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Abstract

This paper has a focus on the early history of aldosterone. The Taits take us on a chronological trawl through the history in which they
had a first hand role and made a major contribution—their bioassay was in many ways the key. The gifted Swiss chemists made a critical
contribution to the scale and isolation of larger amounts. This was international collaboration at its best. Developing technologies were utilised
as crucial cutting edge applications in the advancing front, technology transfer before the word was invented.

Measurement of aldosterone and angiotensin were crucial advances to the understanding of the regulation of the hormone. In the period
1960-2003, some 30,000 papers mentioned aldosterone as a keyword, even so advances on a larger scale were slow. | have indicated some
my own work with the Howard Florey team using the adrenal autotransplant in the conscious sheep. Recently, the understanding of the role
of induced proteins, the flow on from the RALES trial and the development of eplerenone has revitalised the aldosterone field.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction Jim remains severely restricted from complications arising

from diabetes. In the event of their unavailability, it was dis-

As the abstract deadline approached, changes in thecussed that | combined their paper with my own, | agreed

opening session became mandatory. One injunction fromto do so, recognising that this is very unusual, but | do so
our major sponsor was that the meeting should not be ain the initial spirit in which the meeting was conceived.

retrospective, but should focus on cutting edge research. Most of the pre-1960 comments are in their own words
Thus, the original program was going to have only one . .
historical session. The Taits, both Sylvia and Jim, were on Ve have previously presented several accounts of the his-

the program to address the discovery, isolation and identi- tory of aldosteronegimpson and Tait, 1955ait and Tait,
fication of aldosterone, until about 1960, and | was slated 1979, 1988, 1998bWe had resolved not to repeat such a
to do from 1960 to the present, my own thoughts on the ~'€View but the present occasion is obviously quite special.
emerging understanding of regulation and function. Sylvia V& have tried to add some comments from present day
and Jim with their characteristic efficiency have had their ~ Nindsight. The aldosterone field is now vast and a balanced
paper ready for more than a year. Deteriorating health is- "€View cannot be prese_nted here. Therefore, apart from an
sues made their participation increasingly improbable, and &ccount of the early history, we shall also unashamedly
you all know that Sylvia is deceased. After the most trying  PUt forward some questions arising from past and present
1218 months for her, 28th February saw her out of this life. ~ Personal hobbyhorses.

as well as my own (J.P. Coghlan).

* Corresponding author. Present address: Menzies Foundation, 210
Clarendon Street, East Melbourne 3002, Australia. fef1-3-9419-5699;
fax: +61-3-9417-7049.
E-mail address: coghlan@vicnrt.net.au (J.P. Coghlan).
1 Deceased on 28th February 2003. . . .
2 Molecular Endocrinology Department of Medicine, UCL London, The first serious attempts to isolate the compound respon-

UK. sible for maintaining the life of adrenalectomised animals

2. Early work on adrenal extracts
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started round about 1935 following the preparation of bio- by them was one of the factors vital to the eventual success
logically active extracts free of contaminating compounds of Reichstein in isolating relatively large amounts of aldos-
from the adrenal medulla. The groups involved were princi- terone in 1953 Kuizenga, 1944 Simpson et al., 1953a,b
pally those of: (1) Wintersteinekintersteiner et al., 1934 Tait and Tait, 1998 Remarkably, Mason and Reichstein
mainly carried out at Columbia University, who, however, were still involved in the race for the isolation and identifi-
retired from the experimental field after a few years; (2) cation of aldosterone in 195Fig. 1).

Kendall (Mason et al., 1936at the Mayo Clinic isolated In the late 1930s, it was realised that the life mainte-
Cortin in crystalline form as early as 1934; and (3) Reich- nance tests for adrenalectomised animals under low stress
stein Reichstein, 1936and his faithful co-worker, von Euw,  conditions favoured mineralocorticoids, such as deoxycorti-
in Basle. Several other groups were involved in the 1930s, costerone, but similar tests with stressed animals, e.g. under
such as those dflartman and Sport (194@nd Grollman cold conditions, favoured glucocorticoids, such as cortisol
(1937) Kuizenga and Cartland (193®)ade notable contri-  (Swingle and Remington, 1944; Gaunt and Eversole, 1949
butions and a switch to the earlier extraction methods usedTable 1. As regards the assays used by the chemists, the

From left to right: Prof. Reichstein, Sylvia Simpson, Dr. Tait, Prof. Wettstein, Dr.
Neher and Joseph von Euw.

(b)

Fig. 1. (a) The full collaborative team with T. Reichstein (and the Ciba group, including Drs. A. Wettstein, R. Neher and A. Schmidlin). The Taits
supplied them with all their information on the properties of electrocortin. Reichstein and von Euw then started the purification of the extract (by th
Cartland and Kuizenga procedure) from 500 kg of beef adrenals. (b) Sylvia and Jim Tait “in their prime” February, 1962 in John Coghlan’s laboratory at
the Howard Florey Institute of Experimental Physiology and Medicine at the University of Melbourne. On study leave from the Worcester Foundation.
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Table 1
Mineralocorticoid and glucocorticoid activity of corticosterone (B), corti-
sone (E), and deoxycorticosterone (DOC) (fr@mundy et al., 1952a,b)

4. Unitarian theory

The use of large amounts of steroids, such as cortisone,

Bioassay (adrenalectomized rats) B E DOC E/DOC in clinical applications had made investigators realise that

Glucocorticoid assays these glucocorticoids had effects on electrolyte metabolism,
Ingle (muscle fatigue) 100 210 4 53 although these were regarded as undesirable side effects. It
Kuizenga-Venning (liver 100 192 - - was also being realised from the content of adrenal venous
Se?)'/f_ogceh”egigroztt'j‘ici)val i cold) 100 1160 32 38 blood in animals, as found by Vogt, Bush and Nelsdog,

Mineralocortocoid assays 1943 'Bush, 19536},b; Nglson et al., 1_95®nd from' the
Simpson-Tait (urinary N4/K*?) 100 41 700 059 guantity of appropriate urinary metabolites, that cortisol was
Everse de Fremery (muscle response) 100 44 1250 0.35 secreted in amounts similar to those used in therapy.
Cartland Kuizenga (survival low stress) 100 26 590 0.44 Therefore, for all these reasons, influential groups, such

as those of Albright and BartteF¢urman et al., 1950and
Conn et al. (1951)proposed that cortisol was the single
Ingle work test [ngle, 1940, used by Kendall's group, mea-  adrenal hormone, which could control both carbohydrate
sured chronic muscle fatigue and favoured glucocorticoids. and electrolyte metabolism. Ev&ush (1985)who had pa-

