Iabeled acetic anhydride of known 

specifie activity. The method of acetylation involving a 

labeled acetic anhydride C "micro"-acetylation) (section CA) 

3 Cd) of this Chapter) had been previously described. After 

the extraction, 20 pg. of each of the following non-radio~ 

active internal pilots. corticosterone-21-monoacetate (B-acetate), 

aldosterone-18,21-diacetate (aldo-diacetate), and l1-deoxy

corticosterone-21-monoacetate (DOCA) were added to the 

dichloromethane extract, which was quantitatively applied to 

TLC - 2. 

In this system, aldosterone diacetate and l1-dehydro

corticosterone acetate had. an Rf of 0.34, B-acetate and 

11~-OH-P had the same Rf of 0.19 l'1hile DOCA (Rf = 0.46) and 

progesterone (Rf = 0.56) were only partially separated. The 
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further separation and purification of these fractions were 

as follows. 

(i) Aldosterone diacetate fraction. The oxidation of 

aldosterone 18,21-diacetate to aldosterone-ll,18-Y-lactone-21-

monoacetate, and the subsequent chromatography systems followed 

exactly the procedure described in Aliquot l for aldosterone 

diacetate. The aldosterone diacetate was separated from the 

A-acetate in TLC - 2 after the chromium trioxide oxidation. 

A constant 14c/3H ratio was reached in the last two 

chromatographies after the oxidation.by chromium trioxide. 

(ii) Corticosterone acetate and llB-hydroxyProgesterone 

fraction. This eluted fraction was re-chromatographed in 

Bush A for 36 hours. By this operation, the corticosterone 

acetate and 11~-hydnxyprogesterone were weIl separated (Rf 

0.40 and 0.69 respectlvely). 

The eluates of these two fractlons from the scanned 

papergrams were dried and proceeded as that described in 

Aliquot l for corticosterone-acetate fraction, except for 

l1B-hydroxyprogesterone, which, due to experimental accident, 

was not processed as Intended. A constant 14c/3H ratio 

was usually attained after the oxidation by chromium trioxide. 

(lil) I1-deoxycortlcosterone acetate and pro~esterone 

fraction. Slnce these two steroids were not weIl separated 

in TLC - 2(Rf for DOCA = 0.46, progesterone = 0.56), they vere 
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eluted together and run for 4 hours in Bush A s~stem, in 

which DOCA had an Rf of 0.5 and progesterone, 0.76. Each 

fraction was then eluted and treated separately as described 

belowa 

DOCA fraction further purification was the same as 

that for DOCA in Aliquot I. 

Progesterone fraction. It should be emphasized that 

in Aliquot II there had been n2 addition of non-radioactive 

internaI carrier of progesterone. This fraction was enzymat

ically reduced with 20~-hydroxysteroid dehydrogenase to form 

20p-hydroxyprogesterone under conditions described previously 

(see (A) 2 (c) of this Chapter). 

The dichloromethane extract of the reduction product 

was chromatographed in TLC - 2 to remove any unreacted 

progesterone (Rf = 0.56 for progesterone) from 20B-hydroxy

progesterone (Rf = 0.28). The. latter fraction was eluted, 

weIl dried and acetylated with 3H-acetic anhydride. After 

extraction of the acetylated product, 20 ug. of the non

radioactive internaI carrier 20p-acetoxy-pregn-4-en-3-one 

(20~-hydroxyprogesterone acetate) was added and the fraction 

developed two-dimensionally in TLC - 11, in which the 

internaI carrier had an Rf of 0.32. After the elution and 

an aliquot taken for counting, it was dried and oxidized 'by 

chromium trioxide to remove any oxidizable contaminants. 

The extract of the oxidation was ~lied in TLC - 12 (Rf =0.28), 
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followed by elution and an aliquot taken for counting. 

The remaining aliquots were dried and applied in TLC - 10 

(Rf =0.27), eluted and taken an aliquot for counting. The 

final system to be applied was TLC - 13 (Rf c 0.21), when 

necessary, or, the systems after the chromium trioxide to 

be repeated, to achieve the final 14C/3H ratio constancy. 



System 

TLC -1 

TLC -2 

TLC -J 

TLC -4 

TLC -S 

TLC -6 

TLC -7 

TLC -8 

TLC -9 

TLC -10 

TLC -11 

TLC -12 

TLC -lJ 

TLC -14 

TLC -lS 

TLC -16 
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TABLE l 

THIN-LAYER CHROMATOGRAPHY SYSTEMS 

Solvent Composition (v/v) Reference 

DichIoromethane.Methanol.Water (lS0110.1) (280) 

Chloroform 1 Acetone (9.1) 

Dichloromethane 1 But yI Acetate (7IJ) 

" 1 Acetone (911) 

But yI acetate • Cyclohexane (1.1) 

Cyclohexane 1 Ethyl acatate (111) ••••• (281) 

But yI acetate • Cyclohexane (10.1) 

Ethyl acetate • Cyclohexane (S.l) 

" 1 n-Hexane (1.1) 

Iso-oc.tane • Dioxane (17. J) 

n-Hexane • Ethyl acetate (4.1) 

Toluene • Ethyl acetate (9.1) ••••••• (282) 

Methanol. Toluene (l.S. 98.S) 

Acetone.Chloroform. Ethyl acetate (1'9.2) 

Chloroform • But yI acetate (7'J) 

Dioxane • Iso-octane (J'7) 
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System 

Bush A 

Bush ) 

* T. p. G. 

TABLE II 

PAPER CHROMATOGRAPHY SYSTEMS USED 

Mobile 

Skellysolve C 

5 1 

Skellysolve c
Benzene 

667 1 ))) 

Toluene 

Phase Equilibration Running Refer-
Stationary Time T1me ence 

Methanol-water 
12 

4 1 1 

Methanol-water 

1 
800 200 

Propylene -methanol n1l 
glycol 

hrs. hrs. 

4 (28)) 

4-4! (28)) 

varled (79) 
with 
compound 

* Systems of ZAFFARONI type wh1ch requires 1mpregnat1on of the paper (stat1on
ary phase) but no equ1l1brat1on time necessary 

e 

. .,..., 
~ 
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TABLE III 

* Rf VALUES OBTAINED IN DIFFERENT THIN-LAYER CHROMATOGRAPHY 
SYSTEMS FOR THE STEROIDS STUDIED IN THIS THESIS 

Stero1d 

Aldosterone 

.. d1acetate 

.. 21-monoacetate 

" 11-18-l"-lactone-21-
monoacetate 

Cort1costerone 

" acetate 

A-acetate 

ll-deox~-
cort1costerone 

" acetate 

1 

0.16 

0.36 

0.66 

(* room temperature) 

s y s t e m s 

2 3. _______ -4 -5 _ 6 n _ .2 ____ .. t4 15 

0.34 

0.10 

0.23 

0.05 

0.19 

0.24 

0.46 

0.25 0.25 

0.35 0.23 

0.34 

0.25 0.37 

0.14 0.28 

0.12 

0.34 0.27 

0.50 0.40 

ft 

00 
0 
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Sterold 

Progesterone 

2°fo-Hydroxy
progesterone 

" acetate 

l~-Hydroxy
progesterone 

" (reduced) 

If acetate 

l1-keto-OH-P
acetate 

18-Hydroxy
cortlcosterone 

If (HI04 oxld.) 

18-Hydroxy, 11.
deoxycortlco
sterone 

Il (HI04 oxld.) 

TABLE III (Cont'd.) 

* Rf VALUES OBTAINED IN DIFFERENT THIN-LAYER CHROMATOGRAPHY 
SYSTEMS FOR THE STEROIDS STUDIED IN THIS THESIS 

(* room temperature) 

S y s t e m s 

1 2 6 8 9 -_:-- 10 11 fT 1 '3 16 

0.8 0.56 0.54 

0.28 

0.54 

0.58 0.20 

0.47 

0.06 

0.09 

0.33 

0.35 

0.38 

0.63 0.22 

0.48 

0.27 

0.22 0.12 0.02 

0.34 0.34 

0.47 

0.32 0.28 

0.59 0.13 0.47 

e 

ex> 
~ 
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6. Calculation 

(a) Conversion of radioactivity in c.p.m.(counts per minute) 

to d.p.m. (disintegrations per minute). 

Assuming that after deducting the blank counts and spill 
9vers of the 3H or l~C into the channel of the other, in 
the Scintillation Liquid Counter, the net counts oS the 
standard labeled toluene (Packard CQ.)-r-in either H 
or 14C forms) prepared in the laboratory at a known 
date with a known counts taken (allowing for radioactive 
decay, if applicable, and the specific gravit y of toluene 
at the temperature of preparation) be Y, and 
the ~ counts of

3
the tî~uene in the vial with respect to 

a given isotope ( H or C) on any other day subsequent 
to its preparation from the commercial batch (assuming 
negligible evaporation of toluene and weIl stoppered) be 
X counts, 

the percent of machine efficiency with respect to this 
isotope concerned would bel 

(X/ y) x 100 

Let this be Q %. 
It followed therefore the counts of a sample with, say 

U c.p.m., would have 

U 100 xQ d.p.m. 

(b) Estimation of the percent conversion and_production 

(mpmoles)from an exogenous radioactive precursor for 

any steroid 

Arbitrarily, taking corticosterone as a conversion 

product, let 

Re = constant 14c/3H ratio of isolated 14C-labeled 

corticosterone to 3H-Iabeled corticosterone 

indicator added, with both isotopie counts in 

d.P.m., 
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Dt = radioactivity (d.p.m.) of 3H-corticosterone added 

to Aliquot I:,. 

Dp = radioactivity (d.p.rn.) of added 14C-Iabeled 

steroid precursor. 

n = fraction of total extract in Aliquot l 

Ap = quantities (mpmoles) of added 14C-Iabeled sterold 

.precursor 

Corrected radioactivity in 14C-labeled corticosterone 

in total lipid extract of incubates. 

=---- d.p.m. 
n 

Percentage of the added 14c-labeled precursor converted 
Rc x Dt 

to corticosterone.= x -1- x 100 
n Dp 

Quantities of 14c-Iabeled corticosterone formed from the 

4-C14_precursor added (e.g., progesterone); i.e., exogenous 

productions. 
Rc x Dt é 1 4-:-J x Specific activity of 4_c1 -

n precursor (d.p.m.!mpmole) 

(c) From the Aliquot II of the incubates (Experiments l - III), 

the calculations for the specifie activities of isolated 

steroids would be as follows. 

Taking corticosterone as an example again, let 

S. A. = specifie activity of 3H-acetic anhydride 
(d.p.m.!mpmole), 

= constant 14 C!3H ratio of isolated doubly labeled 



corticosterone-21-monoacetate. 

Then the specifie activity of corticosterone 

(
S. A~ 

= rc x -Z--) d.p.m./~ole 

(d) Computation of total endogenous productions of an 

isolated steroid product (Figure 6) 
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By dividing the total radioactivity (calculated in 

Aliquot 1) of the 14C-labeled steroid studied by its specifie 

activity determined in Aliquot II, the total production 

(endogenous and exogenous conversion products) of the steroid 

could be obtained. 

The total production (mpmoles) minus the exogenous 

production (mpmoles) coming from the conversion of the 

precursor (Aliquot 1) gives the endogenous production 

(mpmoles) of the compound (Figure 6). 

This method of the simultaneous measurement is 

sensitive and requires the exact measurement of the aliquot 

taken for the determination of the total radioactivity. The 

tracers added for the study of recovery have to be radio-

chemically pure (hence they were always re-chromatographed 

shortly before use). 



CHAPTER V 

RESULTS 

Exper1ment l 

Effects of the level of cellular organ1zat1on of rat 

adrenal tissues and various factors on the 21-. 1~- and 18-

hydroxylat1ons. 

The purpose of th1s experiment was to investigate the 

effects of the kinds of t1ssue preparations, the cOfactors, 

the 1ncubat1on time, the d11ution, the substrate and enzyme 

concentrations on the hydroxylat1on of 4-C14_progesterone 

by the zona glomerulosa and fasc1culata-ret1cu1ar1s of the 

rat adrenal cortex. 

The results of this exper1ment would serve as guide 

lines for the subsequent investigations, with respect to the 

heterogeneity of factors in adrenocorticoid biogenesis in 

vitro. 

1. Experimental 

The zona glomerulosa and fasc1culata-reticularis of 

60 adrenals of rats (180 - 200 gm. body weight) were 

separated (5) and preincubated separately for 1 hr. in KRBG 
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(30 mg. tissue/ml.) at roomtemperature (22o C.). The 

pre1ncubation was carried out for 1 hr. (2) at room 

temperature since it has been reported that the preincubat10n 

media (PIM) enzymatic activit1es are markedly increased at 

lower temperatures (2, 189). 

After the preincubation, the PIN was carefully 

decanted and the tissues were weighed. To the incubation 

vials containing 2 ml. of cold KRBG each, 15 mg. glomerulosa 

tissue was added to each of the vials G, H, land 15 mg. 

fasciculata tissue was added to each of the v1als 7, 8 and 9. 

128 mg. glomerulosa tissue was homogen1zed in 8.5 ml. 

cold KRBG (15 mg./ml.), and 600 mg. fasciculata tissue was 

homogenized in 40 ml. cold KRBG (15 ag./ml.). This homogenate 

was diluted 12.5 times in sorne samples (2.4 mg. tissue/ml.) 

with cold KRBG. 

The PIM, the glomerulosa and ~asciculata slices, the 

dilute and concentrate homogenates were aIl incubated under 

the conditions indicated in Table IV, where the samples were 

shown to differ ei ther in the addition. of' lUillP plus G-6-P, 

malate, or the duration of the incubation, etc •• 

After the incubation per se, the incubates . .of samples 
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G, H, l, 7, 8 and 9 were separated into glanœand media. 

The glandular tissues were homogenized in 1 ml. cold KRBG 

for each sample. These homogenates were combined with their 

respective media. Before the dlchloromethane extraction, the 

incubates of samples G, H, l, J, K, 7, 8, 9, 10 and 11 were 

divlded into two known aliquots. Aliquot l was for percent 

conversion and aliquot II for specifie activity analyses 

(see Chapter IV (B) 3, 4 and Figure 6). The media relative 

to the PIM and to the dilute homogenate were not divided but 

taken whole for percent conversion analyses. 

2. Results and Discussions 

The percentages of conversion of 4-C14_progesterone to 

aldosterone, 18-hydroxycorticosterone, 18-hydroxy,11-deoxy-

corticosterone, l1-deoxycorticosterone, corticosterone and 

11~-hydroxyprogesterone are given in Table V. Table VI summed 

up the total 21-, 11&- and 18-hydroxylation values of Table V 

for quick reference. By "total" hydroxylation at a given 

position of the steroid molecules, it is meant the ~ of the 

percentages of hydroxylation (conversions) of 4-C14_progesterone 

at that position of the steroid molecules of all different 

compounds analyzed. 

For better comprehension, the results and discussions 

are presented as followsl 
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I. SLICE 

Samples Gand 7 were incubated with NADP, G-6-p and 

malate. Samples H and 8 were without the addition of NADP 

and G-6-P, while samples land 9 were without malate added in 

their incubations (Table IV). Malate was added in accordance 

with the report of TALLAN et al. (181) on the action of malate 

in the 18-hydroxylation of steroids. 

A. In Glomerulosa 

(a) Percent conversion. As shown in Table V, the 

percent conversion of 4-C14_progesterone (as indicated by 

the percent of 4-c14_progesterone recovered) at the end of 

the incubation was low in sample H where no cofactors (NADP 

plus G-6-P) were added. However, according to Table VI 

(total percent hydroxylation of 4-c14_progesterone), it can 

be seen that the total 21-hydroxylation (20.2%) was higher 

than either its total IIp- or 18-hydroxylation. 

The addition of an NADPH-generating system (sample G), 

compared with H, increased ln aIl the three (21-, 1~- and 

18-) hydroxYlatlons, but predomlnantly in the four-fold 
14 increase of the total l~-hydroxylatlon of 4-c -progesterone 

(from 12.1 to 52.1%) and the three-fold increase of the total 

18-hydroxylation (from 3.9 to 11.6%). The addltion of malate 

in sample G besides the cofactors (NADP plus G-6-P) did not 

give a marked effect on the hydroxylation of 4-c14_progesterone 
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other than a very sllght lnhlbltory actlon on aIl the three 

aforesaid hydroxylatlons. 

Turnlng to Table V, lt can be seen that ln sample H, 4_C14_ 

DOC, the 21-hydroxylated product of 4-C14_progesterone, was 

formed ln the hlghest proportlon (10.4%). The percents of 

conversion to cortlcosterone and aldosterone were rather 

small, only 5.9 and 1.6% respectlvely. The additlon of NADP 

plus G-6-P to the system greatly dlmlnlshed the formatlon of 

DOC (0.2%, sample G) but, slmultaneously, led to marked 

lncreases in the percents of converslon to corticosterone, 

aldosterone, 18~hydroxycortlcosterone, 18-hydroxy,11-deoxy

cortlcosterone, 11-dehydrocortlcosterone and 1~hYdroxy

progesterone. In short, aIl the compounds hydroxylated at 

elth~r the 1~- or 18- posltlon or both were lncreased by 

NADPH added. Thus, lt can be concluded that the actlon of 

NADPH was to lncrease the 11@- and 18-hydroxylatlon of 

progesterone ln the sllces. 

(b) Speclflc actlvltles (Table VIII). Only the 

speclflc actlvltles of progesterone, 11-deoxycorticosterone, 

cortlcosterone, 11-dehydrocortlcosterone and aldosterone were 

obtalned. It can be underllned thlat wl thout the added NADPH 

(sample H), the speclflc actlvltles were always much hlgher 

ln aIl these compounds than those obtalned ln the presence 

of added NADPH, lndlcatlng the very small dllutlon wlth 
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endogenous precursor ln the absence of added NADPH. For 

example, the speclflc actlvlty of cortlcosterone ln sample H 

was twlce that of G, whose ratl0 of endogenous to exogenous 

productlon of cortlcosterone was 4 compared to 2 ln H 

(Table VII).Altho~gh the additlon of NADPH lncreased the. 

endogenous productlon, .yet the dllutlon of 4-C14_progesterone 

wlth th~ endogenous productlon was stll1 conslderably smaller 

than those of other compounds under the same condltlons. 

Thus, the speclflc actlvltles of aIl other compounds were 

about two to three tlmes lower than that of progesterone 

when NADPH was added. Thls could be due to the fact that 

the 4-c14_progesterone added elther dld not mlx readlly wlth 

the endogenous progesterone due to lts 10. solublilty ln the 

lncubatlon fluld (162), or that progesterone ls not the 

precursor of the sterolds in the sllces. 

(c) Sterold productlons (Table VII). The exogenous 

(external, from the added precursor), endogenous and total 

productlons of progesterone, 11-deoxycortlcosterone, cortlco-

sterone, 11-dehydrocortlcosterone, and aldosterone are 

lndlcated ln Table VII. In the absence of exogenous NADPH 

(sample H), the total productlon was very small for aldo

sterone and cortlcosterone, 0.2 and 0.8 mpmoles respectlvely. 

The quantltles of the compounds generally related as precursors 

(progesterone and DOC) were relatlvely hlgher. Wlth exogenous 
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NADPH (sample I) or NADPH and malate (sample G), the total 

productions of cort1costerone and aldosterone were increased 

five to six times. This was due to a three-fold increase in 

the exogenous production and a seven-fold increase in the 

endogenous production. It can therefore be concluded that 

the effect of the NADPH-generating system on the glomerulosa 

slices was to increase the activity of the 11~- and 18-

hydroxYlations of progesterone by a factor of three to four. 

The effect on_.21-hydroxylation was slight. There was also 

a much more marked increase in the endogenous production from 

endogenous precursor than from the 4-c14_prcgestercn~ added. 

The effect of malate was not pronounced but somewhat inhibitory, 

when present, to the hydroxylation of progesterone. 

B. In Fasciculata 

(a) Percent of conversion. In the absence of 

exogenous cofactors (sample 8), the utilization of the added 

precursor (Table V) was higher than in Glomerulosa, since only 

32. 2% of progesterone was recovered in the system. The total 

21-hydroxylation was tw1ce the total 11~-hydroxylation, which, 

in turn, was five-fold the 18-hydroxylation activities in the 

same sample. In sarnple 8 (Table V), DOC was formed in almost 

the same proportion (21.4%) as corticosterone (20.6%). The 

DOC formed was negligible but the conversion to corticosterone 

was rather significant. 
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The presence of NADPH-generating system (sample 9) 

increased the utilizatlon of progesterone, mostly for 1~

hydroxylation, which was increased by about three-fold, and 

18-hydroxylation, which was enhanced approximately three 

times. There was only a raise of about 50% in the 21-

hydroxylation activities. 

The addition of malate to sample 7 with an NADPH

generating system did not affect significantly the total 

hydroxylations, except an· approximately 50% increase in 

18-hydroxylation. 

(b) Specifie activities (Table VIII). There·were 

marked decreases in the specifie activities of 11-deoxy

corticosterone, corticosterone and 11-dehydrocorticosterone 

by a factor up to nine, as a result of great endogenous 

dilutions of these compounds in presence of the exogenous 

NADPH-generating system (Table VII). That of progesterone 

was essentially the same as its counterpart in glomerulosa, 

due to a small endogenous dilution. 

(c) Steroid productions (Table VII). The total 

production of corticosterone with no cofactors added (sample 

8) was 8 mpmoles, which was increased to about six-fold with 

NADPH. Such an increase was the result of a six-to seven

fold increase in the endogenous production. The presence of 
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malate stimulated the endogenous production significantly. 

It can be concluded here that the ef'fect of NADPH-

generating system on fasciculata slices was to increase the 

activity of the 118- and 18-hydroxylation of progesterone , 
and, to a lesser extent, the 21-hydrox ylation aIS.o. It was 

accompanied by an even more marked increases in the endogenous 

precursors and their subsequent hydroxylations. 

c. Glomerulosa versus Fasciculata Slices 

The differences between the glomerulosa and fasciculata 

tissues without cofactors added (samples H and 8) arec 

(a) The utlilzation of 4-C14_progesterone added 

(Table V) was significantly higher by the fasciculata tissue. 

(b) The conversion of 4-C14_progesterone to aldosterone 

and 18-hydroxycorticosterone was found only in glomerulosa, 

which concomitantly accumulated much more 11~-hydroxyproges

terone (Table V) than fasciculata tissue. On the other hand, 

the conversion of added precursor to 18-hydroxy,11-deoxycor-

ticosterone and corticosterone in the fasciculata tissue was 

three to six times higher. 

(c) With a ten-fold endogenous production of cortico-

sterone in fasciculata compared to the glomerulosa tissue, 

the specifie activity of corticosterone in fasciculata was 

four times smaller than that of glomerulosa as a result of 
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malate stlmulated the endogenous productlon slgnlficantly. 

It can be concluded here that the effect of NADPH-

generatlng system on fasclculata sllces was to lncrease the 

actlvlty of the IIp- and 18-hydroxylatlon of progesterone 

and, to a lesser extent, the 21-hydrox ylatlon alS.o. It was 

accompanled by an even more marked lncreases ln the endogenous 

precursors and thelr subsequent hydroxylatlons. 

c. Glomerulosa versus Fasclculata Sllces 

The dlfferences between the glomerulosa and fasclculata 

tlssues wlthout cofactors added (samples H and 8) are. 

Ca) The utlllzatlon of 4-c14_progesterone added 

(Table V) was slgnlflcantly hlgher by the fasclculata tissue. 

(b) The conversion of 4-C14_progesterone to aldosterone 

and 18-hydroxycortlcosterone was found only ln glomerulosa, 

whlch concomltantly accumulated much more 11~-hydroxyproges

terone (Table V) than fasclculata tlssue. On the other hand, 

the converslon of added precursor to 18-hydroxy,11-deoxycor-

tlcosterone and cortlcosterone ln the fasciculata tlssue was 

three to slx tlmes hlgher. 

(c) Wlth a ten-fold endogenous production of cortico-

sterone in fasciculata compared to the glomerulosa tissue, 

the specifie activity of cortlcosterone in fasciculata was 

four tlmes smaller than that of glomerulosa as a result of 



greater endogenous dilution in the ~asciculata tissue. 

(d) The added NADPH exerted similar e~~ects on both 

glomerulosa and ~asciculata tissues, since in either case 

the conversion o~ 4-C14_progesterone to corticosterone and 

18-hydroxy,11-deoxycorticosterone were tripled, and that o~ 

11~-hydroxyprogesterone were enhanced by a ~actor o~ seven to 

eight. The DOC was simultaneously decreased to insignl~icant 

amounts. Consequently, the action o~ added NADPH on the 

specifie activities o~ the compounds in glomerulosa and 

fasciculata was similar, i.e., a general decrease byabout 

50%. 

II. PIM 

In the incubatiomo~ the PIM, NADP plus G-6-P were 

added to aIl the samples since without them there would be no 

hydroxylation activities. Samples A and 1 were without malate 

added; samples Band 2 incubated for only 30 minutes; samples 

C and 3 were re~erences with NADP plus G-6-P and malate; samples 

D and 4 were diluted live times, samples E and 5 ten-times, both 

with KRBG, while samples F and 6 contained triple amounts o~ 

enzymes. Since the PIM can be considered as a very dilute 

homogenate (39), only the percent conversions o~ 4_C14_ 

progesterone were studied. 

A. In Glomerulosa 

Sample C is taken as re~erence. To this sample was 



added ~~p plus G-6-P and malate, which was found to 

increase the 18-hydroxylation of steroids (214). These 

media correspond to the preincubation of 7.5 mg. of rat 

adrenal tissue and contained 72 pg. protein!mg. tissue. 
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The utllization of 4-C14_progesterone by the PIM was very 

signi~icant, since only 36.8% of it was recovered (Table V). 

In Table VI, it can be seen that the 11~-hydroxylation was 

the most pronounced (49%), followed by 21- (9.1%) and 18-

(1.5%). Table V shows that the percent conversions to 18-

hydroxycorticosterone, 11-deoxycorticosterone, 11-dehydro

corticosterone and corticosterone were very small and 1ll
hydroxyprogesterone contributed most to the conversion 

products. The conversion to aldosterone was also very small 

(with dir~iculty in obtaining constant 14C!3H ratios due to 

the very low counts). 

B. In F.asclculata 

Sample 3 is taken as reference with added NADP plus 

G-6-p and malate. These media corresponded to 7.5 mg. of 

tissue and contained 34 pg. protein!mg. tissue. Again, the 

utliization of 4-C14_progesterone was very significant, since 

only 24% of it was recovered (Table V). The order of import-

ance of hsdroxylation, similar to that of the glomerulosa, was 

11~- (49.5%), 21- (14.3%) and 18- (2.2%). According to Table V, 

the most abundant conversion product was 1~-hYdroXyprogesterone 

(37.4%). 
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C. Glomerulosa versus Fasciculata 

There was not a very drastic difference in these two 

types of tissues with respect to thelr hydroxylation 

capaclties at the 21-, 11~- and 18- posltions of progesterone 

in the PIM. The 21- and 18-hydroxylatlons were Sllghtly 

smaller in the glomerulosa. As lndlcated in Table V, 18-

hydroxylation was mostly represented by 18-hydroxy,11-deoxy

cortlcosterone in the fasclculata, but a mlxture of 18-

hydroxy,11-deoxycorticosterone, 18-hydroxycortlcosterone and 

aldosterone in the glomerulosa. The production of cortlco

sterone in fasciculata was signlficantly higher. Both types 

of medla studied gave rise to an accumulatlon of 4_c14_11~_ 

hydroxyprogesterone. Enhancement of hydroxylation of 

progesterone to 11~-hydroxyprogesterone may be attributed to 

a relatively high concentratlon of progesterone or NADPH

generating systems (154,290), and to the lnactivatlon of 21-

hydroxylase (39). 

D. Actlons of the Different Factors 

(1) Action of malate. The comparlson of samples A 

and 1 (where no malate was added) wlth samples C and) 

(reference) shows that the presence of malate decreased by 

50% the 21- and 18-hydroxylatlon, the 11~-hydroxylatlon belng 

only sllghtly increased, due to a decrease ln corticosterone, 

ll-dehydrocorticosterone and 18-hydroxy,11-deoxycortlcosterone. 
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(2) Action or time. When samples C and 3 are 

compared with samples Band 2, the three-time increase in 

time or incubation led to an almost doubled utilization or 

4-C14_progesterone. However, Table VI shows that the 21-

and 18-hydroxylationsdid not increase appreciably with time. 

The increase in 4-C14_progesterone conversion was due to the 

increase in the 11~hydroxylation. Thus, there was a huge 

increase or 11~hydroxyprogesterone by a ractor or two to 

three, but that or corticosterone was slight. In the PIM, 

the 21- and 18-hydroxylase systems were inactivated by 

prolonged incubation, but not the 11p-hYdroxYlase system. 

(3) Errect or dilution. Samples D and 4, and E and 

5 have °been dilut..ed rive and ten times respectively with 

KRBG, compared to samples C and 3. The utilization or 

4-C14_progesterone was nearly halved when dilution took 

place (Table V), although the 21- and 18-hydroxylat1ons were 

practically unaffected (Table VI). The striking phenomenon 

as a result of the d1lution was the marked diminution in the 

11p:hydroxYlation, solely due to the d:e.crease in the format1on of 

11 ÇthYdroXyprogesterone. The decrease in the hydroxylat1on 

activit1es due to dilut10n could be the result of a greater 

dispersion of 4-C14_progesterone in the medium, making it 

less available to the enzymes. 

(4) Effect of increase in enzyme concentration. 
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Samples F and 6 conta1ned three t1mes as much of the initial 

PIM (1.5 ml.) than C and 3 (0.5 ml.'). As expected, the 

ut111zat1on of 4-c14_progesterone was greater in samples F 

and 6, wh1ch theoret1cally had three t1mes as much enzymes as 

the reference samples C and 3. Desp1te the three-fold 

1ncrease in 21- and f1ve to s1x-fold 1ncrease in 18-hydroxylat1ons, 

the l~-hydroxylat1on was only sl1ghtly changed due to a lack of 

accumulation of 1,.-hydroxyprogesterone. The overall effect of 

the 1ncrease in enzyme concentration was the enhancement of the 

18-hrdroxrlat1ons br a factor of two. 

III. HOMOGENATE 

Samples J and 10 are ref.erences, K and 11 had a 12.5-

t1me dilution w1th KRBG, Land 12, M, 13, N and 14 aIl had 

a 12.5-t1me reduct10n of enzymes compared to samples J, K, 10 

and 11. In addition, M and 13 had a 13-t1me reduct10n in 

4-C14_progesterone substrate, wh1le N and 14 had the1r NADP 

and G-6-P reduced by 12.5 t1mes. The aldosterone for the 

percent conversions were pur1f1ed by per1od1c ac1d ox1dat1ons 

and only samples J, K, 10 and 11 were analyzed for the total 

production of stero1ds. 

A. In Glomerulosa 

(a) Percent conversion. Tak1ng samples J as reference, 

1t 1s conce1vable that, in Table V, the ut111zat1on of 

4-C14_progesterone was rather exhaustive (only 3.8% recovered) 



99 

and, ln Table VI, the total 21-, and 1~- and 18-hydroxylatlons 

dld not dlffer slgnlflcantly (around 40% mark). They were 

contrlbuted mostly by the formatlon of cortlcosterone and 

18-hydroxycortlcosterone, besldes a compound whlch behaved 

chromatographlcally llke aldosterone before and after the 

perlodlc acld oxldatlon. The accumulatlon of 4-c14_11~-hYdrOXy

progesterone was strlklngly low (J.5%) and thls applled to 

cortlcosterone (5.1%) also (Table V). 

(b) Sterold productions (Table VII). Only the 

cortlcosterone productlons were calculated. This was due to 

the fact that the 14c and J H counts relatlve to aldosterone 

dlsappeared after the purlficatlon of the samples by acetyla

tlon and CrO J oxldatlon. It was uncertaln lf thls was due to 

technlcal error or to the fact that there was no aldosterone 

ln the samples, slnce the total production of corticosterone 

was rather small (2.2 mpmoles) even in sample J. 

B. In Fasclculata 

(a) Percent conversion. In sample 10, the converslon 

of 4-C14_progesterone was also rather complete (8.J% recovered, 

Table V). Due to the formatlon of 18-hydroxy,11-deoxycortlco

sterone, the total 21-hydroxylation was sllghtly higher than 

the total 11~hydroxylatlon, the total 18-hydroxylatlon (11%) 

belng the smallest, only about one-flfth to one-slxth of elther 

of the former hydroxylation actlvltles. Cortlcosterone and 
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18-hydroxy,11-deoxycorticosterone accounted ~or most o~ the 

steroids converted ~rom 4-C14_progesterone; those contribu

tions ~rom 11~hydroxyprogesterone and 11-deoxycorticosterone 

were negligible. 

(b) Steroid productions (Table VIII). The total 

production o~ corticosterone was quite hlgh (35.1 mpmoles) in 

sample 10. 

C. Glomerulosa versus Fasciculata 

The qualitative di~~erence between the glomerulosa and 

~asciculata tissues was the ~ormation o~ a1dosterone and 

18-hydroxycorticosterone only in the glomerulosa, besldes the 

very low production and conversion to cortlcosterone in 

glomerulosa. The ~asciculata, on the other band, persistently 

showed much higher total 21-hydroxylation but an approximately 

seven-time smaller conversion to l1r-hydroxyprogesterone. 

D. The Actions o~ the Di~~erent Factors 

.(1) E~~ect o~ the dilution o~ the homogenate. The 

samples K and 11 were diluted 12.5 times With KBBG, but J and 

10 were not. 