However, the Everse and de Fremery as$aye(se and de  per chromatographed extracts originally prepared my Win-
Fremery, 193p used by Reichstein, measured the imme- tersteiner, stated that

diate response of muscle and favoured mineralocorticoids.
Nevertheless, this division of corticosteroids into these clas-
sifications was arbitrary and gluocorticoids exhibited some e should emphasise that the Unitarian views of all these
mineralocorticoid activity and vice versa. In any case, as a workers were reasonably based on the evidence available at
result of the application of these tests, many corticosteroids, the time. On the other hand, the acceptance of the existence
both ‘glucocorticoids’ and ‘mineralocorticoids’, were Crys-  of aldosterone was certainly not a smooth development from
tallised and identified, particularly by both Kendall and Ma-  ¢linical findings, as has been implied in a film of the history
son and Reichstein before 1948wingle and Remington,  of the subject.
1944. Actually, we now know, as emphasised byjick (1979,
1996) that cortisol can be a ubiquitous single adrenal hor-
mone when there is excessive systemic or local production
of cortisol, as in Cushing’s or the AME syndrome. Even in
normal subjects, cortisol contributes appreciably to the total
It was realised by nearly all the early investigators in the mineralocorticoid activity, as can be seenTable 1 (bot-
field that the amorphous fraction remaining after the crys- tom figure). The mineralocorticoid activity was measured
tallisation of these steroids, contained considerable miner-by our N&4K%2 test and the glucocorticoid activity by the
alocorticoid activity. This was not due to any known steroid, liver glycogen testKig. 2).

| had almost convinced myself to join the Unitarians.

3. Amorphous fraction

including deoxycorticosterone, a major candidate at the
time (Kuizenga, 1943 From their biological activity and
properties flason, 1939 it is clear that all these prepara-

However, there is an important difference in the physi-
ological role of aldosterone and cortisol. The secretion of
aldosterone is controlled by such factors as the intake of

tions containing substantial amounts of aldosterone with the electrolytes, so leading usually to a stable control system
best probably containing nearly 20% aldosterone by weight as the level of aldosterone in turn appropriately affects the
(Kuizenga and Cartland, 1939; Kuizenga, 1944; Mason excretion of these electrolytes. Cortisol is obviously part of
et al., 1936; Wintersteiner and Pfiffner, 193 that was a different, mainly ACTH based, control system. Although,
the case, then even the least efficient of the mild methodsUlick (1996) andBeck et al. (1962pointed out that corti-
of purification available in recent times would have easily sol production might increase in aldosterone deficiency and
yielded pure crystalline material from such starting material. in normal subjects on a low salt intake, the physiological
Crystalline aldosterone was actually not obtained until significance of this observation is not yet clear. In physio-
1953, about 18 years after the serious start of the search fological situations, it presently seems that the aldosterone is
this type of active compound in adrenal extracts. This was the dominant hormone as regarding to the effects on elec-
partially because the Second World War intervened and al- trolyte metabolism. However, this was certainly not the view
though there was still research activity in the adrenal field; of most people in the field around about 1950 at least as re-
this was mainly directed toward the possible use of gluco- garding to the role of an active compound in the amorphous
corticoids to reduce pilot fatigue. After the later post war, fraction.
award of the Nobel Prize to Hench, Reichstein and Kendall ~ Apart from the views of Albright and Conn from clin-
mainly for work on glucocorticoids, there was then, it seems, ical studies, as previously mentioned, there was a widely
a certain loss of faith in the significance of the amorphous accepted opinion that the amorphous fraction could be due
fraction, except by the Mayo Clinic team. to several compounds acting synergistically. There was, in
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DAILY SECRETION RATES AND MINERALO- AND GLUCOCORTICOID
CONTRIBUTIONS (ACTIVITY x DAILY SECRETION RATES) OF
DIFFERENT CORTICOSTEROIDS
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Fig. 2. Total mineralocorticoid and glucocorticoid activities of adrenocortical secretions {faitnand Tait, 1979

any case, no evidence for the actual secretion of a singleacetylation, the 18,21-diacetate of aldosterone was formed
active compound Sayers, 1950 Also, the efforts of the  and this was relatively inactive in the usual bioassays.
very skilled chemical groups in the field, such as those This entirely unexpected phenomenon, probably markedly
of Kendall and Reichstein, had failed to isolate an appro- delayed the isolation of the hormone by Reichstein.

priate active compound. It nhow seems that the relevant

failure of the steroid chemists was probably due to an

unfortunate accidental situation. The Kendall group used 5. Direct elelectrolyte assays

very mild methods of purification but the Ingle work test

(Ingle, 1940, which they employed, was not sensitive to In the late 1940s, various groups, all of them must still
mineralocorticoids, such as aldosterone. On the other handhave believed in the existence of an active mineralocorticoid
Reichstein used the Everse and de Fremery adSegrge were devising methods that directly measured the action of
and de Fremery, 1932in which aldosterone is strongly ac- steroid hormones on electrolyte metabolifbofman et al.,

tive. Unfortunately, Reichstein also used alumina columns 1947; Spencer, 1950; Deming and Luetscher, 1950; Simpson
for isolating steroids and, employing this usually highly ef- and Tait, 1952; Singer and Venning, 1958l these meth-
ficient technique, it was necessary first to acetylate steroidsods had greater convenience and sensitivity than the tradi-
with an a-ketol side chain in order to prevent their destruc- tional bioassay methods, such as the Everse and de Fremery
tion. At the time, all the known 21 acetyl derivatives of test. Particularly, worthy noting was the successful early
steroids were found to be nearly as biologically active as method of Deming and Luetscher. Following a publication
the corresponding free compound so this was not usually by Dorfman et al. (1947pointed out to us by a clinician

a problem. Unfortunately, under the same conditions of at the Middlesex Hospital, B. Lewis, we devised a bioassay
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that measured the effects of steroids on the ratio of urinary ration of the active compound from cortisone (and cortisol)
radioactive sodium and potassium output of adrenalec- (Simpson and Tait, 195Fig. 5). These chromatographic re-
tomised rats after injection of only tracer amounts of the ra- sults definitely eliminated the possibility that the biological
dioactive isotopes. With an injection of such small amounts activity could be due to synergism between known steroids
of electrolytes, all steroids tested acted unidirectionally and and strongly indicated that it was due to a single compound
this simplified interpretations of the results of the effects of (then termed electrocortin).
biological extracts. Most direct microassays were applied It still remained to be demonstrated that electrocortin was
to human urine but we, with Hilary Grundy, examined a secreted by mammalian adrenal glands. Fortunately, nearby
commercial beef adrenal extract with the electrolyte ratio in London, I.E. Bush was working at the MRC Laborato-
assay. ries, Mill Hill, where he had made preparations of perfused
mammalian adrenal glands (similar to those deviseddnt
(1943). He had found that there was a marked species differ-
6. Applications of the Na?*/K *2 assay ence in the secretion of adrenal steroids, particularly in the
ratio of secreted cortisol to corticosterorigugh, 1953a,p
This assay immediately showed that Allen and Hanbury’s However, Bush was unable to identify the active compound
adrenal extract was very active and this could not be due from the Wintersteiner amorphous fraction by paper chro-
simply to the content of deoxycorticosterone or any other matography, as he did not have a suitable bioassay. The ob-
known steroid Tait et al., 1952 Grundy et al., 1952a)b vious collaboration between Bush and our own group then
However, this was no real advance on the conclusions of theoccurred and it was rapidly demonstrated that electrocortin
earlier workers on the high activity of adrenal extract and Was secreted by dog and monkey adrenal glands. The ac-
could have been explained by synergistic actions between thetive material in the N&'/K“2 assay from the adrenal blood
known steroidsKuizenga, 1944; Sayers, 1960 he extract extracts ran at the same speed in the Bush B5 system as
was, therefore, fractionated by paper chromatography by the electrocortin obtained from the extracts of beef adrenal
the Zaffaroni method which used propylene glycol-toluene glands Bush, 1952; Simpson et al., 1952
(Burton et al., 1951Fig. 3. Another important unique characteristic of the biological
Much to our surprise, and ironically, considering the pre- activity of electrocortin obtained from beef adrenal extracts
vailing Unitarian ideas of the time, the compound responsi- Was that it disappeared after acetylation but could be regen-
ble for the biological activity ran at exactly the same speed erated by alkali hydrolysis (with low but consistent yields
as cortisone However, because of its low potency in the by the methods used by us at the time) from a non-polar
Na*2/K*2 assay, cortisone could not directly account for the region of Bush paper chromatogran@rndy et al., 1952
activity (Tait et al., 195 Simpson et al., 1952Bush et al., 1958(Fig. 5. The ac-
More directly, overrunning the Zaffaroni system, for 7 tive compound in the dog adrenal blood behaved in the
days, resulted in the complete separation of the active com-same manner. These properties were unique and constituted
pound from cortisoneGrundy et al., 1952a;Fig. 4). proof that electrocortin was secreted by mammalian adrenal
Later, the use of the Bush B5 paper chromatographic sys-glands and was not only present artefactually in adrenal ex-
tem (aqueous methanol:benzene) resulted in the rapid sepatract. Later this was confirmed for dog adrenals by Farrell
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and co-workersKarrell and Richards, 1953; Farrell et al., human urine obtained from two patients with congestive
1953; Farrell, 195pand for rat adrenals byinger and heart failure Luetscher et al., 1956In the earliest work of
Stack-Dunne (1955) Luetscher’s group, it was not known that the active com-

John Luetscher and co-workers in the USA also obtained pound originated from the adrenal gland. However, it soon
salt retaining activity with similar properties from the more became clear that the active compound in his material and
difficult starting material of human urind.@etscher et al.,  our electrocortin were identical. Therefore, normal humans
1954). Relevant to the results of the RALES clinical trials also secreted electrocortin and it was established as a gen-
(Pitt et al., 1999, aldosterone was first crystallised from eral mammalian hormone from about 1952.
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detected by soda fluorescence method. Biological activity frorff/lK42 assay (fromSimpson and Tait, 1953
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and Williams (1953 used similar systems for partition chro-
matography in kieselguhr columns pioneered 10 years earlier
by Martin and Synge. These column methods were suitable
for the preparation of larger amounts of the hormd¥ig.(6).
Morris generously taught us how to use such columns
at maximum resolving power and we employed them to
prepare 1 mg of material, which was as pure as the later
crystalline electrocortin according to IR carried out by Dr.
A.E. Kellie (MHMS). This also indicated that there was a
A*-3-0x0 structure, so confirming the positive Bush soda
fluorescence reactioB(sh, 1952; Simpson and Tait, 1953)
Edwards at MHMS using a micromethod, oxidised some
of the material and found it yielded formaldehyde quantita-
tively, so rigorously confirming the presence of thdetol

Fig. 6. Running properties of polyacetate in Bush 3 (aqueous methanol: 97OUP Simpson and Tai't, 1933 There was a weak but
benzene—petroleum ether) paper chromatographic system for 3 h. Electro-Significant 20-oxo peak in the IR but no other oxo group

cortin was acetylated with pyridine:acetic anhydride. The polyacetate was showed, such as a free aldehy&e’an@pson and Tait, 1953
detected by mineral activity in N&K*2 assay after partial hydrolysis

with alkali or acid (fromGrundy et al., 1952a

7. Crystallisation of electrocortin

The polyacetate of aldosterone was also prepared and pu-
rified by column chromatography after acetylation usif§ C
carboxyl labelled acetic anhydrid&i@. 7). From its spe-
cific activity, it was concluded that there were two acylable
hydroxyl groups. According to the infra red spectroscopy

The interest in the field then turned to the isolation in (IR), there was no hydroxyl group after full acetylation. It,
crystalline form, chemical identification and synthesis of therefore, seemed certain that the molecule of electrocortin
electrocortin. The early workers in the adrenal field parti- had aA%-3-oxo and anx-ketol group. Also, there were two
tioned the adrenal extract in the solvent systems aqueousacylable hydroxyl groups, one at 21 and one at an unknown
methanol:toluene or benzergutt et al. (1949)andMorris
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At the time, we tentatively suggested that the unknown trolyte ratio bioassay and the chromatographic procedures.
acetylated group in the diacetate could be at position 16 However, we could hardly complain about the activities of a
(Simpson and Tait, 1953The identification of aldosterone  group, who had been working with the amorphous fraction
by Reichstein showed that the structure did not have a 16since 1935. In the following year, the Merck group also suc-
hydroxyl, although he seriously considered this possibility ceeded in obtaining crystals of the hormokia(man et al.,
at one stageTait and Tait, 1998 Ironically, it was even- 1954.
tually found that the substitution of steroids at 16, e.g. tri-
amcinolone, led to the loss of the salt retaining activity of
the parent molecule. 9. ldentification and synthesis

Apart from in the original publications, the degradative
8. Isolation in crystalline form studies conducted by Reichstein have been described and
discussed extensively elsewheMeftstein, 1954; Neher,

At this point, it became clear that greater quantities of 1979; Fieser and Fieser, 1959; Tait and Tait, 1998bere
material for more classical degradation studies were nec-is agreement that the crucial compound was the oxidation
essary. We then started full collaboration with Reichstein product of the free electrocortin (g-lactone, Ill, Fig. 7)

(and the Ciba group, including Drs. A. Wettstein, R. Neher which sublimed and crystallised easily and could be purified
and A. Schmidlin) and supplied them with all our informa- directly from crude preparationdMettstein, 195} It was

tion on the properties of electrocortifri@g. 1). Reichstein concluded that there was an aldehyde group at the 18 posi-
and von Euw then started the purification of the extract (by tion mainly from the properties of this oxidation product. It
the Cartland and Kuizenga procedure) from 500 kg of beef was also concluded that there was a hemiacetal formed from
adrenals prepared by Organon Ltd., Holland. They used the 18 aldehyde (e.g. the from the compound after oxidation
partition chromatography on large kieselguhr columns with of the aldosterone 21-monoacetate). Our investigation, pre-
aqueous methanol:benzene solvent systems and eventuallyiously described, using¥€ acetic anhydride indicated that
21 mg of electrocortin was crystallised. However, this was the acetyl derivative was a diacetate (rather than a triacetate
not achieved without serious difficulties. that had been suggested by preliminary results in Basle).