In the glomerulosa, the ut1lization o~ 4-C14_progesterone 

was higher in the d1luted homogenate (sample K). There was a 

slight decrease in the 21- and 18-hydroxylatlon (Table VI), 

whereas the 11~-hYdrOXYlation o~ progesterone (Table V) was 
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diminution in 18-hydroxycorticosterone, aldosterone and 

18-hydroxy,11-deoxycorticosterone, with a concomitant 
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increase of corticosterone due to the increased l1p-hydroxyla

tion. It is important to note that although the percent 

conversion t@ corticosterone was increased three times, its 

endogenous production was actually decreased (Table VII) 

two-fold (sample K). The specifie activity of corticosterone 

(Table VIII) in sample K was thus four times higher than that 

of reference sample J with no dilution by KRBG. 

In fasciculata samples 10 and 11, as for glomerulosa, 

the dilution with KRBG induced a higher utilization!of 

4-C14_progesterone (Table V), with 0.7% (sample 11) and 8.3% 

(sample 10) of it recovered, indicating enhancement in the 

hydroxylation of progesterone. This was evidenced by the 

increases in the percent of conversion of 4-C14_progesterone 

to 18-hydroxy, ll-deoxycorticosterone, corticosterone and 

11~-hydroxyprogesterone. Nevertheless, Table VII indicates 

a three-time decrease in the total_production of cortico

sterone (sample 11), whose specifie activity was four times 

that of reference sample 10. This was due to the much smaller 

endogenous dilution of the exogenously formed corticosterone 

in sample 11. 

In both the glomerulosa and fasciculata homogenates, the 

12.5-time dilution caused a diminution of the endogenous 
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precursor. Thus, the fact that l1p-hydroxylation in 

glomerulosa, and the 21-, 11~ and 18-hydroxylations of 

4-C14_progesterone in fasciculata were ~ncreased could be 

explained by the smaller endogenous dilution of the labeled 

precursor added, so that there would be a higher amount of 

radioactivity available to its subsequent conversion products. 

It must be emphasized that this does not mean a higher 

enzymatic activity, since the production of corticosterone 

was shown to be decreased three times in the fasciculata 

(sample 11) and slightly decreased in glomerulosa sample K 

(Table VII). 

Two important differences in the effect of dilution of 

the glomerulosa and the fasciculata homogenate can be stated. 

Firstly, the dilution caused a high inactivation of the 

18-hydroxylase system in the glomerulosa but not in the 

fasclculata (Table VI). This could explain the small 

difference in the total production of corticosterone between 

samples J (2.2 mpmoles) and K (2.0 mymoles). Corticosterone 

which was not 18-hydroxylated would accumulate. Secondly, in 

the glomerulosa (sample K), the significant decrease in the 

total 21-hydroxylation (which was increasea in fasciculata 

counterpart) plus the concomitant increase in the 11~hydroxYla-, 

tion had caused a high accumulation of l~hydroxyprogesterone 

(46% sample K). It should De noted that this accumulation of 

l1f.'-hyùroxyprogesterone in the glomerulosa bore the same ratio 
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to that of fasclculata wlth or wlthout dl1utlon by KRBG. 

(2) Effect of the reductlon of enzymes. Samples L 

ls to be compared w1th K, and 12 wlth 11. Under the 

condltlons of these samples, there was a decrease not only 

ln the quantlty of the enzymes ln Land 12, but also ln the 

amount of potentlal or endogenous precursor of the sterolds. 

Samples Land 12, whlch theoretlcally contalned 12.5 tlmes 

less enzymes than K and 11, showed smaller utl11zatlon of the 

4-C14_progesterone (Table V) although not ln proport10n to 

thelr enzyme contents. It can be seen that, ln Table VI, 

sample L had a two-fold decrease ln the 21-, and three-fold 

decrease ln the 18-hydroxylatlon actlvltles, but an lncrease 

ln 1~-hydroxylatlon of progesterone. Thls latter phenomenon 

was the consequence of the very hlgh lncrease ln 1~-hydroxy

progesterone accompanied by a decrease ln aIl the 18~hydroxy

lated sterolds as weIl as cortlcosterone (Table V), wlth the 

reductlon of enzymes. -·Such decreases were, agaln, not propor

tlonsl to the enzyme contents of Land 12. Thls was due ln 

part to the greater saturatlon wlth the added substrate (4_C14_ 

progesterone) ln Land 12 than ln K and 11, slnce the endogen-

ous precursor can be regarded as negllglble ln the latter. 

(3) Effect of substrate reduct1on. When samples M 

and 13 are compared w1th Land 12, wh1ch 1n1t1ally had 

th1rteen tlmes as much 4-c14_progesterone as M and 13, lt can 
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be seen that the utilization of the precursor was slightly 

higher in M and 13, despite the rather similar total 21-, 

11~ and 18-hydroxylation between all these four samples. 

The lack of an excess precursor at both levels tested could 

explain this observation, since the percents of hydroxyla

tions (conversions) of 4-C14_progesterone are, apparently, 

still on the ascending part of the substrate-velocity curve. 

(4) Effect of the reduction of the cofactors. 

Sample N is to be compared with L, and 14 with 12. The 12.5-

time reduction of cofactors in samples N and 14 caused a 

slight decrease in the utilization of 4-C14_progesterone. 

This can be accounted for by the slight diminution of the 

l~hydroxylation. The reduction of cofactors led to two

fold increases in 21- and 18-hydroxylation (Table VI) in the 

fasciculata homogenate, but an insignificant decrease in the 

total 11~hydroxylation in both tYpes of the homogenates. 

These activities were the results of the increases in cortico-

sterone and 18-hydroxy,11-deoxycorticosterone, as well as the 

decrease in the 11~-hydroxyprogesterone (Table V). In short, 

the higher cofactor concentration in glomerulosa (sample L) 

inhibited the 21- and 18-hydroxylation. This effect wes less 

pronounced in the fasciculata homogenate. The 11'-hydroxyla

in both types of the homogenates, however, was scarcely 

affected by the higher cofactor concentration (154). 
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IV. CONCLUDING REMARKS 

It can be concluded that the three preparations 

(PIM, slice and homogenate) possess the 21-, 1~- and 18-

hydroxylation activities, but to 4i~~erent extents. Only 

the slicescan hydroxylate the progesterone molecules without 

the addition of NADP plus G-6-p and, in.this case, the 

21-hydroxylation was the most active, followed by the llfl-

and 18-hydroxylations. The PIM c~aracterist1cally showed a 

h1gh accumulat10n Ofl~hydroxyprogesterone, whereas the other 

steroids produced from 4-c14_progesterone were much smaller. 

A peculiar phenomenon of the PIM is that the convers1on of 

4-c14_progesterone to ll-dehydrocorticosterone was in higher 

quantit1es than in othar preparations (Table V). In the 

glomerulosa, the convers1on to aldosterone and 18-hydroxy-

cort1costerone by the dilute med1a ____ the PIM, and the d1luted 

homogenate was always very poor; however, 1t was very h1gh 1n 

the concentrate homogenate (samples J and K) and slices with 

added NADPH. In aIl cases, the 21-hydroxylat1on by the 

glomerulosa preparations was always much smaller than that of 

the fasc1culata counterparts. In general, when NADPH was 

present, the glomerulosa 21-hydroxylat1on was usually smaller 

than its 11~-hydroxylation but greater than its 18-hydroxy

lation. 

The results of this experiment demonstrated the 

difference in the hydroxylation of the added 4-C14_progesterone 
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due to the different factors applied, reflecting that 

many factors can operate indirectly in an in vitro system. 

Consequently, it is of great importance to assess aIl these 

and other probable factors when interpreting such in vitro 

data. 

It is apparent that different pools of enzymes and 

precursor exist, although it is difficult to ascertain their 

respective effects. Hence, in an incubation with slices, 

for example, it is essential to consider the endogenous 

production also, since it appears that it does not follow 

the same fluctuations as the exogenous production. In the 

present investigation, it can be seen that the exog~nous 

and endogenous productions of a compound generally differ 

appreciably. An incubation with slices, in fact, can be 

considered as a system consisting of two pools of enzymes, 

one being the slice {tissue) itself and the other the media, 

which can be regarded as a very di:lutè homogenate or PIM 

(39). Both of these pools have different hydroxylation 

capacities. Thus, a higher hydroxylation of 4-C14_progesterone 

merely represents a high exogenous production, and does not 

necessarily by itself mean a higher endogenous hydroxylase 

activity. Often the contrary can be observed, as illustrated 

by samples J, K, 10 and 11 (Table VII). 
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TABLE IV 

INCU1MTION CO~mITIONS OF EXPERIMENT l 
3?oC. 

e 

P •• Progesterone 
\ 

Sample No. Tissue ml. Wt.of Vol. NADP G-6-p Malate C14_p. Incub. 
State PIM Tissue KBBG ( umoles) Precursor Time 

Factor 

Glorn. Fasc. (mz.J __ lml.J ~ ___ _ (d.p.I1l.) (Hrs.) 

A 

B 

C 

D 

E 

F 

G 

H 

l 

J 

K 

L 

M 

N 

1 PIM 0.5 __ 1 ~_ ?4 6. 7 Ni_l ?49,200 2 
No 
Malate 

2 " " 
3 .. " 
4 " " 
5 If Il 

6 " 1.5 

n " " 
" " " 

7~' " t 
If " 2 

Incub. 
Time 
Ref
erence 
Dilution 

~5 ____ u_ " " " "_( 5x L~ _, 
____ ~~ " " "" Dilution __ " (10x) 

Ch, " " " " " 
Enzyme 
Increase 
( 3x ) 
Ref-

7 Slice 15 2 Il " ft " .. erence 

8 ft " " Nil Nil " 
9" "__fi 2.4 60 Nil 

Homo-
10 $renat e 30_" " " 74 

" If 

" " 
" " 

No 
Cofactors 
No 
Malate 
Ref
erence 
Dilution 

11 " " 25 " It ft " "( 12ix ) 
Reduced 

12 " 2.4 2 n " " " " Enz yme (n'Pl .... Reduced 0 
68,220 If SUbstxate(I3)C)""l 11 

14 

If 

" 

" " 

" " 

" " Il 

0.19 0.54 " ?49,200 If 
Reduced 
Cofactors(,$) 
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TABLE V 

PERCENT CONVERSION OF 4-C14_PROGESTERONE TO DIFFERENT STEROIDS BY 
PIM, SLICE AND HOMOGENATE OF GLOMERULOSA (Gl) AND FASCICULATA (Fa) 

18-0H-
Tissue Sample C14_P. DOC IIp-OH-P Cpd. B Cpd. A DOC 
State No. Reeov. ca Gl Fa Gl Fa Fa Gl Fa Gl Fa Gl Fa Gl Fa 

A 1 39.3 32.5 1.2 1.2 28.7 22.6 10.2 16.4 4.2. 5.1 2.4 4.3 

B 2 69 56.2 - 0.2 11.8 16.'l J.l 8.4 3.2 2.2 0.6 2.1 

PIM C 3 16.8 24.6 0.6 - 41.6 37.4 4.7 9._9 2.3 2.2 1.1 2.2 

D 4 60.2 53.4 0.7 0.5 16.5 16.6 6.6 11.3 2.2 2.4 1.2 2.4 

E 5 58.1 54.9 1 - 15.7 14.'[ 6.7 12 2.6 2.6 1.3 3.8 

F 6 8.4 18 - - 36 10.2 15.4 25.2 8 4.8 5_.8 14.7 

G 7 14.2 12.1 0.2 0.1 17.6 7.9 15.2 61 0.11 0.01 2.4 12.8 

Sliee H 8 60.6 32.3 10.4 21.4 3.4 1.1 5.9. 20.6 0.02 0.0':1 1.1 4.1 

l 9 16.4 9.5 0.4 0.1 24.2 11.4 19 58.9 0.12 0.02 3.4 8 

• 

18-0H-
B Aldo. 

-Gl Fa Gl 

* 0.19 - 0.2 
* 

0.03 - 0.02 

* 0.16 - 0.2 

* 0.05 - 0.1 

* 0.07 - 0.1 

0.58 - 0.8 * 
4.9 0.9 4.3 

1.2 0.1 1.6 

4.8 1 5.8 

** J 10 3.8 8.3 0.5 - 3.5 0.5 5.1 52.8 0.4 0.16 7.2 11 16.3 - 16.3 

Homo- K 11 0.9 0.7 - - 46 6.6 18.1 76.7 1.1 O.OC; 4.6 14 3.5 - 3 ** 
genate 

L 12 14.2 4.4' , 0.1 - 67.3 16.6 10.6 43.6 0.5 0.04 3_.2 10.9 0.3 - 0.4 

M 13 6.3 8.6 - - 60.4 11.4 7.5_ 52 2.3 0.16 1.4 12.3 * 0.9 - 2 

N 14 17.8 9.3 0.2 - 52.4 7. '3 21. 7 50 0.7 0.07 4.6 18.4 1.1 - 0.9 
InCUbation conditions are ~iven in Table IV. (see Legend on fol owing pa$l:eJ 

~ 

o 
ex> 



Recov. 

* 

** 

LEGENDS TO TABLE V 

recovered 

insufficiept quantity to reach a strictly 
constant 14C/ 3g ratio 

despite the constant 14/ 3H ratios reaphed for 
the percent conversion analyses, the 14C and JH 
in the specifie aetivity analyses disappeared 
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TABLE VI 

TOTAL PERCENT HYDROXYLATIONS OF 4-C14_PROGESTERONE 
BY PIM, SLICE AND HOMOGENATE OF GLOMERULOSA (GI) 

AND FASCICULATA (Fa) 

Tissue Sample Total Percent H;y:drox;Ilation 
State No. 21- 116- 18-

GI Fa GI Fa ~GI ".Fa GI Fa 

A 1 18.4 27 4'3.5 44.1 2.8 4.3 

B 2 Z 12·2 18.2 2Z·2 O·Z 2.1 

PIM C ) 2·1 14·2 42 42·:2 1.:2 2.2 

D 4 10!2- 16 •6 · 25·5 2°·2 1.4 2.4 

E 5 11.8 18.4 25. 2 22·î 1·5 2. 8 

F 6 )0.6 4:2.2 60.8 40·Z Z·2 14·Z 

G 2 22·1 24 .2 52 •1 62. 8 11.6 12·2 

Slice H 8 20.2 46.2 12.1 21.8 2·2 4.2 

l 2 2î.5 68 ~î~2 21. ) 14 2 

J 10 45. 8 64 41.6 :2)·5 22. 8 11 

K 11 )0.) 20.8 21·2 8:2. 4 11.1 14 

Homo- L 12 15·1 54 .5 22·1 60.2 î·2 10·2 
genate 

M 1) 14.1 64.5 22.6 6).6 4.) 12·2 

N 14 22. 2 68.:2 26 . 8 5Z. 4 6.6 18.4 

Incubation conditions are given in Table IV. 
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TABLE VII 

STEROID PRODUCTIONS (mumoles/15 mg,tlssue) IN DIFFERENT MEDIA 
BY SLICE AND HOMOGENATE OF GLOMERULOSA AND FASClCULATA 

Il-dehydro-

• 

Tissue Sample Progesterone DOC Corticosterone Corticosterone Aldosterone 
Sta te No. Ex P En P T P Ex P En P T P Ex P En P T P Ex P En P T P Ex P En P T P 

Gl Fa-~----- --- --- ----

G 1 0.8 1.8 0.01 0.07 0.08 0.9 3.5 4.4 0.00~J).026 0.032 0,24 0.76 1 

H ;.6 0.74.3 0.7 0.3 1 0.3 0.5 0,8 0.0010.0030.004 0.1 0.1 0.2 

l 0.8 0.8 1.6 0,03 0.1 0.13 1.1 2,8 3,9 0.0070.0210.028 0.38 0.92 1.,3 
Slice 

7 0_.6~_Q.3~0.01 0.11 0.12 3.646,9 50,50.0010,0010.012 

8 1. 9 0 • 4 2.3 1. 1_ Q.6 L. 9 1. 2 6 • 8 8 O. 002 0. 01 O. 012 

9 0.7~~4 1.1 0.01 0.04 0.05 3.5 '35,1 38'~OL0010.018 0,019 

J 0.3 1.9: 2.2 -

[ ____ ~~~~-= __ ~ __ ~ __ ~ __ _11~.11_10~.~9~2~,~.~~ __ ~ __ ~ ________ ~__= Homo- _K 

genate 3.1 3~ 35.1 10 

Legendsl 

11 

Ex P 
EnP 
T P 

= Exogenous Production 
= Endogenous Production 
= Total Production 

Incubation conditions are given in Table IV. 

4.5 7.7 12.2 -

Gl = Glomerulosa 
Fa = Fasciculata 

~ 
~ 
~ 
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Sample 
No. 

GIFa 

TABLE VIII 

SPECIFIC ACTIVITIES (d.p.m.!mumole) OF THE":STEROIDS ISOLATED FROM 
SLICE AND HOMOGENATE OF GLOMBBULOSA (Gl) AND FASCICULATA (Fa) 

Progesterone 

GI Fa 

ll-deoxy
Corticosterone 

Gl---Pa 

Cortico
sterone 

GI Fa 

ll-dehydro- Aldo--Tis's'ue 
Corticosterme sterone State 

Gr---Fa---ar 

G 7 79,100 82,400 22,200 9.500 25,800 9,100 25.900 8,500 33,100 

H 8 105,200 10~900 83,900 86,600 52,200 19,300 30,200 16,600 61,000 Slice 

l 9 71,300 80,100 26,600 17,400 35,900 11,400 32 ,100 11,000 34,500 

J 10 17.380 10,250 Homo-

K 11 
genate 

69,820 47,170 

Initial specifie activity of 4-C14_progesterone used = 127,000 d.p.m.!mumole. 