Reichstein did not routinely use the %2 bioassay This was a critical issue at one stage of the work. If there
to control the separations. The column fractions were only were two acylable hydroxyl groups (one presumably at po-
analysed by paper chromatography by assistants who weresition 21) and no remaining hydroxyl groups, then a hemi-
not experienced with electrocortin. A compound in the col- acetal was formed with a hydroxyl group at positions 8, 11,
umn fractions was followed, which turned out not to be 15 or 16 Simpson and Tait, 1953; Wettstein, 1954; Fieser
electrocortin and at one point it was thought that all the bio- and Fieser, 1959; Neher, 1979; Tait and Tait, 199B®ich-
logically active compound in the original extract, had been stein, who had first favoured the 15 or 16 position, suddenly
lost (Tait and Tait, 1998p This was a tense situation as and intuitively correctly chose the plposition and he was
the preparation of the extract was extremely costly and it proved to be correct after further classical chemical studies
was not thought that another purification run would have (Tait and Tait, 1998p(Fig. 8).
been possible. The unknown compound, mistakenly taken During this critical stage, we sent a sample of our pure
for electrocortin, was in fractions less polar than cortisone. electrocortin to R. Speirs in Bar Harbor who had a mouse
We did not expect this if the process was one of pure partition eosinophil test, which sensitively measured glucocorticoid
chromatography with no influence from the support, which effects Speirs and Meyer, 1933We simply intended to
seemed likely. After some correspondence between Reich-confirm our assumption that electrocortin did not possess
stein and ourselves, a biologically active compound identical appreciable glucocorticoid activity. To our surprise, electro-
with electrocortin was found in some of the fractions in the cortin was found to be about one quarter as active as cor-
position expected by us and more polar than cortisone (buttisone in the mouse eosinophil teSipeirs et al., 1994 At
less polar than cortisol). This material was crystallised by the time, Reichstein had started to consider the possibility
Reichstein §impson et al., 19544a,Fait and Tait, 1998p that aldosterone had anf-hydroxyl group but we were not

This 21 mg of crystalline electrocortin was sufficient in aware of this when we sent the sample of electrocortin to
guantity for degradative studies, even at that time, at leastSpeirs. Reichstein regarded the results of the eosinophil test
in the hands of a steroid chemist as skilled as Reichstein.as being in support of his ideas on the structure, although
Shortly afterwards, smaller quantities were also crystallised this was probably not a critical factor in his considerations
in the laboratories of the Ciba team and our own. Also, the (Tait and Tait, 1998b)The function of the glucocorticoid
Mayo group crystallised the hormone within a few weeks activity of aldosterone (if any) has still to be discovered as
of Reichstein lattox et al., 1953a)b Although this has also the possible relevance of the report of a high incidence
been described as a race between the Reichstein and Maef NIDDM in primary aldosteronism@onn et al., 196}
son groups, the Mayo Clinic team were closely following Finally, in 1954, the structure of aldosterone was eluci-
and adopting the methods used by us, including the elec-dated as 13-21-dihydroxy-18-oxo-pregn-4-ene-3,20-dione
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by Reichstein and co-workersSifnpson et al., 1953b, tion spectra, which we (i.e. Dr. A. Kellie) first observed and
1954h Fig. 9). In solution, it can exist in three tautomeric was confirmed with the crystalline materidlaft and Tait,
forms, as shown herd-{g. 10 which is from the paper by = 1998h. Clearly, Reichstein was the key scientist involved
Neher (1979presented at the corresponding 25th Anniver- in the final identification of aldosterone and he appropri-
sary Symposium. This tautomerism explains the lack of the ately renamed electrocortin, aldosterone. Soon afterwards
aldehyde peak and the weak 20-oxo peak in the IR absorp-the Mayo Mattox, 1955 and Merck Ham et al., 195p

The formulae I or II which I suggested for electrocortin
are only examples, Formula III (with 11f-hydroxy) and IV
(with 8F-hydroxy) would also be in accord with all known
facts and give 5 membered lactones on oxydation. I consider
IV as very unlikely, but the more I think about it the mocre
I prefer now formula III

o g pame "
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P
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I

v

Fig. 9. Reichstein intuition on structure of aldosterone. Original correspondence of S.A.S. Simpson and J.F. Tait with T. Reichstein. Welcame Museu
for the History of Science, LondorT4it and Tait, 1998a
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Fig. 10. Tautomers of aldosterone (fraxeher, 1973

groups confirmed this structure. Aldosterone was first syn-
thesised by the Ciba group in Bas&lchmidlin et al., 1955;
Vischer et al., 1956and subsequently by Reichstein and
also chemists at Organofiéser and Fieser, 1959; Neher,
1979. Later, an original method of synthesis by Barton
involved photolysis of corticosterone acetate nitrite to aldos-
terone acetate oxime, which could then be readily converte
to aldosterone 21-monoacetaBaton et al., 1961

10. Metabolism of aldosterone

The unexpected structure of aldosterone contained bot
an aldehyde at position 18 and anptfiydroxyl group
with an 11-18 hemiacetal preferentially formed in solution
(Simpson et al., 1953b, 1954bleher, 1979Fig. 10 Tait
and Tait, 1998p This structure gave aldosterone unique
properties, both chemically and biologically, as was clear
when its metabolism was studied.

The 18-hydroxyl group in the hemiacetal structure is
available for metabolism in humans as in the formation of
aldosterone 18-glucuronide, as first found by Underwood
in our group at the WFEBUnderwood and Frye, 1972;
Underwood and Tait, 196Fig. 11). Carpenter and Mattox

COOH
bk
OH=C—H
H—é—OH
OH—(IJ— H
0 é—H
Ci) CH,0H
0— (liH C|)=O
V/,

0]

Fig. 11. Aldosterone 1®-p-glucosiduronic acid (aldosterone 18-gluc-
uronide). Underwood and Tait, 1961; Underwood and Frye, 1972)
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(1976) later confirmed the structure more completely and
rigorously as theB-glucosiduronic acid. This is the uri-
nary metabolite of aldosterone, first measured by Luetscher
(1953), and later found by his group to be formed to a
major extent in the kidney. It is hydrolysed more readily in
acid conditions than other glucuronides, such as those on
the 3-position, but not so readily enzymatically in vitro, e.g.
B-glucuronidase, and probably also in vivinderwood
and Tait, 1961; Carpenter and Mattox, 197& seems
that the aldosterone 18-glucuronide is fairly stable in the
body (ig. 11). The possibility that it might be biologically
active was an interesting possibility at one time. Rele-
vantly, acetylation of the 18-hydroxyl group could occur
(as for aldosterone 18-monoacetate and 18,21-diacetate)
even under mild conditions. These 18-acetates, unlike the
21-monoacetates, are relatively biologically fairly inactive;
a factor which hindered the early work of Reichstein on

galdosterone as previously mentioned. This is probably be-

cause the 18-monoacetate, like the 18-glucuronide, is not
hydrolysed readily in vivo enzymatically.

We and others studied the metabolism of aldosterone
(and other steroids) in humans usifig and 1“C labelled
steroids prepared in collaboration with W. Pearlman in

hLondon @yres et al., 1958sand Marcel Gut at the Worces-

ter Foundation. These chemists synthesised radioactive
progesterone and this was converted biosynthetically by rat
capsular strippings to labelled aldosterone by our team. We
presented some of thtH aldosterone made at the WFEB
to the US Endocrine Study Section and it was rewarding to
see it used generally. This was typical of the late Marcel
Gut’'s many unselfish contributions in supplying radioactive
steroids in the field.

It was soon found that there was a very high (nearly 100%)
hepatic extraction of aldosterone in normal subjects as de-
termined after oral and intravenous administratiordand
14C aldosterone, and/or hepatic blood samplifigit(et al.,
1965; Flood et al., 1997 The metabolic clearance rate of
aldosterone was found to be high compared to that of other
adrenal steroids, such as cortisol and corticosterdaé (
et al., 1961; Tait and Burstein, 1964; Tait and Tait, 1998a
This was mainly because of the weak binding of aldosterone
to circulating binding high affinity proteins, such as CBG
(Meyer et al., 196)Land the resulting nearly 100% hepatic
extraction Tait et al., 196% The extrahepatic conversion to
the 18-glucuronide also contributes to the high MCR to a
certain extentBledsoe et al., 1966; Cheville et al., 1966
This high MCR of aldosterone means that the inertia of its
metabolic system is low and changes in circulating blood
concentration follow rapidly those in secretion rate. This is
in contrast to cortisol, which, at normal concentrations, has
a low metabolic clearance rate and high metabolic inertia
due to its strong binding to CBG&it and Burstein, 1964
Recent findings on the action of aldosterone have shown
that the intrinsic rate of actions (both non-genomic and even
genomic) are fairly rapidGhrist et al., 1999 Therefore,
fast changes in the blood concentrations of aldosterone may
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result in rapid action. For cortisol, a more constant level may ISR Rkl e LT T r A e

be appropriate for a ‘permissive’ type action. or are they regions of differing mitotic activity ?
Even more interesting is it seems that the 11-18 hemi- [E———— . .
. Cell Migration Reserve Hypothesis
acetal formation actually protects thegthydroxyl group 1883 Gottschau -

in aldosterone from metabolisriijck et al., 1979; Stewart 1940 Bennett - high mitosis in z glomerulosa, death in reticularis

et al., 1990. The Type 1 mineralocorticoid receptor in kid-

ney tubules has about an equal affinity for aldosterone and ! 5

K . . 933 Houssay and Sommartino -

other adrenal steroids, such as cortisol and corticosterone YR R R T T oy ey ma mpese

(Funder, 200L However, according to current theories, JEELEeTs Ra )L RS Ry SN ERITe TR B A RN RE TS (T BT

aldosterone remains the dominant mineralocorticoid be- & (_?il'O':d- -‘illc‘?fhti'"kﬂ & “'i‘l""i':ig 'dnld IA.H'&‘SIN al. -

cause other potentially competing @rhydroxy steroids ":':"ft‘;s:‘l‘:na‘i’:lf,rl‘::';[:.;:c_““ et e

bmdlng to the same receptor are converted to the corre- 1956 Ayres et al. - in ox and man, aldosterone produced by z glom.,

sponding inactive 11-oxo steroids, such as cortisone, by an cortisol by z fasc., corticosterone by both zones.

118-dehydrogenase. However, thepthydroxyl group of

aldosterone is protected presumably because of the hemi-

acetal structure.

Therefore, the 18-hydroxyl of aldosterone is available for the other (the cellular migration hypothesis) that these were

metabolism but the J8-hydroxyl group is protected. How-  regions of different mitotic activityRig. 13.

ever, although theoretically the two processes work in oppo- The discovery of aldosterone meant that the functional

site directions on aldosterone levels, it is unlikely that these zonation theory could be investigated more direc®iroud

are competing routes of overall metabolism in determining et al. (1956)in Montreal, demonstrated that the zona

circulating aldosterone concentrations. glomerulosa of the rat exclusively produced aldosterone, so
confirming the classical but more indirect studiesSefann
(1940) and Deane et al. (1948)At about the same time,

11. Adrenal site of production of steroids Ayres in our group also found exclusive production of aldos-
terone in both the rat and beef zona glomerulosa of adrenal

As regards the classical question as to the purpose (if9lands and of cortisol in the zona fasciculata-reticularis in
any) of the division of the adrenal into the zona glomeru- the beefadrenakjres etal., 1955 These results supported
losa, fasciculata-reticulari§ig. 12, there had been various ~the functional zonation hypothesis.
theories. We also found preferential production of aldosterone by

One type (the functional zonation or zonal hypothesis) the zona glomerulosa and cortisol by the zona fasciculata-

suggested that the various zona produced different steroidseticularis of human adrenal glands although because of their
more convoluted nature this is more difficult to demonstrate

than in rat and beef glandgyres et al., 1958b However,

Fig. 14clearly shows aldosterone decreasing from the outer
(zona glomerulosa) to the inner (zona fasiculata) slices and
cortisol (and cortisone) correspondingly increasing.

Later, a rather more complex picture emerged for other 18
oxygenated steroid$-{g. 15, such as 18-hydroxy corticos-
terone (produced mainly but not exclusively by the glomeru-
losa) and 18-hydroxy deoxycorticosterone (mainly by the
zona fasciculata) which no doubt will be dealt with in other
Fasciculata papers in the meeting.

Fig. 13. Theories of the function of zonation of adrenal cortex.

12. Biosynthesis of aldosterone

After the identification of aldosterone, the pathways to
the biosynthesis of the hormone were studigdeitstein,
1954 Ayres et al. 1956, 196970) Fig. 15. As expected
from the structure of aldosterone, deoxycorticosterone
and progesterone were soon found to be precursors. We

Medulla also found (with Peter Ayres) using ox adrenal strippings

that corticosterone was an intermediate in a major path-
way to aldosteroneHg. 16. This was perhaps also not
Fig. 12. Diagramatic histology of adrenal cortex. unexpected from the structure of aldosterone. However,

Reticularis
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Chromatogram
Bush B5 System Room Temperature
Human Adrenal Cortex Slices

Standards Standards

1.0 ug 0.5 ug
3rd * 2nd * Ist

Cortisol —p»

Aldosterone —»
Cortisone —p»

Corticosterone —m»

Fig. 14. Production of aldosterone, cortisol and cortisone by human adrenal cortex slice\yhesret al., 1958p
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Fig. 15. Site of production of 18-hydroxy steroids by zones of the rat adrenal cortex.
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Fig. 16. Biosynthesis of aldosterone with corticosterone as intermediate.