Incubation conditions are shown in Table IV. 

e 

1-1 
1-1 
1\) 
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Experiment II 

Effects of the concentration of NADP and G-6-p and 

incubation time on 21-, 118- and 18-hydroxylations of the , 
corticosteroid molecule by rat adrenal fasciculata tissue 

homogenates. 

Since 21-, 1~- and 18-hydroxylations of progesterone 

by homogenates require- reduced NADP as electron donor (220 -

223, 231, 234, 235) (Chapter II, 4 D (a:) f ii), i t is of 

Interest to study the effect of the concentrations of 

exogenous NADPH-generatlng system on these different 

hydroxylations in a homogenate, and to investigate if they 

aIl require the same optimal concentrations, since a high 

concentration of NADPH was found to Inhlbit the 21-hydroxylase 

activity (SHEPPARD et al. (188», and stimulated 11~-hydroxy

progesterone production from progesterone in rat adrenal 

homogenate (MAKOFF et al. (154». 

1. Experimental 

The homogenate of the rat adrenal fasciculata tissue 

prepared in Experiment I was used in this experiment. 

After defreezing at room temperature, 3 ml. portions of 

this homogenate (15 mg. tissue/ml.) was pipetted to incubation 

vials 1 to VI (inclusive). 3 ml. of the same homogenate was 
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diluted ten times with KRBG (0.15 mg. tissue/ml.), and 3 ml. 

portions were pipetted to incubation vials a to f (inclusive). 

Each incubation vial contained 17.5 mumoles of the precursor 

4-C14_progesterone (specifie activity 1.27 x 105 d.p.m. per 

mumole). The different concentrations of NADP and G-6-P used 

in each sample are shown in Table IX. The incubation was 

carried out at 37°C. in a Dubnoff incubator, with a 5% CO2 in 

O2 gas phase. 

After 5 minutes, 1 ml. aliquot vas removed from each 

incubation vial into separate tubes. The incubation was 

continued for another 10 minutes, after which another 1 ml. 

incubate was removed as before. The remaining contents were 

incubated for another 75 minutes. In aIl cases, the aliquots 

were collected and shaken in dichloromethane to terminate the 

reactions. 

For the dilute homogenate samples a ~o f (inclusive), 

a direct processing for the percent conversion analyses 

(see Chapter IV (E) 3, 4 and Figure 6) after the addition of 

known radioactivities of tritiated progesterone, l1-deoxy

corticosterone and corticosterone was performed. 

After drying the dichloromethane, the concentrate 

homogenate samples l to VI (inclusive) vere divided into two 

parts as described previously (Chapter IV (B) 3, 4 and Figure 6). 



Fasciculata 
Homogenate 
Conc. Dil. 

l a 

II b 

III c 

IV d 

V e 

VI f 

TABLE IX 

INCUBATION CONDITIONS 

37°C. 

Cofactor Concentrations 

G-6-p + NADP 

60.4 umoles , 23.2 

6:04 n 2. J2 

604 m~oles 2J2 

60 1 4 Il 2J.2 

6.04 n 2. J2 

nil nil 
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Per 3 ml. 

Concentrate (Conc.) fasciculata homogenatel 45 mg. tissue 
per vial 

Dilute (Dil.) fasciculata homogenatel 4.5 mg. tissue/vial 

4-C14_progesteronel 2,225,000 d.p.m./vial, 5 specifie actlvity 1.27 x 10 d.p.m. 
per m}ll11ole 

AlI samples were incubated for 90 minutes, with 1 ml. of 

the incubate removed from each sample at the end of 5 and 

15 minutes. 



116 

6). Al1quot l was processed for the percent conversion 

after the addition of known amounts of rad1oact1v1ty of 

tr1t1ated progesterone, ll-deoxycort1costerone and cort1co

sterone. S1nce tr1t1ated l~-hydroxyprogesterone and 

18-hydroxy,11-deoxycort1costerone were not ava1lable, the 

results for the two components are calculated at the end of 

the second chromatographies of the systems for 11~-hydroxy

progesterone (TLC - 6) and 18-hydroxy,11-deoxycort1costerone 

(TLC - 2), wh1ch had just been ox1d1zed by per1od1c ac1d 

(34). A recovery of 40% (a mean of the recover1es for 

cort1costerone and progesterone after two chromatographies) 

1s assumed for the correction of losses 1ncurred during the 

purification processes. Al1quot II was processed for the 

specifie act1v1t1es of progesterone, l1-deoxycort1costerone 

and cort1costerone (Chapter IV (E) 3, 4 and Figure 6). 

Or1g1nally, 1t was 1ntended to process the 11~-hydroxy

progesterone for the specifie act1v1t1es also, after the 

enzymat1c reduct10n of the 20-ketofiê group. However, due to 

exper1mental accident, such an attempt was unsuccessful. 

The results ind1cated in Tables X - XIII represent 

only those samples where the constancy of 14 C/3H ratios have 

been atta1ned. 

2. General Considerations 
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(a) Figure 8 is the photograph of the radioautographs 

(developed after 36 hrs. exposure to the TLC - 1 chromato

plates) showing the metabolites present in samples l to VI 

and a to f (inclusive) for the 5, 15 and 90 minutes incubations. 

In Figure 8, it can be seen that in the dilute homogenate 

samples a to f (in order of decreasing concentration of exogenous 

NADPH-generating system) there was always an excess of 4_C14_ 

progesterone, which was diminished significantly in samples b 

and cafter 90 minutes. Sample a, With the highest cofactor 

concentration (60.4 pmoles G-6-P, 23.2 pmoles NADP) showed an 

inhibition of the hydroxylation of progesterone in the first 5 

minutes. There was then no detectable radioactivity incorporated. 

The conversion of 4-c14_progesterone began slowly after 15 

minutes to form DOC and, at 90 minutes, corticosterone, 11-deoxy

corticosterone and 11-dehydrocorticosterone appeared. These two 

latter compounds were weIl separated by TLC - 6, as shown in 

Figure 9. In samples b (6.04 pmoles G-6-P, 2.32 pmoles NADP) 

and c (604 mpmoles G-6-P, 232 mpmoles NADP) there were some 

conversion to DOC after 5 minutes. After 15 minutes, cortico

sterone, 18-hydroxy,11-deoxycorticosterone, .11p-hydroXy-

progesterone with 11-dehydrocorticosterone were detected. They 

were increased after 90 minutes, but there was especially a 

marked increase in l~-hydroxyprogesterone. Sample d (60.4 

mpmoles G-6-P, 23.2 mpmoles NADP) yielded only DOC which was 



accumulated with increased in~ubation time. In sample e 

(6.04 mpmoles G-6-P, 2.32 mpmoles NADP) and f (without 

cofactors added), there were no incorporation of 4_C14_ 
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progesterone. 

(b) In the concentrate homogenate samples l to VI (in 

order of decreasing concentration of exogenous NADPH

generating system), there was a considerablequantity of 

4-C14_progesterone remained in each sample, but most of it 

had been converted in 15 minutes in the presence of high 

concentrations of NADPH (samples l - III, 60.4 pmoles - 604 

mpmoles G-6-P, 23.2 pmoles - 232 mpmoles NADP). At lower 

concentrations of the cofactors (or in the absence of), the 

precursor was always poorly utilized or totally unconverted. 

Sample l, with the highest cofactor concentration (60.4 pmoles 

G-6-P, 23.2 pmoles NADP) showed a remarkable conversion of 

the C14_precursor to DOC, corticosterone, 18-hydroxy,11-

deoxycorticosterone in 5 minutes. Thereafter, DOC was 

progressively decreased to almost nothing in 90 minutes, 

whereas there was asteady increase in corticosterone and 

18-hydroxy,11-deoxycorticosterone. l~-hydroxyprogesterone 

and ll-dehydrocorticosterone appeared only in 15 minutes and 

were increased markedly in 90 minutes. Sample II (6.04 pmoles 

G-6-P, 2.32 pmoles NADP) had no detectable DOC in any period 

of the incubation practlcally, although cortlcosterone, 
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18-hydroxy,11-deoxycorticosterone, ll-dehydrocorticosterone 

and 11~-hydroxyprogesterone were present in 5 minutes and 

increased during the following 10 minutes. Sample III (604 

mpmoles G-6-P, 232 mpmoles NADP) Yielded DOC, corticosterone, 

18-hydroxy,11-deoxycorticosterone, ll-dehydrocorticosterone 

with l~-hydroxyprogesterone in 5 minutes and considerable 

quantities of them were present ev en after 90 minutes. Sample 

IV (60~4 mpmoles G-6-P, 23. 2 mpmOles NADP) gave rise only to 

DOC throughout the incubation. At the lowest cofactor concen

tration (sample V, 6.04 mpmoles G-6-P, 2.32 mpmoles NADP) or 

in the absence of the cofactors (sample VI, a control) there 

was no apparent conversion of 4-C14_progesterone. 

The quantitative as well as the qualitative differences 

of the metabolites of 4-c14_progesterone as a function of the 

concentration of the NADPH-generating system, the length of 

incubation and the enzyme quantity shall be clarified by the 

study of the quantitative data obtained. 

). Results and Discussions 

In this experiment, the enzyme and cofactor concen-

trations as well as the incubation time effects have been 

investigated. These parameters shall be considered separately. 

The results of the experiment are presented in Tables X - XIII 

and Figures 8 - 11. The results for samples V, VI, e and f are 

not indicated as there were no detectable conversion on 
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the rad10autographs. 

The percent convers10ns of progesterone 1nto cort1co

sterone, 18-hydroxycorticosterone, ll-deoxycort1costerone 

and l~-hydroxyprogesterone, and percent progesterone 

recovered are given 1n Table X for the d1lute homogenate 

(samples a to d) and Table XI for the concentrate homogenate 

(samples l to IV) of the fasciculata t1ssue. 

A. D1lute Homogenate 

It 1s noteworthy that the dilute homogenate 1n th1s 

exper1ment conta1ned bas1cally ~ t1mes less enzymes and 

other cellular elements besides the potential precursor, than 

the concentrate homogenate. There was also a ten-t1me 

d11ut10n of the enzymes 1n the dilute homogenate. However, the 

quant1ty of 4-C14_progesterone and exogenous cofactors were the 

same 1n the respect1ve samples of both types of homogenates. 

W1th th1s 1nformat10n 1n mind, 1t can be deducted that the 

substrate saturat10n w1th the exogenous precursor would be 

much h1gher for the d11ute homogenate. As 1n Exper1ment l, 

th1s latter 1mplicat10n would be respons1ble for a d1m1n1shed 

endogenous product10n. Th1s 1s the reason for the assumpt10n 

that the metabo11tes formed 1n the d11ute homogenate were 

mostly from the 4-c14_progesterone precursor. In v1ew of th1s 

phenomenon, no spec1f1c act1v1ty determ1nat10ns for the d11ute 

homogenate samples were carr1ed out. In cons1der1ng the effect 
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of duration of incubation, it is conceivable in Figure 8 

that 4-C14_progesterone was always in excess in all samples. 

Table X and, particularly, Figure 10 show the overall 21-, 

1~- and 18-hydroxylations as a function of time. 

The overall 21-hydroxylation of 4-C14_progesterone 

is shown in Figure 10 (i) for samples a, b, c and d with 

total percent conversions plotted against incubation time. 

The 21-hydroxylation of progesterone was very similar and 

significant in samples b, c and d after 5 minutes, but very 

small in a. The increases in a thereafter was slow but 

constant. The slope of the increase for d was flattening 

after 5 minutes and for b, c after15 minutes. 

Looking at the concentrations of the cofactors used, 

the cofactor concentration of sample c seems to be optimal 

for 21-hydroxylations of progesterone, followed by those of 

b, d and a. However, with lowest cofactor concentration, 

sample e (6.04 mpmoles G-6-P, 2.32 m~oles NADP),or without 

cofactors (sample f),there were no hydroxylations. In short, 

21-hydroxylation took place with the minimum cofactor concen

tration of 60.4 mgmoles G-6-p and 23.2 mpmoles NADP (sample d), 

and optimal concentration of 604 mumoles G-6-p and 232 mpmoles 

NADP (sample c). Above these concentrations (samples b and a), 

progressive inhibitions of hydroxylation of progesterone were 

seen. 
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Figure 10 (iii) indicated the overall 11~-hydroxylations 

of progesterone. In samples band c only were l~-hydroxyla

tions detected throughout the incubation, for sample a it was 

only after 90 minutes. There was no 11~-hydroxylase activity 

at aIl in sa~ple d. It is noteworthy that the 11'-hydroxyla

tion seemed to be delayed in the first 5 minutes after which 

there was an abrupt rise. In terms of cofactor concentrations, 

samples band c showed optimal activities, while those in samples 

d and e were insufficient to support any 11~-hydroxylation. 

Sample a, with the highest cofactor concentration of NADPH, 

showed both a delay as weIl as a marked inhibition of the 

11~-hydroxylation of 4-C14_progesterone. 

The 18-hydroxylation of 4-C14_progesterone (forming 

18-hydroxy,11-deoxycorticosterone) is shown in Figure 10 (ii). 

18-hydroxylations were detected ~hroughout the incubation only 

in samples band c; for samples a and d it was only 90 minutes. 

The maximal activity was under 4% conversion of 4-C14_proges

terone and for band c, such activities were almost identical 

throughout the incubation, and were much smaller than the 1~

and 21-hydroxylations. It can be said that there was also a 

delay in 18-hydroxylation of progesterone. 

In short, the hydroxylation of progesterone in the 

dilute homogenate occurred first at the 2~position. This was 

followed by 18-hydroxylation (which was always small and leveled off 
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rapldly) and l~-hydroxylatlon, whlch showed a characterlstlc 

abrupt lncrease wlth tlme after the flrst 5 ~nutes. 

Conslderlng the lndlvldual compounds shown in Table X, DOC 

was the only sterold produced ln the flrst 5 m1nutes ln 

practlce. Thereafter, cortlcosterone, 18-hydroxy,11-deoxy

cortlcosterone and 1YS-hydroxyprogesterone were round ln 

lncreaslng amounts ln samples band c (see a1so Figure 9 (11», 

whereas DOC ltself dlsappeared progresslve1y. There.as a three-

fold increase ln cortlcosterone between 15 and 90 ~nutes, and 

a slx-fold lncrease ln 11~-hydroxyprogesterone and 18-hydroxy, 

11-deoxycortlcosterone ln the same periode Slnce l~-hydroxyla

tlon was much more actlve than the 21-hydroxy1atlon ln these 

samples, 1~-hydroxyprogesterone also accumulated (JO -J9% 

converslon). In sample a, cortlcosterone and 11~-hydroxy

progesterone appeared after 90 minutes (Flgure 9 (11), wlth a 

concomitant decrease ln DOC. In sample d, DOC lncreased very 

signiflcantly wlth tlme but there was no 1~-hydroxylatlon 

detected (Table X). 

In conclusion, hydroxylation of progesterone to form 

DOC seems to be a prerequlslte for the actlv1ty of l~-hyro

xylase system to give rlse to corticosterone, slnce l)OC 

dlsappeared when cortlcosterone was formed. Once the Ilft
hydroxylase was activated, lt dominated over the 21-hydroxylase 

activlty, probably due to the steady actlvation of the I1P-
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hydr9xy1ase and inactivation of the 21-hydroxy1ase as the 

incubation time was prolonged (189), with the subsequent 

accumulation of 11~-hydroxyprogesterone. The 18-hydroxylation 

might require the initial 21-hydroxy1ation activity, as it was 

increased with a de1ay and in parallel to the increase of the 

21-hydroxy1ation. 604 mpmo1es G-6-P and 232 mpmo1es NADP 

(sample c) was the optimal cofactor.concentration for the 

overa11 21-, 1~- and 18-hydroxylations, and inhibitions of 

these hydroxy1ases began with 6.04 pmo1es G-6-P and 2.32 pmo1es 

NADP (samp1e b). 

C. Concentrate Homogenate 

For the effect of the duration of incubation, Table XI 

shows that the percent of 4-C14_progesterone recovered after 

5 minutes for samples IV, III, II and l were 55, 26, 22 and 35 

respective1y, but after 15 minutes, there was almost no 

progesterone 1eft, except for sample IV (51.2%). Hence, due to 

the "shortage" of the added 4-C14~progesterone precursor, the 

resu1ts of the percent conversions as a function of time wou1d 

not precisely reflect the activity of the hydroxylases in the 

incubation media. Indeed, from Table XI, it can be seen that 

the variations in the total 21-, 1~-hydroxy1ations between 15 

and 90 minutes were slight, though somewhat more pronounced. 

for the 18-hydroxylation. 