Oscar Hechter in his classical studies of the biosynthesis13. Clinical studies
of corticoids had just concluded that ‘the adrenal enzymes
regarded 1@-hydroxylation as the trade mark of an end In the clinical field, a great deal of effort has been spent
product’ Hechter and Pincus, 1954; Wettstein, 1954; Kahnt over the last 50 years, including by our group, in devising
and Neher, 1965Ayres et al., 1956, 1960, 197MWeher, accurate methods of measuring aldosterone levels in hu-
1970). mans. At first sight, therefore, it has been rather disappoint-
The use of the sheep adrenal transplant preparation ining when there has been a lack of correlation of measured
Melbourne, Australia, then gave us the opportunity to study aldosterone levels with the expected clinical effects of the
the biosynthesis of aldosterone under in vivo conditions of hormone. The following are the examples of this.
stimulation of secretion, an approach also useé&ikyNess
and Kekre (1963¥or the in vivo testes. It was found that 13.1. Congestive heart failure
under conditions of mild salt depletion, the pathway through
corticosterone was probably the most importaiair-West Although Luetscher and co-worker&uetscher et al.,
et al., 1970 Fig. 17). 1956 crystallised aldosterone from the urine of two pa-
Subsequently, the possible importance of 18-hydroxy de- tients with congestive heart failure and oedema they have
oxycorticosterone as an intermediate in the biosynthesis ofreported, that many such cases showed normal excretion of
aldosterone, particularly under conditions of severe salt de-aldosterone 18-glucuronid®éming and Luetscher, 1950
pletion, has been raisedi(ison et al., 1995; Boon et al., Sanders and Melby (19649und that the urinary excretion
1996) (Fig. 18. It feels rather strange to us that the path- of tetrahydroaldosterone or the secretion of aldosterone was
way through corticosterone is now the ‘classical’ route and not higher than normal cases in most of the 10 cases of con-
that through 18-hydroxy deoxycorticosterone is considered gestive heart failure they studied. Our group reported that
to be the alternate route. Before we demonstrated that thethere was lowered metabolic clearance rate of aldosterone
pathway through corticosterone to aldosterone was of majorin heart failure correlating with the severity of the condition
importance, this was considered to be an unlikely alternate (Bougas et al., 1964; Tait et al., 1965rom direct measure-
pathway. ments of hepatic venous blood, this was found to be usually
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Fig. 17. Effect of Na depletion on conversion of corticosterone to aldosterone in sheep adrenal transplaBtafrdtiest et al., 1970

due to lowered hepatic extraction of aldosterone but in the this, Sanders and Melby (1964howed that 40% of all their
severest cases sometimes also decreased hepatic blood floO cases of congestive heart failure exhibited a negative
Luetscher and co-worker€€amargo et al., 1965; Cheville  sodium balance (loss of weight) with spironolactone and all
et al., 1966 confirmed these findings and also reported that these had normal excretion of aldosterone metabolites).
only the excretion of metabolites but also the secretion of al-  In the accompanying Editorial after the publication of the
dosterone were normal in many of these patients. However,results of the RALES trials in thilew England Journal of
if the metabolic clearance rate of aldosterone were lowered, Medicine (Pitt et al., 1999 demonstrating that spironolac-
the peripheral plasma concentration of the hormone would tone can markedly improve the prognosis of patients with
be increased so explaining the biological effects even with congestive heart failure, Weber pointed out the possible im-
normal secretion rates of aldosterone. In confirmation of portance of the lowered MCR of aldosterone in causing the
unexpected ‘escaped’ levels of the plasma concentration of
aldosterone after administration of ACE inhibitaNgber,
1999. There does not seem to have been any study to mea-
sure the relative effects of increase in secretion and lowering
of MCR on the plasma concentration of aldosterone in this
situation. However, it is possible that effects of stimuli of
aldosterone secretion, such as increased plasma concentra-
tion of K*, may maintain the aldosterone secretion and this
effect can be amplified by the lowered MCR of aldosterone.
18 - hydroxylation vdroxylati Increased circulating aldosterone may cause heart fibrosis
’ i (Brilla, 2000; Lijnen and Petrov, 2000

The really surprising result of the RALES trials was the

small dose of spironolactone which was effective therapeu-

113 - hydroxylation

B

18 - oxidatio tically (Pitt et al., 1999. This dose did not cause natriuresis
so that aldosterone may not be measured in the appropriate
site and alterations in the general MCR and the circulating

ALDOSTERONE aldosterone may be irrelevant. There has been a suggestion
Fig. 18. Alternate biosynthetic pathways to aldosterone (fBoon et al., that autocrine effects of locally produced aldosterone in the

1998. heart may be important although this is not yet established
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(Delcayre and Silvestre, 1999; Delcayre et al., 2000this tion is not always greatly increased in patients with primary
connection, the results @oghlan et al. (1971nay be of aldosteronism compared with patients with normal elec-
interest. They found that, as measured by a specific methodrolyte metabolism Gomez-Sanchez, 1999; Streeten et al.,
the plasma concentrations of aldosterone in five patients with1979. It seems that the appropriate controls are actually
heart failure and oedema were not increased. This does nosubjects with similar plasmaKand angiotensin Il concen-
agree with the calculated values for peripheral blood con- trations, which have a much lower aldosterone excretion. It
centrations of aldosterone of Luetscher which were mostly seems that that the production of aldosterone by the remain-
above normalCamargo et al., 195If the values of Cogh- ing ‘normal’ adrenal tissue is depressed nearly completely
lan et al. are correct this would suggest that general periph-(and perhaps irreversibly). In two of our early cases, the pro-
eral blood concentrations may not be the appropriate siteduction of aldosterone post-operatively remained very low
for measurements of clinically effective aldosterone in heart for many months. On the other hand, adenoma tissue from
failure. Theoretically, steroid dynamics indicates that this all the cases we studied produced substantial amounts of al-
could be the case if there is significant production of al- dosterone in vitroAyres et al., 1958p The adenomas seem
dosterone in an outer compartment, e.g. the heart. Howeverto be autonomous, at least to some extent, to the effects of
it could still be that peripheral plasma concentrations are a lowered K. It seems that the first cases of Milne and Conn,
good guide to patients whose, for one reason or another, al-showing substantial excretion of aldosterone, had unusu-
dosterone secretion has escaped from the effect of ACE inhi-ally large adenomas (4 cm), whereas the adenoma from our
bition and, therefore, may respond to aldosterone inhibitors. three cases, showing relatively low excretion of aldosterone,
Nevertheless, there is no doubt that the measurement of a urihad adenomas of about 2 cm. According to Conn’s analysis
nary metabolite or even secretion rate of aldosterone may beof 106 cases, this is about the average sienf et al.,
misleading in this condition as regards the effects of the hor- 1964).

mone. Recentlyyoung et al. (1999and other groups have In our early studies, we examined other possible reasons
found that there are opposing effects on cardiac hypertrophyfor the relatively low extent of the raised excretion of aldos-
of mineralocorticoid (aldosterone and deoxycorticosterone) terone in primary aldosteronism, such as the existence of
or glucocorticoid (&-fluorocortisol) receptor occupancy in  excess amounts of other mineralocorticoi@ailrod et al.,

rats. 1956; Ayres et al., 1958bHowever, corticosterone, which
is a candidate, for this role is only a weak mineralocorticoid.
13.2. Primary aldosteronism We also found that there was not abnormal conjugation of

urinary metabolites (aldosterone 18-glucuronide/free aldos-

In the first three cases of primary aldosteronism that we terone). Recentlyzomez-Sanchez (199Bas suggested that
studied in the 1950s, the urinary excretion of aldosterone the unexpectedly low urinary aldosterone generally found
18-glucuronide was found to be only in the upper normal now in primary aldosteronism be due to the measurement
range (about 2—3 normal mean excretion); less than found of a ‘minor’ urinary metabolite, aldosterone 18-glucuronide.
for many cases of secondary aldosteronigirés et al., However, because the final measurement is on the free aldos-
1958. These determinations were by an accurate physico-terone after hydrolysis of the 18-glucuronide does not mean
chemical method. However, primary aldosteronism would that aldosterone 18-glucuronide itself is a ‘minor’ metabo-
certainly not have been discovered as a consequence of oulite. It would be unexpected if there were to be a change
measurements in such cases. One of these was the secorid the pattern of metabolites similar to that seen in hepatic
one encountered by Milne of Hammersmithyfes et al., cirrhosis with such small changes in the secretion of aldos-
1958b; Milne and Muehecke, 19p8Ve reported to himthat  terone in primary aldosteronism. However, we await pub-
the aldosterone 18-glucuronide excretion of the patient waslication of the full data ofGomez-Sanchez (1999n this
only about twice normal. Shortly afterwards, Prof. Milne en- topic with great interest.
tered our laboratory with a dish containing the small but def-  Meanwhile, the most likely explanation of the unex-
inite adrenal adenoma removed from the patient. He made apectedly relatively low excretion of aldosterone in primary
short statement, which translated politely meant ‘so much for aldosteronism is that the secretion of aldosterone is inappro-
your urinary measurements’. On incubation, this adenoma priately raised for the prevailing electrolyte situation. This
produced moderately high aldosterone and corticosteroneis usually accompanied by a low circulating renin hence the
production and appreciable but low cortisol. It did not have recent diagnostic success of the plasma aldosterone/renin ac-
the zonal production characteristic of normal human adrenal tivity value for primary aldosteronism. Relatively low aldos-
tissue fyres et al., 1958 Several other cases of primary al- terone excretion probably helped to delay recognition of the
dosteronism we studied also had urinary aldosterone only inhigh frequency of primary aldosteronism in hypertension.
the upper range of normal. On the other hand, the first case ofin any case, it seems that in primary aldosteronism, the poor
Milne, which first presented in 1953/flne and Muehecke,  correlation of the absolute levels of aldosterone and its clin-
1956 and that ofConn (1955)had high aldosterone excre- ical effects is due not to the measurement of an unsuitable
tion according to bioassays. We now know from the studies quantity, e.g. metabolite excretion rather than secretion, but
of several leading groups in the field that aldosterone excre-to the choice of unsuitable control subjects with a different
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electrolyte status. The appropriate controls would be normal effective than enalapril in decreasing albuminuria but that

subjects with a low circulating plasmatkconcentration. is another story.
This hypothesis regarding the hypertension of NIDDM
13.3. Aldosterone and diabetes could be regarded as inappropriate hypersecretion of aldos-

terone under the prevailing conditions as for certain cases

Recently, the Taits especially, were interested in another of primary aldosteronism. For early NIDDM patients, the
clinical situation where the correlation of aldosterone levels appropriate control subjects would presumably be normal
and the clinical effects are not straightforward. There seemssubjects infused with pure insulin.
to be a disturbance of the RAAS system in NIDDM with
some patients having an inappropriately ‘normal’ level of 13.3.1. Species differencesin steroid secretion
aldosterone in spite of the salt retaining effects of increased There is one puzzle in the adrenal field which still in-
insulin. Insulin seems to be intrinsically and directly salt trigues us. As previously mentioned, just before the work on
retaining, as was shown IeFronzo et al. (1979nd others aldosterone secretioBush (1953bJound a marked species
fromin vivo experiments in humans. It probably acts directly differences in the cortisol to corticosterone ratio in adrenal
on the thick ascending loop of Henle, according to some of venous bloodKig. 18. This ratio ranged from about 20 for
these investigators. The recent in vitro work of the action of primates to<0.05 for rats. The functional reason, if any, for
aldosterone and insulin on SGK by Pearce and co-workersthis species difference was not clear except in the guinea
(seeWang et al., 200Llwould also support a direct action pig where increased transcortin binding alters cortisol dy-
of insulin, at least if their results can be applied to the in namics Keightley et al., 1988 Studies on the aldosterone
vivo situation. It might be relevant that there is a correlation secretion in various species might have been expected to
of insulin levels and blood pressure in people of the same throw some light on this question, e.g. did corticosterone
race which could be explained if insulin is intrinsically salt take over the role of the major mineralocorticoid from al-
retaining {Tait and Tait, 1995 dosterone in some species such as rodents? However, it was

A Swiss team oDe Chatel et al. (1977®pund that in a found that all mammals secrete aldosterone in biologically
group of early NIDDM patients there was a marked increase significant quantities with no really marked difference be-
in total body sodium but a ‘normal’ absolute level of blood tween species except in frogs where the aldosterone, and
aldosterone using a specific method. The nearly normal lev- 18-OH corticosterone is very high. Therefore, if there were
els of aldosterone in most early NIDDM patients has been a physiological significance to the differences in the ratio
more recently confirmed as reviewed Black et al. (1998) of cortisol/corticosterone secreted, it seems that it was un-
although there is a sub-group of patients with low levels of likely to be connected with effects on electrolyte metabolism
renin and aldosterone. Plasma insulin is clearly increased inbut rather on some aspects of their actions on carbohydrate
most early NIDDM patients. If this insulin is active on elec- metabolism. It may be that primates require a higher ratio of
trolyte metabolism intrinsically, a fall in aldosterone levels glucocorticoid to mineralocorticoid activity to be secreted
might have been expected after the marked increase in bodyby the adrenal than that provided by corticosterone as the
sodium. This would have counteracted, to some extent, theglucocorticoid. The reason for this possible requirement is
primary effects of the increased insulin. Therefore, we have not clear but there are several possibilities, such as the need
suggested that there must be some extra stimulus to aldosto prevent fibrotic or other pathological changes in the heart
terone secretion to maintain the ‘normal’ levels of blood and other organs in primateBaple 2. Conn and co-workers
aldosterone in early NIDDMTait and Tait, 1998 It has showed a lack of effect of corticosterone in the treatment
been proposed b§oodfriend et al. (1993, 199&hat such of patients with rheumatoid arthritis compared with those
stimulation could be through the effects of increased levels of cortisol using doses of corticosterone which would have
of active hepatic products of fatty acids, such as linoleic been expected to have similar effects on general carbohy-
acid. Also, there may be a role for amylin, co-secreted with drate metabolismBush, 1952 Therefore, corticosterone is
insulin, as proposed bgooper et al. (1995)Amylin and
insulin productions are both increased in early NIDDM. L .
Reasonable amounts of amylin can markedly stimulate species differences in adrenocortical steroid production
renin production in rats and humans accordingCmoper
et al. (1995)lthough perhaps the results in man need to be
confirmed using lower doses of amylin. Rat (Nelson et al., 1950 <50