The comparison of the percent conversion values between 
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the concentrate and dilute homogenates (Tables X and XI) at 

5 minute incubation showed that the 21-, 11~- and 18-hydroxyla

tion of 4-c14~progesterone were much more marked in the concen

trate homogenate. This would be expected to be even more marked 

since there was theoretically ten times more enzymœin the 

concentrate homogenate. A striking difference is that there 

was no delay between the 21- and l~-hYdroXylations iri the 

incubation of the concentrate homogenate. In sample IV (60.4 

mpmoles G-6-P, 23.2 mpmoles NADP) only, the DOC coming from 

4-C14_progesterone remained unchanged throughout the incubation, 

indicating the absence of the 11~-hydroxylase activity. In 

sample III (604 ~oles G-6-P, 232 mpmoles NADP), the l1fl
hydroxylation was activated and gave rise to corticosterone 

and some l~-hydr?xyprogesterone (Figure 9 (i». However, the 

total 21-hydroxylation was (70.8% at 90 minutes) higher than 

the total 11~-hydroxylation (51.1% at 90 minutes). In sample 

II (6.04 pmoles G-6-P, 2.32 pmoles NADP), the total 11~

hydroxylation was only slightly higher than the 21-hydroxylation 

(Table XI). 

As outlined under Experimental, an aliquot of the 

concentrate homogenate was processed to measure the specifie 

activity of the steroid in the different extracts. Table XIII 

shows the specifie activities (d.p.m./~ole) of the steroids 

obtained. Their specifie activities were calculated only when 
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the constancy of the 14C;3H ratios were reached. The 

specifie activlties of cortlcosterone in samples l, II and 

III showed that there were very important endogenous'productions 

after 5 minutes ln comparison wlth the specific actlvitles of 

progesterone. Durlng the 85 minutes that followed, there was 

a further, but less pronounced, dilution. It can be noted that 

the specifie activlties of progesterone were much greater than 

those of corticosterone, ralslng the question of progesterone 

being a precursor of corticosterone (158 - 160). 

From the total radioactivities incorporated and the 

specifie activlties, lt was possible to calculate the total 

production, endogenous and exogenous productlons (Figure 6) 

(see Chapter IV (B) 6). The total production data would glve 

a better understandlng of the total hydroxylatlon activities 

ln the system during the perlod of lncubation. These results 

can be found in Table XII. The exogenous productions coming 

lU from 4-C "-progesterone added did not vary appreclably wlth 

time or samples, but the total productions of cortlcosterone 

in samples l, II and III (~0.4 - 0.604 pmoles G-6-p, 23.2 -

0.232 pmoles NADP) lncreased wlth tlme as shown in Figure 11. 

The rate of the increase tended to decrease with time. The 

productions ln sample V (6.04 mpmoles G-6-P, 2.32 mpmoles 

NADP) and IV (60.4 mpmoles G-6-p, 23.2 mpmoles NADP) were 

determined directly on the samples using the double isotope 

derivative assay (95) but they were only in trace amounts 
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even after 90 minutes (hence data not shown). 

Starting with the cofactor concentration of sample III 

(604 mpmoles G-6-P, 232 mpmoles NADP) upwards, the production 

of corticosterone was appreciable. Corticosterone, as shown 

in Figure 11, was optimally produced in sample II (6.04 

pmoles G-6-P, 2.32 pmoles NADP) but its production suffered 

from inhibition at a higher concentration of the cofactors 

(sample l, 60.4 pmoles G-6-P, 23. 2 pmoles NADP). 

D. Concentrate versus Dilute Homogenate 

Two important differences between the concentrate and 

dilute homogenates can be drawn. FirstIy, only in the case 

of the concentrate homogenate was the utilization of 4_C14_ 

progesterone exhaustive even in 15 minutes of incubation 

(about 3% recovered). This may be explained by the fact 

that although the substrate saturation was apparentIy greater 

in the dilute homogenate, there had been not only a ten-time 

decrease of the enzyme systems and the endogenous precursor, 

but also a simultaneous ten-time dilution of both. Thus, the 

enzymatic activities in the dilute homogenate were diminished 

accordingly (290). Another difference that can be clted was 

the "delay" of the 11''- and 18-hydroxylations of progesterone 

observed in the dilute homogenate alone. 

In both dilute and concentrate homogenates, there was 



an identical minimal concentration of cofactors required 

for the hydroxylation activities, and an optimal concen

tration for maximal activities. Higher cofactor concen

tration was inhibitory to the hydroxylation activities, 

especially in the dilute homogenate. 

E. Concluding Remarks 
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The concentration of the cofactor plays a crucial 

role in the steroid productions by the concentrate as well 

as dilute homogenate. Too low (sample IV and d) a concen

tration permitted only the formation of DOC, which was not 

appreciably increased in quantity with time. At a higher 

concentration (sample III and c), the 11~-hydroxylation 

was activated, yielding corticosterone and 11~hydroxy

progesterone. The rate of l~-hydroxylation was not lower 

than that of 21-hydroxylation and DOC was still accumulated, 

at least in the first 15 minutes. As the cofactor concen

tration was further increased (sample II), there was not 

only no more accumulation of DOC, but increase in cortico

sterone was very pronounced. The 11~-hydroxylation act

ivities were the highest of all and the production of 1~

hydroxyprogesterone was markedly increased. When the 

highest cofactor concentration was reached (sample l and a), 

impairment of the 11~- and 21-hydroxylations were observed. 
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TABLE X 

PERCENT CONVERSION OF 4-C14_PROGESTERONE TO DIFFERENT 
STEROIDS BY DILUTE FASClCULATA HOMOGENATE WITH VARIED 

NADPH CONCENTRATIONS AND INCUBATION TIMES 

Incubation 
Sample Time Prog. Cpd. 18- 11~- Total 

(mins.) Recov. B OH DOC 
DOC 

5 61 - - 6 

d 15 52.8 - - 8.7 

90 51.2 - 0.45 20J 1 

5 57 1.3 0.1 4.9 

c 15 37.7 13.2 1.0 2.6 

90 14.9_ 39.1 3.7 0.6 

5 69 0.2 0.1 4.8 

b 15 50.7 10.8 0.6 2.'5 

90 7.9 31.2 3.4 0.4 

5 71. - - 0.7 

a ti 55.3 - - 2.7 

90 53.3 10.8 1.6 2.0 

Incubation conditions are given in Table IX. 
Recov.=recovered 

OH-P Hydroxylations 
21- 118-

- 6 -
- 8.7 -
- 20.6 -

0.6 6.3 1.9 

5_.1 16_.8 18.3 

30 13.4 69.1 

- 5.1 0.2 

î.~ 13_._9 14.7 

39 35 70.2 

- 0._7 -
- 2.7 -

8.2 14.4 19 
-- -- --

e 

~ 

\.W 
o 
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TABLE XI 

PERCENT CONVERSION OF 4-C14_PROGESTERONE TO DIFFERENT 
STEROIDS BY CONCENTRATE FASClCULATA HOMOGENATE WITH 

VARIED NADPH CONCENTRATIONS~.;AND INCUBATION TIMES 

Incubation 1 - 11-- Total 
Sample Time Prog. Cpd. OH DOC o -P H;x:drox;x:lations 

mins. ) Recov. B DOC 21- 1 -
5 

IV 1 8. 8. 

0 1.2 11.6 11.6 

26.4 18 6 8.2 4. 2.2 22. 

III 1 

0 • 2 44.8 4 • 1.1 

21. 21.1 4.1 1.1 .2 26 

II 1 2.6 40.1 4. - 16. 44.8 6.8 

0 O. .1 6, O. 8 

44. 

l 1 6.4 42 

90 o. ~.~_.!-J. __ IL~_ 44 44.1 

Incubation conditions are given in Table IX. 

Recov. = recovered 

e 

..... 
\,N 
..... 
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TABLE XII 

STEROID PRODUCTIONS (mpmoles) OF CONCENTRATE 
FASCICULATA HOMOGENATE WITH yARIED NADPH 
CONCENTRATIONS AND INCUBATION TIMES 

Sample 
Incubation 

Time 
(mins. ) 

l1-deoxy
corticosterone 
ExP EnP TP 

Corticosterone 
ExP EnP TP 

~ l·Z 1.08 2.Z8 

IV 1~ 1 1.2J 2.2J 

20 1.J 2.46 J·Z6 

~ 1.4 2·2 4.J J.2 11.8 14·2 

III 1~ 2.2 16.1 18.J 5·Z Ji. 2 J6.8 

20 2·Z 21.4 24.1 7.8 43.6 51.4 

:2 0.2 O·Z 1 J·Z 12·5 2J.l 

II 1~ Z 62·2 62·2 

20 8.6 164·Z lZJ·J 

~ J.6 6.4 10.1 J.4 26.1 22. 4 

l 15 0.6 6.1 6 1 Z Z.J 46·S ~J.8 

90 6.9 109.8 116.7 

Incubation conditions are shown in Table IX. 

Legendsl 
Ex P = . Exogenous Production 

EnP = Endogenous Production 

T P = Total Production 

4-C14_progesterone precursorl 17.52 mpmoles added, 
specifie activity 1.27 x 10 
per IIlJllIlole 

5 
d.p.m. 
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TABLE XIII 

SPECIFIC ACTIVITIES (d.p.m.!mpmole) OF STEROIDS 
PRODUCED BY CONCENTRATE FASClCULATA HOMOGENATE 

IN TABLE XII 

Incubation 
Steroid Tlme Samples 

Cortlco
sterone 

11-deoxy
cortlco
sterone 

Prog
esterone 

(m1ns.) l II III IV V 

5 14.600 20.300 26.800 

1 S 17_._200 12, 800 ~ 600 

90 Z~~OO ___Q~30_0 _~ 400 

5 45,800 28,800 42,400 69,500 

15_____ ____ 1!hL00 15,300 72,'400 

90 _-_14~OO __Q8 t 500 

5___ _ 70, 10~ _ 3_'l_,800iJ"~lQQ _ 1l3,700_ 117,600 

15 120,400 124,400 

90 120,100 115,600 

4-C14_progesterone precursorl specif1c activity 127,000 d.p.m.!mpmole. 

et 

.... 
w 
w 
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Fig. 8. Radioautograms taken of TLC chromatograms on 
TLC - 1 (Table 1) (develo~ed after 36 hrs. exposure) showing 
the incorporation of 4-C1 -progesterone into different steroids 
when incubated with dilute and concentrate fasciculata 
homogenates of rat adrenals under the conditions shown in 
Table IX. (Fig. 8 reduced scale 

(see following photograph) 

Legends to Figure 8 

Roman numerals = concentrate fasciculata homogenate 
sample numbers 

small English 
letters = dilute fasciculata homogenate 

sample numbers 

s. L. = starting line (i.e., line of 
application on TLC chromatoplate) 

For abbreviations of steroids in Figure 8, see page xii. 
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( i ) (reduced scale) (ii) 

Fig. 9. Radioautograms .taken of chromatograms în TLC - 6 (Table 1) (after 
TLC - 1 elution) showing the incorporation of 4-c -progesterone into . 
l~-hydroxyprogesterone (lta-OH-P) and l1-dehydrocorticosterone (ll-dehydro
cortic.) in dilute (ii) and concentrate (i) fasciculata homogenate of rat 
adrenals incubated for 5, 15 and 90 minutes under conditions shown in Table IX. 

Legends to Fig. 9. l, II,. III = concentrate fasciculata homogenate sample 
numbers; a, b, c = dilute fasciculata homogenate sample numbers; S. L. ___ = 
starting line (l,e., line of application on TLC chromatoplate); black circles 
= locations of the radioactive faint spots on original radioautograms to aid 
visualization. 
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2i9". q. Rad10autograms taken of chromatoŒrams 0a TLC - 6 (Table 1) (after 
l'LC - 1 elution) sho"i'ring the incorporation of 4_Cl -prop;esterone into 
l1,8-hydroxynroQ'esterone (11~-OH-P) and ll-dehydrocorticosterone (11-dehydro
cortic.) in dilute (ii) and concentrate (i) fasciculata homoQ'enate of rat 
adrenals incubated for 5, 15 and gO minutes under conditions shown in Table IX. 

Legends to Fig. 9. I, II, III = concentrate fasciculata hornogenate sample 
nurnhersj a, b, c = dilute fasc1culata hornogenate sample numbers: S. L. __ = 
startin~ 11ne (1.e., line of application on TLC chromatoplate)j black circles 
~ locations of the radioactive faint spots on ori~i~al radioautoQ'rams to aid 
visualization. 
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Fig. 10. Graphlcal presentation of the data of Table X showlng the rel~tive 
dlfferences in the total 21, 18- and 1~-hydroxylation activities on 4-c1 -
progesterone precursor (2,225,000 d.p.rn. or 17.52 ~moles per sample) in dilute 
fasciculata homogenate of rat adrenals incubated under conditions given in 
Table IX. The delay ,in 18- and 1~-, (but not 21-) hydroxylations between 
o - 5 minutes, and the differences in the rate of change of slope are their 
important differences to be noted. 
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Fig. 11. Graphical presentation of data of Table XII 
showing the relative differences in the productions (total) 
of the major l~-hydroxylated product of progesterone With 
respect to NADPH concentrations and time in concentrate 
fasciculata homogenate of rat adrenals incubated under 
conditions shown i~ Table IX. Values of samples IV and V 
(not shown in Table XII) were approximate and served only 
for comparison purposes. 



Experiment III 

The effect of gland integrity on adrenocorticoid 

hydroxylations in vitro, using 4-C14_progesterone and 

4-c14-11-deoxycorticosterone precursors. 

139 

In an incubation of tissues with 4-C14_precursors, 

it is generally assumed that the steroids in the incubation 

medium and at the site of synthesis are freely interchange

able (162). Consequently, the added 4-C14_precursor mixes 

weIl with the endogenous precursor and the percent conversion 

is then an indication of the efficiency of the enzymatic system 

under the experimental conditions used. 

As shown in Experiments l and II, in order to obtain 

more complete information on the in vitro adrenocorticoid 

biogenesis, it is necessary to know not only the percent 

conversion, but also to determine the endogenous production 

of the gland, and the dilution of the added precursor at the 

end of the incubation. In this experiment, the effect of 

the integrity of the rat adrenal on adrenocorticoid produc

tion in vitro, using 4-C14_progesterone and 4-C14-11-deoxy-

corticosterone as precursors, has been studied. Since it 

has been reported that the respiration of the whole intact 

adrenal was comparable to the sectioned adrenal (SAFFRAN et 

al. (284)>, the valid comparison of the production by the 

intact whole rat adrenals and of the quartered rat adrenals 

was made. 
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The objective of the study was to elucidate 

information concerning. 

(i) the precursor penetration as weIl as the steroidogenic 

capacity by the whole, intact gland compared to the 

quartered gland, 

(ii) the amount of 4_C14 conversion ~roduct left in the 

gland after 2 ho urs of incubation, which was regarded 

negligible (since it has been reported that perfused 

gland released corticosteroid in the adrenal effluent 

almost as rapidly as it was formed, with no intracellular 

accumulation (23, 162», and 

(iii) the general assumption that there is a good homogeneity 

between intra- and extracellular compartments. 

1. Experimental 

Adrenals were obtained from 16 rats (210 - 250 gm. 

body weight). The 32 adrenals were cleaned from fat and 

distributed into four groups A, E, C and D of 8 glands each, 

in incubation beakers containing cold KRBG. The glands in A 

and B, or C and D, were from the same rat a1ways. A, E, C and 

D each contained 4 right and 4 1eft glands, in order to minimize 

the effects of gland disparity. After the 1 hr. (2) preincu

bation at room temperature (22o C.) (2, 189), the glands were 

weighed. The weights of the tissues were. A 130 mg., B 115 mg., 

C 122 mg. and D 128 mg •• Only the glands in Band D were 
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quartered. The incubation lasted 2 hours at 37°C. in 4 ml. 

KRBG. There were no cofactors added but 3.1 mpmoles of 

4-C14_progesterone (specifie activity 102,400 d.p.m./mpmole) 

in A and B, and 2.04 mpmoles of 4-C14-11-deoxycorticosterone 

(specifie activity 77,800 d.p.m./mpmole) in C and D. 

At the end of the incubation, the supernatant of the 

incubation beakers were decanted after the termination of the 

reactions with 5 volumes of acetone. The glands and the 

beakers were rinsed with 1 ml. KRBG, and the rinsings were 

combined with the supernatant. This MEDIA A, B, C and D were 

divided into two known aliquots l and II. The glands 

collected in acetone were homogenized with 3 ml. distilled 

water in an alI-glass power-driven homogenizer for 1 minute. 

The homogenate was divided into two known aliquots l and II. 

The two respective aliquots of the media and the glands were 

processed as described previously (Chapter IV (B) 3, 4 and 

Figure 6). 