Species Cortisol/corticosteroid

More recentlyEpstein (2002has found that eplerenone Rabbit <0.10
. . . s .. Ox (Hechter et al., 1991 1

and an angiotensin converting enzyme inhibitor, enalapril, - 15
can be equally effective in lowering blood pressure in cat 4
NIDDM patients. This again indicates, as does the unex- Dog 5-6

pectedly ‘normal’ blood concentrations of aldosterone, that Sheep 10-15
this hormone probably has some effect in promoting hy- Monkey 20
Human Peterson, 1959 10

pertension in NIDDM. In this study, eplerenone was more
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THE USE OF *H AND “C LABELLED ACETIC
ANHYDRIDE AS ANALYTICAL REAGENTS IN
MICROBIOCHEMISTRY*

P, Avivi, SyLvia A. Smesow, J. F. Tarr and J. K, Warreneap
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Department of Physics Applied to Medicine and Courtauld Institute of Biochemistry,
The Middlesex Hospital Medical School, London

Many investigators have suggested the use of labelled reagents for micro-
analysis in biochemical applications. I, P, W, WinteriNGHAM ¢f al.} have
used 1] mcthyl iodide for the dclccuon of amino-acids and A. S. Kesron
el al.* used U pipsyl chloride (p-iodg sulnhonv] chlor auener

Fig. 19. Original publication using isotopic labelling as a measurement mode @amet al., 19549.

probably not as anti-phlogistic as cortisol. It is not clear and the TaitsCoghlan et al., 1966; Coghlan and Scoggins,
why the higher order species should need protection for the 1967 probably only the Howard Florey Institute had these
heart. Could it be due to extra circulatory problems such as double isotope dilution assays set up as production lines.
the vertical ambulatory position in these species? Clearly, The focus on regulation/control of aldosterone secretion was
the reason (if any) for the species difference in the pattern impossible without measurements of the prevailing concen-
of adrenocortical secretion is still an intriguing problem in tration of angiotensin Il in peripheral blood. The demon-

the adrenal. stration by Goodfriend that antibodies to angiotensin could
be produced, opened the way for effective radioimmuno as-
13.3.2. The 1960-2003 research years says sensitive enough for peripheral bloGehit et al., 196y

In the 40 years or so since the discovery years were be-Studies of the dynamics of angiotensin Il production demon-
hind us, much has been discovered but largely by creepingstrated that most angoitensin Il was produced as it crossed
forward in many tiny steps. Over this period much of my peripheral circulatory bedd$-€i et al., 1980 Lateralisation
own work (Coghlan) was done in the sheep with auto adrenal procedures for locating Conn’s tumours were introduced
transplants as part of the Howard Florey Institute team. and are still being usedS€oggins et al., 1972; Ma et al.,

Major contributions were made by many groups but in 1986. The regulation of Aldosterone secretion was clearly
certain matters we had a major role, these are mentioned inmultifactorial but the manner that the proximate stimuli in-
the following section. teracted under different physiological circumstances has not

One of the first crucial observations was that the sensitiv- been resolved. The gland is exquisitely sensitive to changes
ity of the response of the parotid gland to aldosterone was de-in plasma K Funder et al., 1969and shows changes in
pendent on sodium status, negative sodium status markedlysensitivity to angiotensin Il with changes in sodium sta-
increasing the responsBléir-West et al., 19683 tus @Blair-West et al., 1978 Chopped adrenal tissue had a

A central issue was measurement. Isotope methods usedrogue and then isolated cells on which Sylvia and Jim spent
during the identification were applied but the reagents were so much energy, signal transduction, intracellular cascades,
not ‘hot’ enough and the counters too insensitiveiyi and protein induction. Now Eplerenone!
et al., 1954 Fig. 19. The advent of more sophisticated lig-
uid scintillation counters made such methods more feasi-
ble (Kliman and Peterson, 19%0The availability of higher 14. Conclusions
specific activity acetic anhydride allowed these methods to
be pushed to their theoretical limit. As wefC labelled The generous support we have received during our scien-
Aldosterone provided by NIH through Seymour Leiberman tific careers is acknowledged in the appropriate publications.
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Recently, during our ‘retirement’, the support of the Royal Blair-West, J.R., Coghlan, J.P., Denton, D.A., Goding, J.R., Wright, R.D.,
Society Relief Eund has been essential for us to continue 1963 The effect of aldosterone, cortisol and corticosterone upon the
scientific work. The Welcome Museum of the History of sodium and potassium content of sheep’s parotid saliva. J. Clin. Invest.

i ; ., X 42, 484-496.
Science has kindly stored our original correspondence with gjair.west, J.R.. Brodie, A., Coghlan, J.P., Denton, D.A., Flood, C.,
Professor Tadeus Reichstein during our collaboratitait ( Goding, J.R., Scoggins, B.A., Tait, J.F., Tait, S.A.S., Wintour, E.M.,
and Tait, 1998p Wright, R.D., 1970. Studies on the biosynthesis of aldosterone using

In conclusion, as this is the 50th aldosterone anniversary _the sheep adrenal transplant. J. Endocrinol. 46, 453-476.

. . . Blair-West, J.R., Coghlan, J.P., Cran, E.J., Denton, D.A., Funder, J.W.,,
meeting, there are only a few of the pioneering workers, Scoggins, B.A., 1973. Increased aldosterone secretion during sodium

who could a.ttend this (_:onference aqd some of US. who at- depletion with inhibition of renin release. Amer. J. Physiol. 224, 1409—
tended only just made it. We would like to pay a tribute to 1414,

these former colleagues, too numerous to list here individ- Bledsoe, T., Liddle, G.W., Riondel, A, Island, D.P., Bloomfield, D.,
ually. Some of them have been mentioned in this talk; all Sinclair-Smith, B., 1966. Comparative fates of intravenously and orally

s . administered aldosterone: evidence for extrahepatic formation of acid-
of them have been dealt with inadequately because of time hydrolysable conjugate in man. J. Clin. Invest. 45, 264-269,

considerations. On the V\{h0|e' the aldos'[eron? field has beerhoon, W.C., McDougall, J.G., Coghlan, J.P., 1996. Control of aldosterone
a pleasant area to work in and many of our rivals were also  secretion. Towards the molecular idiom. In: Vinson, V.P., Anderson,
friends. It goes without saying that the recent clinical events  D.C. (Eds.), Adrenal Glands, Vascular Systems and Hypertension,
in the field have delighted us, after, as one Searle senior sci-  Bristol. J. Endocrinol. 159-185.

; P : Bougas, J., Flood, C., Little, B., Tait, J.F., Tait, S.A.S., Underwood, R.,
entist put It, aldosterone had dlsappeared from the map 15 1964. In: Baulieu, E.Es., Robel, P. (Eds.), Dynamic Aspects of Aldos-

_year$ ago’. One cannot help wondering Wh?ther the phys- terone Metabolism: Aldosterone. A symposium. Blackwell Scientific
iological function of the hormone had also disappeared. In  publications, Oxford, pp. 25-51.

any case, it now seems certain that, because of the impor-Brilla, C.G., 2000. Aldosterone and myocardial fibrosis in heart failure.
tant basic research and the recent clinical applications, the Herz 25, 299-306.
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