2. Results and Discussion 

The results of this experiment are given in Tables 

XIV - XVII and Figure 12 at the end of the experiment. The 

radioautograms of the TLC - 1 chromatoplates (developed 

after 4 days' exposure) of the extracts of aliquot lare 

shown in Figure 12 (reduced scale). 
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A. General Considerations 

It can be seen, in Fig. 12, that there were 

significant amounts of radioactivity incorporated mostly 

into 18-hydroxycorticosterone, aldosterone, 18-hydroxy,11-

deoxycorticosterone and corticosterone. The relative 

incorporation of radioactivity into each of these compounds 

differed significantly between the whole and the quartered 

adrenals, and much higher values were found in the media than 

their respective tissues, as Fig. 12 suggested. 

or 

The percent conversions of either 4-C14_progesterone 

4-c14-11-deoxycorticosterone into the different compounds 

studied were tabulated in Table XIV. The fact that less 

4-C14_progesterone was used than 4-c14-11-deoxycorticosterone 

in steroidogenesis was insignificant, since the total radio

activity of 4-c14-11-deOXYCorticosterone administered 

(15.9 x 104 d.p.rn.) was only half as much as the radio

activity of 4-C14_progesterone (31.8 x 104 d.p.m.) added as 

steroid precursors. From Table XIV, the following can be 

noted. 

B. Percent Conversions 

(a) 4-C14_progesterone versus 4-c14-11-deoXycortico-

sterone. The percent conversion lnto aldosterone and 

cortlcosterone dld not dlffer appreclably regardless of the 

two precursors used, when whole glands were compared wlth 

the whole glands, or quartered wlth quartered glands. The 



exception to this was the 11-deoxy-compound. 

(b) Tissue versus medium. The percent conversion 

of the labeled precursors into the different products was 

generally higher in the media than in the tissues, whether 

for the whole or quartered glands. Nevertheless, the tissues 

of the whole glands contained up to about 33 - 50% of the 

4-C14-corticosterone and 50% of aldosterone found in their 

respective media. Approximately 14 - 33% of corticosterone 

and 14 - 33% of aldosterone of the quartered-gland media 

were found in the quartered-gland tissues (Table XIV). 

(c) Whole gland versus quartered gland. The percent 

conversions of the 4-C14_precursors to aldosterone and 18-

hydroxycorticosterone were much more pronounced in the whole

gland tissues, being three to four times higher than in the 

guartered-gland tissues. On the other hand, the quartered 

glands had a two-or three-time higher percent conversion to 

corticosterone and 18-hydroxy,11-deoxycorticosterone than 

the whole glands, whether in the tissues or in the media 

(Table XIV). 

C. Specifie Activities 

(a) The specifie activities (d.p.m.!mpmole) of aldosterone, 

corticosterone, progesterone and l1-deoxycorticosterone are 

shown in Table XVI. The data indicated that the specifie 

activities of aIl the steroids obtained were much higher in 
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the med1a than ln the tissues, an observation which 

strongly supports the view that at least two different pools 

of steroids eXiste It can be postulated that the quantity 

of sterold in the media represents the sum of the amount of 

sterold released by the tissue cells into the media plus 

the quantity synthesized in the medium itself. This "exogenous" 

quantlty could be produced from the labeled precursors added 

through the action of the enzymes leaked into the medium 

(i.e., extracellular enzymes) (3, 2) and by some damaged cells 

with abnorrnally high membrane permeabilities (285). The 

sterolds produced ln thls manner would have a relatlvely high 

radloaetlVity despite their minute quantities produced. This 

plus the probably llmited mixing with the endogenous steroid 

pool(s) would explaln, at least in part, the relatively higher 

specIfIe aetivities of steroids obtained from the media. 

(b) The sneciflc activ!ties of 4-C14_progesterone were 

si~nlflcantly hl~her than its various conversion products, 

both in the tissues and in the media. Thus, it seems probable 

that elther the formation of endogenous progesterone was very 

small, and the ~TecuTsor other than progesterone (158 - 160, 

147) ml~ht have given rise to aldosterone, corticosterone and 

11-deoxyeortlcosterone, or that the added 4-C14_progesterbne 

were not weIl mixed with the in situ progesterone, which was 

converted as soon as it was formed and without being released 

from the lntr.acellular compartment. 
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(c) In the tissues, the specifie activ1ties of DOC 

derived from 4_c14_DOC were slightly smaller than or equal 

to those of corticosterone. This could indicate that QQQ 

was an intermediate as weIl as a normal precursor of the 

steroids studied. 

D. Total Productions 

(a) The total productions (~oles) per 8 glands of the 

different sterolds studied were calculated according to the 

method described previously (Chapter IV (B) 6 and Figure 6) 

and tabulated in Table XVII, which indicated that the steroids 

obtained were present in very significant concentrations in 

the quartered or whole-gland tissues. 

(b) The total guantity of aldosterone nroduced by the whole 

glands (14.8 mumoles), calculated by adding the production 

in the tissue and that in the respective medium (Table XVII, 

column (3», was almost twice that of the guartered glands 

(7,9 - 8.3 mpmoles) • • 

(c) Despite the guantity of corticosterone remaining in 

the tissue of whole and guartered glands was almost the same, 

the guantity of corticosterone released into the media of the 

guartered aldns was twice that of the whole ~lands. 

(c) Similar to aldosterone (Table XVII), the 18-hydroxy-

corticosterone content (Table XV) of whole-gland tissues 
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was four to five times that of the quartered-gland tissues. 

On the other hand, the quartered.adrenal tissues showed a 

two- to three-time higher production of 18-hydroxy,11-deoxy

corticosterone than the whole-gland tissues. It is already 

known that, in the fasciculata tissue, the main products 

formed were 18-hydroxy,11-deoxycorticosterone and cortico

sterone (Experiments l and II) and there was no 18-hydroxy

corticosterone. In the glomerulosa tissue, however, there 

was 18-hydroxycorticosterone and aldosterone besides cortico

sterone, aIl in small quantities. The difference between 

whole and quartered adrenals could be due to··'the fact that 

the corticosterone and 18-hydroxy,11-deoxycorticosterone 

produced in the fasciculata of the whole gland had to pass 

through the glomerulosa tissue to be released in the media 

and that the enzymatic system of the glomerulosa, presumably 

not saturated with sUbstrates, converted them to ~orm more, 

aldosterone and 18-hydroxycorticosterone. The overall 

result would be more aldosterone and 18-hydroxycortico

sterone, but less corticosterone in the whole-gland tissues. 

Thus, the steroids secreted into the medium by the whole

gland tissues might represent integrated hydroxylation 

activities of the two zones of the adrenal cortex. Hence, 

the effect of the integrity of the adrenals on steroidogenesis 

in vitro could be anticipated. 
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(d) It is interesting to note that the quantity of DOC 

and progesterone was higher in the tissues than in the media. 

This might be due to the fact that the tissue cells had higher 

retention capacities of steroids which served as potential 

biosynthetic intermediates. 

It can be noted, in Table XVII, that the exogenous 

productions (i.e., the productions originated from the 

labeled precursors added) were very small and these precursors 

served ideally as tracers without contributing much to the 

total steroid productions. 

E. Concludlng Remarks 

(a) The 4-C14_precursors added were able to pass 

through the cell membrane and even through the capsule of 

the whole gland. Although in the quartered glands their 

utilization was better, the whole glands retained more of 

the conversion products formed, especially the aldosterone 

and 18-hydroxycorticosterone. The whole, intact glands 

incubated were able to produce steroids and to hydroxylate labeled 

progesterone. As already mentioned, there was a possibility 

of the recirculation of the steroids produced by the internaI 

zone of the gland (zone fasciculata) into the zona glomeru-

losa, especially in the whole glands. 

(b) The consideration of the amounts of"4_C14 conversion 



products (mpmoles) left in the tissues of the whole and 

quartered glands after the incubation could not be 

considered to be negligible. 
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(c) Under the experimental conditions described in 

thls Thesis, the incubation of tissue slices or whole 

glands cannot be considered as a homogeneous system, since 

the application of a labeled steroid precursor in the system 

demonstrated the different specifie activities of the steroids 

in the media and in the tissues. Accordingly, at least two 

pools of steroids exist and they do not seem to mix weIl. 

As shown in Table XVII, the amounts of 4_c14 conversion 

products (exogenous production) left in the gland after 2 

hours of incubation was dependent on the conversion product 

concerned as weIl as the integrity of the gland. The existence 

of atleast two pools of steroids in the in vitro system 

pointed to the great importance of the need of a thorough 

study of the incubation media in such investigations, besides 

rendering the general assumption that there is a good 

homogeneity between intra- and extracellular compartments 

questionable. 
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àfter 100 hrs. of exposure) showing the incorporation of 4-C14_progesterone and 4-c -
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TABLE XIV 

PERCENT CONVERSION OF 4-C14_PROGESTERONE AND 4_C14_DOC 
TO DIFFERENT 21-, 18- and 11~-HYDROXYLATED STEROIDS BY 

WHOLE (W) AND QUARTERED (Q) GU .. NDSAND THEIR 
RESPECTIVE MEDIA ** 

* 
4_C14_ 

(1) (11) Total 
Conversion Tissue Media = ~1~ + ~11l 
Product Precursor W Q W Q ; Q 

Prog. 5.4 1.9 8.9 6.9 14.3 8.8 
Aldo-
sterone 

DOC 4.5 1.1 10 7.4 14.5 8.5 

Prog. 3.1 9 7.3 26.8 10.4 35.8 
Cort1co-
sterone 

DOC 3. 2 e.2 9.8 22.8 13 31 

Prog. 1 3.1 1.4 2.3 2.4 5.4 
l1-deoxy-
cort1co-
sterone DOC 0.7 1.9 2.3 1.3 3 3.2 

Proges- Prog. 15.1 6.9 2.7 0.9 17.8 7.8 
terone 

** Incubation conditions. 37°C. under 95% O2 - 5% C02 for 
2 hrs. in KRBG, 

4-C14_progesteronel 3.1 mpmoles added, spec1f1c act1v1ty 
102,400 d.p.m./mpmole 

4_C14_DOC • 2.04 ft , specifie aet1v1ty 
77,800 d.p.m./mpmole 

* ealeulated W in Total by add1ng W of. (1) to W of (11) 
Q n ft ft ft Q"" ft Q n .. 
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4_C14_ G 
Precursor P 

W 

* Percent 
Conver- 4.0 
sion 

** 
Total 
Produc- 14.9 
tion 
--

1 

TABLE XV 

PERCENT CONVERSION AND PRODUCTIONS (mpmoles) OF 18-0H-B AND 
18-0H-DOC IN TISSUES AND MEDIA OF WHOLE (W) AND QUARTERED (Q) 

GLANDS 

18-0H-B 18-0H-DOC 

a n d M e d i a G 1 a n d M e 
DOC P DOC P DOC P 

Q W Q W Q . w Q W Q W Q W Q 

1.0 4.2 1.3 2.4 4.1 3.9 1.8 0.6 1.7 0.9 . 2.4- 2.4 7.0 

3.0 15.4 4.1 2.8 10.5 5.6 3.6 2.9 9.0 4.6 10.1 4.2 9.8 

Incubation conditions are given in Table IX (P. 151) 

* calculated after second chromatography (TLC - 2), allowing for a 40% recovery 

e 

d i a 
DOC 

W Q 

1.1 2.5 

1.8 5.7 

** calculated from the iso-nicotinic acld hydrazide (INH) determinatlons, result of per 8 
glands 

~ 

V\ 
N 
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TABLE XVI 

SPECIFIC ACTIVITIES (d.p.m./mpmole).OF DIFFERENT STEROIDS 
IN THE INCUBATION MEDIA AND TISSUES OF WHOLE (W) AND 

QUARTERED (Q) GLANDS 

* 
Steroid 4_c14_ Tissues Media Tissues + Media 
Products Precursor W Q W Q W Q 

Prog. 1,940 2,180 4,730 4,230 3,070 3,520 
Aldo-
sterone 

DOC 1,220 1,410 1,790 1,640 1,560 1,600 

Prog. 1,330 3,650 3,840 5,610 2,460 4,910 
Cortico-
sterone 

DOC 690 1,700 2,190 2,730 1,430 2,360 

Prog. 1,270 3,750 7,360 12,900 2,410 5,360 
ll-deoxy-
cortico-
sterone DOC 540 1,280 5,800 4,880 1,800 1,820 

Proges- Prog. 32,400 18,600 86,000 37,400 
terone 

Incubation conditions as shown in Table XIV 
~ 

Method of calculation of specifie activities as shown in Chapter IV (B) 6 I..n 
\.N 

* calculated by the expression. (X.m + Y.n) / (m + n), where X, Y were specifie 
activities of the steroid in tissue and its respective medium respectivelYI m, n 
were the total quantlties of the steroid (in mpmoles) in the tissue and medium 
respectively 
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TABLE XVII 

PRODUCTIONS (mpmoles/8 glands) OF DIFFERENT STEROIDS 
IN THE INCUBATION MEDIA AND TISSUES OF WHOLE (W) 

AND QUARTERED (Q) GLANDS 

{1} (2) (3) 

4_c14_ Tissues Media Tissues + Media 
Steroid W Q W Q w Q 
Produced Precursor Ex P T P Ex P T P Ex P T P Ex P T P Ex P T P Ex P T P 

Prog. 0.17 S.8 _ 0.06 2.8. 0.28 6.0 0.21 5.1 0.45 14.8 0.27 7.9 
Aldo-
sterone 

DOC 0.09 5.9 0.02 1.2 0.20 8.9 0.15 7.1 0.29 14.8 0.17 8.3 

Prog. 0.10 7.5 0.28 7.8 0~23 6.1 0.83 15.2 0.33 13.6 1.11 23.0 
CoI'tico-
sterone 

DOC 0.07 7.3 0.17 7.6 0.20 7.1 0.47 13.3 0.27 14.4 0.64 20.9 

Prog. 0.03 2.6 O.lC 2.6 0.04 0.6 0.07 0.6 0.07 3. 2 0.17 3.2 
l1-deoxy-
cortico-
sterone DOC 0.01 2.0 0.04 2.3 0.05 0.6- - 0.03 0.4 0.06 2.6 0.07 2.7 

Proges- Prog. 0.47 1.5 0.21 1.2 0.08 0.03 0.03 0.05 0.55 1.53 O.~ 1.25 
sterone 

1 1 1 - - -- -------- --------- - -- - - -- ------

(3) obtained by adding the production in (1) to its corresponding production in (2) 

Incubation conditions as shown in Table XIV 
Legends. Ex P = Exogenous Production, T P = Total Production 

e 

~ 
\.J\ 
~ 
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Experlment IV 

Studles on the hydroxylatlon of 11-deoxycortlcosterone 

by the mltochondrlal fractlons of the cells of zona glomerulosa 

and of zona fasclculata. 

As shown ln Experlment I, there are dlfferences ln the 

11~- and 18-hydroxylase systems of the zona glomerulosa and 

fasclculata. Accordlngly, thls experlment was deslgned to 

Investlgate the speclflclty of the 11~- and 18-hydroxylatlng 

systems of the glomerulosa and fasclculata of the rat adrenal 

cortex. It has been reported (185, 186) that the fasclculata 

tlssue sllges Incubated gave rlse to 18-hydroxy,11-deoxycortlco

sterone and corticosterone, wlth very 11ttle 18-hydroxycortlco

sterone and no aldosterone, whl1e the glomerulosa counterpart 

ylelded cortlcosterone, aldosterone and 18-hydroxycortico

sterone but very small amount of 18-hydroxy,11-deoxycortico

sterone. The effect of substrate concentratlons on the llfl
and 18-hydroxylatin~ actlvity of glomerulosa and fasclculata 

mitochondrial fractlons was Investigated with DOC as substrate. 

1. Experimental 

42 rat adrenals dlssected free from surroundlng fat were 

separated Into zona glomerulosa and fasclculata-retlcularis 

(5). After prelncubatlon at 37°C. for 30 minutes, 232 mg. 

glomerulosa tissue and 436 mg. of fasciculata tissue were 

homogenized ln cold 0.44 M sucrose solution with a pestle 
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homogenizer at low speed ror 1 minute (Chapter IV CB) e). 

The homogenates were centriruged at 750 g ror 10 minutes 

in a rerrigerated ultracentriruge. The supernatant was 

decanted and centriruged at 13,300 g ror 10 minutes. The 

mitochondrial rractions or glomerulosa and rasciculata so 

obta~ned were carerully re-homogenized in 10 ml. sucrose 

separately. 

To 16 vials each containing 1 ml. KRBG, 10 pmoles 

sodium malate, 33.5 pmoles G-6-P, 4.8 pmoles NADP and 5 

units or G-6-P-dehydrogenase, 1 ml. or rasciculata mitochondria 

solution was added to eight or them, and 1 ml. or glomerulosa 

mitochondria solution to the other eight. In addition, these 

vials contained DOC and 4_C14_DOC (speciric activity 

77,900 d.p.m./~ole) or known amounts, the total or which 

were shown in Table XVIII. Each vial contained the mitochon

dria~ rraction corresponding to 4 glands. The protein 

determination gave a concentration or 948 ug. protein 

corresponding to 22 mg. glomerulosa tissue or 4 glands, and 

9140 ug. protein corresponding to 41.2 mg. rasciculata tissue 

or 4 glands. The total rinal volume orthe contents was 4 ml./vial. 

The incubation vials were incubated in a Dubnorr 

incubator at 370 C. ror 15 minutes. Arter the addition or 

known amounts or trltiated DOC, aldosterone and corticosterone, 

they were extracted and processed to obtain the percent conversion 
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values. Since there was no means of recovery for 

18-hydroxycorticosterone and 18-hydroxy,11-deoxycortico-

sterone, they were calculated after the periodic acid 

oxidation and TLC - 2 (Table I),allowing for a 40% recovery. 

2. General Considerations 

The glomerulosa and fasciculata mitochondrial fractions 

incubated in each vial corresponded to 4 glands. The purpose 

of this consideration was to make a comparison of the different 

hydroxylase activities of the two tissues on the gland basis. 

From the results obtained for the protein deter.mination, it can 

be seen that the quantity of protein/gland (23e pg,) of the 

glomerulosa was 10 times smaller than the protein/gland (2290 

pg.) of the fasciculata tissue. 

The range of substrate concentrations used in this 

experiment was very wide, from 1.2 mpmoles to 760.9 ~oles 

of DOC, since there has yet been no evidence that the enzymes 

concerned in the conversion of corticosterone to aldosterone 

are easily saturated with low concentrations of substrates 

(151, 185). 4_c14_DOC was also used since it was easier to 

trace the different conversion products, to measure the 

percent conversions and hence the mpmoles produced. 

Although the 4_C14_DOC had been thoroughly purified 

just before use, a contrdsample consisting of the same batch 
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of 4-C14_DOC, cofactors, etc., as other samples but with no 

mitochondria solution added, when incubated and extracted 

showed on the TLC chromatoplate an impurity. This "l~purity" 

was running between corticosterone and aldosterone in TLC - 1 

and could be seen in samples 1 to 8 (glomerulosa preparation) 

but not in the rest (fasciculata preParation). 

3. Results and Discussions 

The results or,,~thiJ.s study are presented in Table XVIII 

and Figures 13 - 15 at the end of this experiment. 

It can be seen that the enzymatic systems of the 

fasciculata (samples 9 - 16) were much more active than those 

of the glomerulosa. The DOC substrate added was always in 

excess, even at the smaller substrate concentration, in the 

incubation with glomerulosa mitochondrial fraction (samples 1 - 8), 

whereas in the incubation with the fasclculata mltochondrial 

fract10nthere was a small excess only for the two h1ghest 

concentrat1ons (samples 15, 16). 

In glomerulosa, the ma1n steroids from the substrate 

DOC were cort1costerone, 18-hydroxy,11-deoxycorticosterone, 

aldosterone and 18-hydroxycort1costerone. In fasclculata, 

there was cort1costerone, 18-hydroxy,11-deoxycort1costerone, 

but very small amounts of 18-hydroxycorticosterone and no 

aldosterone. Such f1nd1ngs were rem1n1scent of the prev10us 



results of other investigators (185,186) working with 

slices. 
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The aldosterone, although present on the radloauto

grams of TLC - 1 (not shown) in the glomerulosa samples, .as 

not measured due to some difficulty encountered durlng the 

processing. 

A. Glomerulosa 

With reference to Table XVIII and Figures 13 - 15, 

it is conceivable that corticosterone was produced ln 

increasing amounts with an increase in the sUbstrate, but 

the production plateaued at 13.5 mpmoles of DOC. At hlgher 

concentrations of DOC, there was a substrate inhibitlon. 

For 18-hydroxycorticosterone, the production from 

DOC was small and increased to reach a plateau at a lower 

concentration of substrate, 6.0 mpmoles. Thereafter there 

was a substrate inhibition. The quantity of 18-hydroxy,11-

deoxycorticosterone formed was higher than that of 18-

hydroxycorticosterone, being increased steadily with the 

increase in substrate to reach a plateau at 13.5 ~oles 

of substrate. A substrate inhibition was also shown at 

higher substrate concentration. 

B. Fasciculata 

It was only in the last sample (760.9 mpmoles DOC) 
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that the substrate was ln excess. Cortlcosterone 

productlon lncreased wlth lncreaslng concentratlons or 

substrate. 18-hydroxycortlcosterone was produced ln very 

small quantltles ln rasclculata at the lower substrate 

concentratlons, but demonstrated a steady lncrease untl1 

the hlghest substrate concentratlon (760.9 mpmoles DOC) 

was reached. It was lnhlblted by thls substrate concentra-

tlon. 

C. Glomerulosa versus Fasclculata 

For both the glomerulosa and rasclculata mltochondrlal 

preparatlons, the 118-hydroxylatlon or DOC wes always two , 
to three tlmes greater than the correspondlng 18-hydroxylatlon. 

The dlrrerence between the two zones or the adrenal 

cortex seemed to be that at the lower concentratlons or 

substrate (DOC) more 18-hydroxycortlcosterone and less 18-

hydroxy,ll-deoxycortlcosterone ~rormed by the glomerulosa 

rrom the same quantlty or substrate added. There was too a 

much hlgher enzyme actlvlty (llP- and 18-hydroxylases) ln the 

rasclculata, slnce the rasclculata mltlchondrlal rractlon was 

able to produce 195 pmoles of cortlcosterone out of 760.9 

mpmoles of substrate wlthout belng completely saturated. 

However, the glomerulosa mltochondrla were saturated wlth 

only 13 mpmoles of substrate, produclng 1.24 mpmoles of 

cortlcosterone. 
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The above considerations are in agreement with the 

fact previously underlined, i.e., the quantity of protein/gland, 

which can, in a crude way, indicate that the enzymatic activity, 

is 10 times smaller in glomerulosa than in the fasciculata. 

Consequently, as a result of low enzymatic activities, there 

was a saturation with a relatively low substrate concentration 

of DOC in the glomerulosa but not in the fasciculata. It is 

difficult to ascertain if at concentrations much higher than 

those tested in this experiment the same phenomenon {i.e., 

inhibition) will not occur with the fasciculata mitochondria. 

With the available data of Table XVIII, Lineweaver-Burk 

reciprocal plots for the 11'- and 18-hydroxylations are presented 

in Figures 13 - 15. In these plots, the values obtained at the 

lower substrate concentrations for glomerulosa and at the higher 

substrate concentrations for the fasciculata were taken. From 

these graphical approaches, the Michaelis constants (Km) of the 

11'- and 18-hydroxylases of the glomerulosa and fasciculata 

mitochondrial fractions were as followsl 

mitochondrial hydroxylase 
~~-fraction 1'-

glomerulosa 1.6 x 10-8 M 2 x 10-8 M 

fasciculata 0.7 x 10-6 M 0.3 x 10-6 M 

The author is aware that these values presented above can be 

subject to criticism on some points. However, under the 

experimental conditions described in thls Thesis, they 

reflected the much hlgher substrate afflnlty of the 1~- and 
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the 18-hydroxylases ln the glomerulosa compared to those 

o~ the ~asclculata. 

D. Concludlng Bemarks 

De~lnlte concluslons cannot be drawn ~rom these 

data as to the specl~lclty o~ these enzyme systems ln the 

glomerulosa and ~asclculata mltochondrlal preparatlons. 

They have to awalt ~or ~urther clarl~lcatlon. What can be 

remarked about them ls that, owlng to the smaller 11~- and 

18-hydroxylase actlvltles ln the glomerulosa, these enzyme 

systems are much more susceptlble to substrate (DOC) 

lnhlbltlon than those o~ the ~asclculata. 

Desplte o~ lts small capaclty, the ~ormatlon o~ 

18-hydroxycortlcosterone occurred more readlly ln the 

glomerulosa mltochondrla. In other words, 18-hydroxylatlon 

o~ cortlcosterone or 11~-hYdroxylatlon o~ 18-hydroxy,11-deoxy

cortlcosterone was more dl~~lcult ln ~asclculata compared to 

the glomerulosa counterpart. The data obtalned ln thls 

experlment could not resolve the questlon whether the 

18-hydroxylatlon of cortlcosterone or the l~-hydroxylatlon 

of 18-hydroxy,11-deoxycorticosterone that was lmpalred in the 

fasclculata tissue. Accordingly, the ~ollowing experiment 

was designed to investigate the 18-hydroxylation of 

corticosterone in the mltochondrlal fractions o~ these two 

zones o~ the adrenal cortex. 
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TABLE XVIII 

HYDROXYLATION PRODUCTS (mpmoles) OF DOC BY GLOM-
ERULOSA AND FASCICULATA MITOCHO~RIAL FRACTIONS 

(15 min. incubation at .37°C.) 

Total 
Substrate, 

Sample S,per 4 ml
i4 

DOC 18- Cortico- 18-0H-B 
(DOC + 4-C - Recov- OH sterone 
DOC) mpmoles ered DOC 

Z.G. Z.F. 

1 1.2 O. Jl 0.02 0.J4 O.OJ 

2 2.4 O. Z6 0.20 0.64 0.06 

J 6.0 J.20 0.40 1.04 O.OZ 

4 1,J.:2 10.80 0.42 1·J2 0.06 

5 4J.8 J:2.70 0.5Z 1.10 0.04 

6 156. Z 1:25.10 0.25 1.2 5 

Z JOZ·O JOJ·2° o. JZ 1.2J 

8 Z60·2 Z:2J·~O O.JO 0·Z6 

2 1.2 O.OOZ 0.16 0.58 0.01 

10 2.4 0.14 o. J6 1.0~ 0.02 

11 6.0 0.02 O·ZO 2·ifO 0.06 

12 lJ.5 0.11 2 40 .- 5.50 0.02 

1J 4J.8 0.22 8.20 18.;20 0.2:2 

14 156 • Z 0.6) )0.2° 68.:20 O·5~ 

12 JOZ·O 4.20 Z:2· 40 12Z·40 0·Z4 

16 760.9 249.60 110 • .30 220.70 

Details of incubation conditions are given in Experimental 
(pages 155, 156) . 
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Z. g. 
MITOCHONDilIA Cn~_HYD.OXYLATION 

S = DOC. V ln 1 min. 

i=inhlbltlon 
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"rrOCHOP'UA CII~_ HYDROXYLATION 

. """ """" 
" 

.. ' 

S li: J)O( V in 1 min . 

••••••••• .... 
• 

l 4 
1/1 • to6 .... 

6 

Fig. 13. Graphical presentation of the 11~-hydroxylation of 
l~-deoxycorticosterone (formation of corticosterone) in zona 
glomerulosa (Z.G.) and zona fasciculata (Z.F.) mitochondrial 
fractions incubated under conditions described 1n Experimental. 
Dotted curves were extrapolat1ons, ~ = M1chaelis constant, 
S = substrate concentration (or sUbstrate), V = velocity of 
react10n (mpmoles or smaller un1ts/minute). 
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Fig. 14. Graphical presentation of the 18-hydroxylation of 
11-deoxycorticosterone (formation of 18-hydroxy,11-deoxycortico
sterone) in zona glomerulosa (Z.G.) and zona fasciculata (Z.F.) 
mitochondrial fractions under the conditions described in 
Experimental. Dotted curves were extrapolations. Km = Michaelis 

. constant, S = substrate concentration (or substrateT, V = 
velocityof reaction (~oles or smaller units!m1nute). 
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(IO-'M) lAi • 10' M 
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Fie:. 15. Graphical presentation of' the 11~- and 18-hydroxylb.. 
tions of' 11-deoxycorticosterone (f'ormation of' 18-hydroxycortico
sterone) in zona glomerulosa (Z.G.) and zona f'asciculata (Z.F.) 
m1tochondrial f'ract1ons 1ncubated under condit1ons described in 
Experimental. Dotted curves were extrapolat1ons. Km = M1chaelis 
constant, S = substrate concentration (or substrate), V = velo
city of' reaction (~oles or smaller un1ts/m1nute). 
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Experlment V 

Studies on the 18-hydroxylation of 4-C14-Corticosterone 

by fasciculata and glomerulosa mitochondrial fractlons. 

The generally low 18-hydroxylatlon actlvltles reported 

ln Experiments l (Tables V, VI), II (Flg. 10 (li», III (Table 

XV) and IV (Table XVIII), whether-ln the PIM (Experlment 1), 

homogenate (Experlments-I, II), sllce (and quartered gland) 

(Experiments --~I, III), whole gland (Experiment III) or ln 

sub-cellular mltochondrlal fractions (Experiment IV) in presence 

of t_he 21-, and 1~ -hydroxylating systems, and the relatively 

higher concentratlons of 18-hydroxycorticosterone in the 

glomerulosa preparations had led to problems that need direct 

investigation of the 18-hydroxylation itself. 

The glomerulosa and fasciculata mitochondrial preparations 

were used slnce 18-hydroxylation occured throughout the rat adrenal 

cortex (108 - 110) and the 18-hydroxylase system had been shown 

to be mainly associated with the mltochondrlal fraction (4,000 g 

10 minutes) (214 - 216, 49, 102) ln the "heavy" mitochondria 

(216). 

2. Experimental 

60 adrenal glands from male rats were separated into 

glomerulosa and fasclculata (5) and directly homogenized in 18 ml. 

0.44 M sucrose (Chapter IV (B)l (d), (e». The mitochondrial 

fractions were obtained at 1),)00 g. 
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The glomerulosa mitochondria were taken back 

finally in 3 ml. sucrose (0.44 M) while fasciculata mitoch

ondria were dissolved finally in 15 ml. sucrose (0.44 M). 

0.5 ml. of such glomerulosa was added to each of the five 

flasks A to E (equivalent to 10 glands per flask), and 0.25 ml. 

(equivalent to 1 gland) of the fasciculata mitochondria for 

each of the five flasks F to J. Flask K contained the 

mitochondrial fractions of 10 whole glands, while L contained 

the mitochondria of the fasciculata of 8 glands. AlI the 

incubation flasks containing 33.5 pmoles G-6-P, 4.8 pmoles 

NADP, 5 units G-6-P-D (disodium salt) and 1 mmole of malate 

each were adjusted to 3 ml. final volume with KRBG. The 

quantity of corticosterone was indicated in Table XIX and the 

specifie activity of the 4-C14-corticosterone precursor was 

12 3,000 d.p.m. per mpmole. The vials were incubated for 30 

minutes at 38o C •• 

After the addition of tritiated corticosterone and 

aldosterone as tracers, the incubates were extracted with 

dichloromethane. These extracts were processed for the 

percent conversion analyses as previously descrlbed (Chapter 

IV (B) 3, 4 and Figure 6). 

2. Results and Discussions 

The results obtained in this study are given in 

Table XIX and Figures 16 and 17 (pages 171, 175). 
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For better understanding of the results presented in 

this experiment, it should be noted that the protein content 

per gland in the glomerulosa tissue was 10 times smaller than 

that in the fasciculata tissue, as shown in Experiment IV. 

Theglomerulosa mitochondrial fraction incubated in this 

experiment represented 10 glands, whereas the fasclculata 

mitochondrial fraction represented only 1 gland. The protein 

determination results indicated that those 10 glands contained 

3047 pg. of protein for glomerulosa and that in the fasciculata 

was 2201 ug. of protein.per flask in each case. 

These values corresponded fairly weIl with those obtained 

in Experiment IV, as the following figures illustrated. 

Experiment 

IV 

V 

ug, protein per51and 
Glomerulosa Fasciculata 

226 2176 

305 2201 

Hence the comparison of the 18-hydroxylating activ1ties of 

the two zones on 4_c14_corticosterone wbuld,èe justifiable 

on similar total protein content basis. 

In view of the very low conversion of the added 

precursor to 18-hydroxycorticosterone in Experiment IV, the 

incubation time in this experiment was prolonged, hoping to 

obtain higher conversion values for more valideomparisons.·' 

There was no preincubation of the tissues in this experiment 

prior to the homogenization, since a preincubation at 37° C• 
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was liable to cause sorne inactivation of the hydroxylases 

in these tissues. Semple K, containing mitochondrial 

fractions of 10 whole glands, served as a means of 

comparison. 

In the lbotograph of the radioautograms of the 

chromatoplates on TLC - 1 (Fig.16) developed after 34 hrs. 

exposure, it can be seen that in the 5 samples A to E,. 

(glomerulosa ~tochondrial fractions), there was a high 

percent conversions to aldosterone and l8-0H-B, but that 

in samples F to J, there were no conversion to aldosterone 

and only a s11ght convers~on to l8-0H-B. Other unidentified 

compounds were rormed in smaller percentages in the 

glomerulosa. or these, one might be 11-dehydrocorticosterone. 

When semples A and K were compared, sample A 

relative to the glomeru2osa mitochondria and K to the 

whole gland of the rat adrenal. It was apparent that in K(trom 

the whole glanœ),there was a smaller conversion to 

aldosterone and 18-0H-B than in semple A and mgre cortico

sterone was left unconverted in K (0.26 mpmoles) than in, 

A (00.026 m)l1lloles) (Table XIX). 

In sample L, where the mitochondrial fractions 

were from 8 glands, there was no conversion of corticosterone 

or only in traces that could not be detected. Thus, the 
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conversion to 18-0H-B in fasciculata samples F to J was 

not due to the smaller amounts of tissues incubated, but, 

perhaps some inh1b1tory or unknown fact?rs present. 

Sample M 1s the control sample, where no m1tochondrial 

fract10nwas added. Only small amounts of impurities could 

be noted. 

The quantitative results are ":g1ven in Table XIX. 

The exam1nat1on of th1s Table confir.med the points already 

underl1ned from the observations of the rad1oautograms 

(Fig. 16). Such quantitative data of Table XIX were 

1nd1catory that. 

1. The h1gh ut111zat1on of the labeled precursor by 

the glomerulosa m1tochondr1a and the small ut1lizat1on by 

the fasc1culata m1tochondr1a. 

2. The lower"" conversion (almost 10 to 20 t1mes) to 

18-0H-B by the fasc1culata mitochondr1a and the absence of 

aldosterone in samples F to J. 

J. The relat1vely h1gher conversion to 18-0H-B than 

to aldosterone in the glomerulosa resulted in ratios of 

â.ldosterone to 18-0H-B (last column on the r1ght of Table 

XIX) always around 0.7. 

4. Under the present exper1mental conditions, the 

Km for the 18-hydroxylation were not d1fferent to a great 

extent in the glomerulosa and fasciculata, being 1 x 10-7M 

and O·.6x 10-7M respect1vely. Hence the1r differences in 

steroidogen1c activ1ties m1ght be due to some other factors. 
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One of the important differences between the 

enzymatic systems of the glomerulosa and the fasciculata 

that could be detected at the mitochondrial level was that 

the 18-hydroxylation of corticosterone was inhibftted in the 

fasciculata and not in the glomerulosa counterpart. 



TABLE XIX 

18-HYDROXYLATION OF 4-C14_CORTICOSTERONE BY 
FASCICULATA AND GLOMERULOSA AND WHOLE 

GLAND MITOCHONDRIAL FRACTIONS 

Tissue 
Prepara- Sample 
tions 

Glomeru
losa 

Fasc
iculata 

10 whole 
glands 

A 

B 

C 

D 

E 

F 

G 

H 

l 

J 

K 

Fasciculata L 
b8 times) 
ontro! M 

Precur
sor 
added 
(mJlIIloles) 

0.6 

1.2 

2.6 

6.1 

lJ.6 

0.6 

5.5 

lJ.9 

28.J 

142.6 

0.6 

0.6 
0.6 

* Precursor 
Incorporated 
(rnpmoles/JO 

mins.) 
18-0H-B Aldo. 

0.12 

0.27 0.18 

0.90 0.51 

1.62 1.2) 

2.60 

0.006 

O.OJ 

0.15 

0.11 0.08 

o 
o o 

* mJllIloles 
Precur
sor 
Recovered 

0.0) 

0.06 

0.14 

0.)5 

1.82 

4.80 

12.60 

26.80 

lJ1.20 

0.26 

0.55 
0.60 
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Ratio 

Aldo. 
18-0H-B 

0.75 

0.65 

0.77 

0.65 

0.72 

ô % Incubation conditionsl J8 C. for JO minutes under 95 O2 - 5% C02 
in KRBG 

Specifie activity of 4-CI4-Cortlcosteronel 12),000 d.p.m./mJlIIlole 
* calculated from percent radloactlvlty obtained after second 

TLC (TLC - 2). 
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Fig. 17. Graphical presentation of the 18-hydroxylat1on data 

of Table XIX indicat1ng the relative Km values of the zona glom
erulosa and fasciculata by the Lineweaver-Burk rec1procal plots. 



CHAPTER VI 

GENERAL DISCUSSIONS 

176 

A discussion and a conclusion of the results have 

already been given at the end of each experiment. In this 

Chapter, the significance and implications of the main 

findings in relation to the interpretation of the in vitro 

data will be discussed. 

Radioactive precursors are used in in vitro work to 

clarify many points in the different steps involved in the 

pathway of steroid biogenesis. Although the in vitro systems 

are simplified compared to the in vivo investigations they 

are still very complex. In dealing with radioactive tracers, 

the homogenization of the added precursor with the endogenous 

precursor(s), the existence of one pool of enzymes in the 

tissue incubation, etc., must be assumed. More and more it 

appears that caution must be applied to the interpretation 

of the data thus obtained. Although the experiments conducted 

in vitro, unlike those in vivo, can be controlled, many 

factors inherent in the incubation itself can lead to 

artefacts which, when the investigator is not aware of them, 

can léad to erroneous interpretation of the data. 



177 

In this investigation it has been demonstrated that 

there are dirrerent pools of enzymes in the incubation of 

slices. namely the tissue and the medium itselr. Indeed, the 

observation of TSANG that when the incubation media or rat 

adrenal slices are incubated in the absence or tissue (PIM) 

it is able to transrorm a steroid precursor such as proges

terone into steroid products, mostly 11p-hydroxyprogesterone, 

if NADPH is available, has been confirmed and extended (39). 

The recognition of enzyme activity in the media itselr raises 

the possibility that the incubation media may play an 

important role in the metabolism of added steroids in an 

incubation with slices. The results obtained in Expermient III 

seem in part to conrirm this assumption. The very derinite 

difference in the specifie activity of the various steroids 

rormed inside the tissue and in the media even arter two ho urs 

of incubation could be interpreted as indicative of the 

existence of at least two pools - the media and the tissues -

which do not readily mixe 

However, since even the difference in specifie activity 

can be seen in incubations of whole glands where the "leakage 

of the enzyme is minimal" (39), the tissue itselr could be 

considered, as has been done by HALKERSTON (286), as consti

tuted by different types of cells, the activity of which has 

been impaired in varying degrees. The membrane permeability 



of the damaged cells could be changed in such a way that 

their penetration by the precursor is much more readily 

performed, as weIl as the release of their conversion 

products leading to a higher specifie activity of the 

steroid released in the medium. 
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In an incubation of rat adrenal tissue these three 

possible pools of enzymes are not the only ones to be 

considered, since the adrenal gland is formed of different 

histological zones which have been demonstrated to produce 

different steroids, i.e., the glomerulosa produces aldosterone, 

18-hydroxycorticosterone and corticosterone, very little 

18-hydroxy,11-deoxycorticosterone; the fasciculata produces 

corticosterone and 18-hydroxy,11-deoxycorticosterone but not 

aldosterone, and very little 18-hydroxycorticosterone (152). 

Those results have been confirmed here. It has been demons-

trated that the enzymatic activity of the mitochondrial 

fraction of glomerulosa tissue is very low compared to that of 

the fasciculata tissue on a weight or a gland basis. Moreover 

a substrate inhibition of the 11~-hydroxylase system with a 

relatively Iow concentration of l1-deoxycorticosterone has 

been found only in the mitochondrial fraction of the glomeru

losa (Experiment IV),but in turn this 'same fraction can very 

easily hydroxylate in 18- position of the corticosterone 

molecule, whereas the fasciculata cannot (Experiment V). It 
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also seems that the 21-hydroxylation in the glomerulosa 

tissue is much smaller than in the fasciculata (Experiment I). 

These phenomena could explain in part the regulation of 

aldosterone formation. since the 21-hydroxylation is smaller, 

less ll-deoxycorticosterone is formed, leading to a small 

quantity of corticosterone, which is readily converted to 

aldosterone in the glomerulosa tissue but not in the fascicu

lata. However, the mechanism by which the 18-hydroxylation of 

ll-deoxycorticosterone occurs readily in the fasciculata but 

not the 18-hydroxylation of corticosterone, cannot be explained 

by this investigation. As has been indicated in Experiment III, 

the glomerulosa tissue can utilize the corticosterone and/or 

18-hydroxy,11-deoxycort1costerone formed in the fasciculata 

tissue to produce more aldosterone and 18-hydroxycorticosterone 

when whole glands are incubated. In in vitro work generally 

the two zones are incubated together, as quartered glands. In 

this case there is a possible recirculation and utilization of 

the conversion product of the fasciculata zone by the glomeru

losa zone. Since the 21-hydroxylase activity is very small in 

the glomerulosa, the production of ll-deoxycorticosterone and 

then of corticosterone is very low. The 18-hydroxylase system 

of this zone is not saturated and thus will be able to 

hydroxylate corticosterone and/or 18-hydroxy,11-deoxycortico

sterone produced by the fasciculata. This recirculation of 

steroid produced can indeed lead to erroneous conclusions 
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when the action of trophic factors is looked for in vitro. 

A puzzling phenomenon is the consistently very sllght 

dilution of the radioactive progesterone by the endogenous 

progesterone (Experiments l, II and III). Is this the 

consequence of a poor penetration of the subcellular element 

by the added progesterone, or is it that progesterone may 

not be part of the normal sequence of corticosteroidogenesis? 

This is difficult to ascertain, but there are several reports 

as to the possibility that progesterone may be bypassed in 

this process (147, 158 - 160). 

The concentration of the NADPH-generating system added 

to the media has to be considered, since it was shown that it 

is important in the overall metabolism of adrenal tissue 

(Experiments l and II). With the increasing concentration of 

this cofactor it was demonstrated that at relatively low 

concentrations the 21-hydroxylation first appears. If the 

concentration is increased the 1~- and 18-hydroxylations are 

activated. At a still higher concentration the NADPH is 

inhibitory not only to the 21-hydroxylasel;ls reported by 

SHEPPARD (188) but also to the 1~- and 18-hydroxylating 

systems (Experiment II). There seems to be an inhibition of 

the general metabolism of the tissue (150) at the highest 

concentration. When added to slices the NADPH-generating 

system will not penetrate the membrane of normal cells 
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(287, 288). As HALKERSTON has demonstrated (286), it will 

act mostly on the damaged cells to increase, as has been 

shown in Experiment l, their endogenous production and, to a 

more limited extent, the conversion or the added precursor. 

The duration or the incubation itselr not only has a 

bearing on the quantitative aspect or the steroid production, 

but also on the qualitative aspect or this production. Indeed 

it seems that the 11~- and 18-hydroxylation or the steroid 

molecule occurs only when l1-deoxycorticosterone has been 

rormed (Experiment II). This wou Id mean that l1-deoxycortico

sterone is a precursor in corticosteroidogenesis. 11~-hydroxy

progesterone seems to be rormed only arter a certain time as 

a consequence or a smaller 21-hydroxylase activity. This 

diminution in 21-hydroxylase activity has been demonstrated to 

be due in part to the inactivation or the 21-hYdroxylase at 

37o C. in dilute media (39) 

The dilution or the homogenate with KRBG can have 

itselr a marked effect on the endogenous production, as seen 

in Experiment I. This is at variance with the work of 

LAPLANTE and STACHENKO (289), where it was demonstrated that 

with an increase in the KRBG added to adrenal incubation 

slices, the endogenous production was not affected. The 

enzymes in slices are not diluted when more KRBG is added, 

whereas the concentration of enzyme/ml. is much smaller in 
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homogenates after dilution. 

The quantity of precursor added can also have a 

bearing on the final results of the incubation. This 

precursor can have either an inhibitory (11-deoxycortico

sterone in the glomerulosa, Experiment IV) or an activating 

(11-deoxycorticosterone in the fasciculata homogenate, 

Experiment II) effect. When the precursor concentration is 

small and is exhausted at the conclusion of the incubation, 

the percent conversion will not represent the potential 

capacity of the enzyme system to hydroxylate the added 

molecules. As has been found in Experiments l and II, the 

results will give an estimate of only the relative capacity 

of the d1fferent enzyme systems after a certain time. 

In summary, the extrapolation of the conclusions 

obtained with in vitro data to in vivo processe8 is in 

general difficult, and before reaching a conclusion it is 

better to understand the action of factors which can influ

ence the results in vitro, some of which have been outlined 

in th1s Thesis. However, the comparison of the results 

obtained with different tissue preparations, the use of 

quantitative methods (which, as the ones described here, 

measure the metabolism of the added precursor simultaneously 

with that of the endogenous precursor), the study of the 

kinetics of the different hydroxylations, will certainly 



shed some light on the pathway of corticosteroidogenesis 

in the rat adrenal cortex. 

18) 



CHAPTER VII 

SUMMARY AND CONCLUSIONS 

Using double isotope methoœdeveloped for the 

simultaneous measurement of the specifie activities and 

productions of steroids by different rat adrenal preparations 

incubated under varied conditions, it was demonstrated that. 

(1) In the PIM, the hydroxylation of 4-C14_progesterone 

occurred much more readily at the 1~- position, the 21-

and 18-hydroxylations being very small. 

(2) When no NADPH was added to the incubation of adrenal 

slices of either glomerulosa or fasciculata, the 21-

hydroxylation of 4-C14_progesterone was much higher than 

the 11~-hydroxylation. 

(3) The addition of NADPH to the incubation media caused. 

(a) increases in aIl the hydroxylations of progesterone, 

but the l~-hydroxylation was preponderant, especially 

in the glomerulosa. 

(b) the higher l~-hydroxylation which was due to an 

accumulation of the l~-hydroxyprogesterone. 

(c) a six to seven-time increase in the production of 

corticosterone, but the hydroxylation of 4_C14_ 

progesterone wes enhanced by a factor of three only. 
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(4) The effect of malate was to inhibit the 21-hydroxylation 

of progesterone. 

(5) The dilution of a fasciculata homogenate (JO mg./2 ml.) 

with 25 ml. KRBG increased the utilization of the added 

4-C14_progesterone by enhancing its 1~-, 18- and 21-

hydroxylations. The endogenous production of cortico-

sterone, however, was decreased by a factor of three. 

(6) The dilution of a glomerulosa homogenate (15 mg./ml.) 

by a factor of 12 with KRBG increased the utilization of 

4-C14_progesterone, with a decrease in its 21- and 18-

hydroxylations, and an increase in 11fo-hydroxylation. The 

accumulation of the 11~-hYdroxyprogesterone was high. 

Nevertheless, the endogenous production of corticosterone 

was unaffected. 

(7) When only 2 ml. of the dilute homogenate was used with 

the same quantity of 4-C14_progesterone, the utilization 

of 4-c14_progesterone was comparatively higher. The 11~

hydroxylation was increased due to a higher accumulation 

of the 11~-hydroxyprogesterone by the glomerulosa homog

enate. There was a decrease in the 21- and 18-hydroxyla-

tions, which were less marked in the fasciculata tissue. 

(8) The reduction of the concentration of the substrate added 

did not affect the percentage of the hydroxylations. 
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(9) NADPH at a high concentration (23.2 pmoles/3 ml.) had 

an inhibitory action on the 21- and 18-hydroxylations. 

(10) In either a dilute (1.5 mg./ml. ) or concentrate (15 mg. 

per ml.) fasciculata homogenate, when the concentrati'on 

of NADPH was below 23.2 mpmoles/3 ml., there was no 

hydroxylation of 4-C14_progesterone. At a concentration 

of 23.2 ~oles NADPH/3 ml., there was an activation of 

the 21-hydroxylation only; at the concentration of 232 

mpmoles NADPH/3 ml., there were activations of the 21-, 

18- and, more particularly, the 11~-hydroxylations. At 

still higher NADPH concentrations (2.32 pmoles or higher 

per 3 ml.), there were inhibitions in aIl the three 

hydroxylations. 

(11) A time study in the corticosteroidogenesis by the dilute 

fasciculata homogenate demonstrated that DOC was produced 

first, followed by the 11~- and 18-hydroxylated products, 

corticosterone and 18-hydroxy,11-deoxycorticosterone. As 

the incubation continued, there were only slight increases 

in 21-hydroxylation and 1~-hydroxyprogesterone was 

accumulated. 

In an incubation with whole or guartered rat adrenala 

(12) The specifie activities of aIl the steroids studied were 

much smaller in the tissues than in the media. 
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(13) In an incubation, the specifie activities or the 

. 

conversion products were much lower than the final 

speciric activity of 4-c14_progesterone, the added 

precursor • 

(14) Each or the steroids studied in this Thesis was present 

in signiricant concentration in the tissues. 

(15) The concentrations of DOC and progesterone were much 

smaller in the media than in the tissues. 

(16) The total amount of aldosterone and 18-hydroxy,11-deoxy

corticosterone produced by the whole glands (tissues and 

their respective media together) was almost twice the 

total amount produced by the quartered glands, under 

the same consideration. 

(17) Although the quantity of corticosterone remained in the 

tissue was the same for either the quartered or whole 

glands, yet the quanti ty of corticosterone and 18-hydroxy·,· 

ll-deoxycorticosterone released into the medium by 

quartered glands was twice the amount released by the 

whole glands. 

In the study or the mitochondrial fractions of the glomeru1osa 

and fasciculatas 

(18) The quantity of protein in the glomerulosa tissue was 10 
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times less than that in the fasciculata, and the 11~

hydroxylation activity in the glomerulosa was very low. 

(19) A concentration of 43.8 mpmoles DOc/4 ml. was inhibitory 

for the l~-hydroxylation by the glomerulosa mitochon

dria (4 glands). 

(20) Only the glomerulo~a mitochondria could hydroxylate the 

corticosterone Molecule at the 18- position. 
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APPENDIX A 

The structural formulae of the major steroids 

produced by the rat adrenal cortex studied in this Thesisl 

Progesterone 

C~OH 1 .. 
C=O 

11-deoxycorticostê~one 

CH20H 
f 

HO c=o 

18-Hydroxy,11-deoxycorticosterone 

l1-Dehydrocort1costerone 

o~-·~""'--""'-
118-HydroxyProgesterone , 

Corticosterone 

CH2 0H 
1 

HO C=O 

18-Hydroxycorticosterone 

Aldosterone 
(Hem1atetal form) 
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