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ABSTRACT

THE DETERMINATION OF HUMAN URINARY ALDOSTERONE

BY HIGH-PRuSSURz LIQUID CHROMATOGRAPHY

Veronica FP. Komara
Master of Science

Youngstown State University, 1981

The clinical significance of the determination of
steroid hormones and their metabolites in urine or in plasma
is a means of evaluating adreno-cortical functions. The im-
portance of measurine aldosterone in n.clinical leborstory
lieg in aidinn the physician in the diarnoris and treatment
of patients with excessive secretion of aldosterone.

Measurement of aldosterone precents a technicsl chal-
lenge because of the minute quantities of aldosterone norm-
ally present in body fluids.

The purpose of this investigation was to develop a pro-
totype method for the determination of human urinary aldoster-
one by high-pressure liquid chromatography (HFLC).

The author proceeded to devise an HPLC method for routine
clinical evaluation of aldosterone by attempting to eliminate
as many of the tedious, manual time-consuming, extraction and
gseparation steps as possible.

The preliminary steps of this procedure are modifica-

tions of the gas-licuid chromatoeraphy mathods as described

3L
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The specimens for the analyses were 24-h urine col-
lections.

Ixtraction, purification and separation, and finally
quantificetion are carried out on duplicate 100-mL aliquots
of a 2ij-h urine specimen.

By varying the psrameters of reverse-phase HFPLC, a
method for the determination of human urinary aldosterone was
developed.

The chromatograme recorded, of pure aldocterone stand-
ard and pure steroid stendsrds which mipght interfere with aldo-
sterone determination, are evidence thst good resolution and
symmetrical peaks can be obtained using reverse-phase HFLC.

Chromatograms of urine extracts were obtained, also,
which showed a peak with an unresolved shoulder, at the same
ty as wes obtained with pure aldosterone.

The loss of aldosterone was determined in triplicate
by adding no aldosterone, 5 g, 26.7 g, and 53.) g of pure

aldosterone stock standard respectiveiy, to 100-mL aliquots
o’ 2x's rlass-distilled water. Ikach 100-mL aliquot of water
was then treated as a urine specimen, following all the requir-
ed steps. The percent recovery was 6);-717.

Some modification of the procedure developed, plus
further experimentation by varying HPLC parsmeters shonld
produce a simple, rapid determination of urinary aldosterone

by HILC.
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CHAPTER T
INTRODUCTION

Aldosterone is a steroid hormone secreted by the
adrenal cortex, a ductless gland of tﬁe endocrine system.
Steroids are biologically active organic compounds that
resemble cholesterol chemically and that contain a hydro-
genated cyclopentanophenanthrene ring system. Hormones are
chemical compounds formed in the ductless glands of the
endocrine system, secreted into the blood or tissue fluids
and transported to other parts of the body where they act
upon target tissues or organs. The glands of the endocrine
system exert their activity as an integrated system rather
than as separate glands; impairment of the function of one
gland may cause changes in function or response of other
glands,

The endocrine system consists of the following glands:
anterior and posterior pituitary, pineal body, thyroid,
parsthyroid, thymus, sdrensl cortex and medulla, pancreatic
islets of Langerhans, and gonads (testes, overies), and the
placenta. (See Figure 1).1

One of the major functions of hormones is to main-
tain a dynamic steady state of the chemical composition of
Plasma and interstitial and intracellular fluids for the life

and growth of the organism. Hormones act as regulators of
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)lFigure 1. Endocrine glands. (Approximate locastion in
man,



metabolism, reproduction, an?d stress responses.2

“ndocrine measurements performed in the clinical
laboratory are a valusble aid to thte clinicien in identifi-
cation of certein pesthologic conditions associested with
increaced or decreased amounts of hormones or their metabo-

lites in blood or urine relative to & normel level.

A. Physiological Background

The adrenesl glands (L. ad, near + renes, kidneys) are
two smell yellowish musses of tissues located at the superior
pole of each kidney. Each gland weighs about 6 grams. The
adrenal gland is composed of two distinct parts: the cortex
or outer layer and the medulla or inner layer. (See Figure
2, drawine from Ficure 28-5).3 The cortex and medulla differ
in development and function.

The adrenal cortex is essentizl to 1ife and has as
its function the meintenance of homeostasis. The adrenal cor-
tex produces three types of steroid hormones: (1) Glucocorti-
coids: gteroids which protect apainst stress end have dis-
tinct effects on protein, fat and carbohydrate metabolism,
including promotion of gluconeogenesis, promotion of liver
glycogen deposition, elevation of blood glucose concentra-
tions, &nd include the compounds cortisol, cortisone, corti-
costerone and ll-dehydrocorticosterone; (2) liineralocorti-
coids: steroids which have distinct effects on ion trans-
port by epithelial cells, resulting in sodium éonservation

and loss of potassium, include the compounds aldosterone
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and ll-deoxycorticosterone (DCC); (3) indrosens: steroids
which are biologically active and stimulate development of
secondary sex characteristics and include testosterone,
dehydroepiandrosterone (DHz4), and androstenediona.u’5

The adrenal cortex consists of three separate zones:
(1) Zona glowerulosa, the outermost and thinnest zone, upon
which adrenocorticotropic hormones (ACTE) exerts only a
small effect, produces mineralocorticoids; (2) Zona fascicu-
lata, the central and thickest zone, and (3) Zona reticu-
laris, the inner zone, both of which produce glucocorticoids
and androgens and are dependent upon adrenocorticotropic
hormone (ACTH) for the maintenance of their structure and
function. (See Figure 2, drawing from Figure 28-5).3

The discovery of the function of the adrenal cortex
which ultimately led to the discovery of aldosterone began
in the middle of the nineteenth century. An excellent sum-
mary of the long and arduous steps which led to the discovery
of aldostercne from bovine adrenal extract in 1953 by S. A.

Simpson et 31,6 can be found in the monograph, Aldosterone,

by Zdith Glaz and Paul Vecsei.7

B. Chemical 3Background

1. Structure of Steroid Hormones in General

Steroid hormones have in common a cyclopentanoperhydro-
Phenanthrene nucleus consisting of 2 cyclopentane ring (D)
fused to a phenanthrene system (rings A, B, end C). The

carbon atoms are identified by a standerd numbering system,



by numbers 1 to 21. in the absence of functional groups,
each carbon atom is bonded to hydrogen and/or carbon atoms.
Unsaturated steroids have one or more double bonds. Angular
methyl groups (18 and 19) are attached to carbon atoms 10
and 13. Substituent groups may be found in positions 3, 11,
and 17. (See Figure 3).8

Steroid hormones may be classified and grouped accord-
ing to the number of carbon atoms in the compounds; cortico-
steroids, including progesterones, have 21 carbon atoms;
androgens, 19 carbon atoms; and estromens, 18, carbon atoms.
The parent hydrocarbon of each--respectively, pregnane,
androstane, estrane--is used as the basis for systematic
naming. (See Figure 3).8 A detailed discussion on nomencla-

9

ture can be found elsewhere.

S&-androstane Sx-estrane

Figure 3. Basio nucleus of steroid compounds.8



2. #ldosterone

Aldbsterone, 118,21-Dihydroxy-3,20-dioxopregnen-l=-en-
18-al, is the major and most potent mineralocorticoid that
reculates electrolyte and water metabolism in the body.
Aldosterone was crystallized from adrenal extracts by Tait,
Simpson and their colleagueslo in 1953 and, in 195, they
were successful in establishing the chemical formula, It
was found that aldosterone, unlike other known corticoste-
roids, uniguely possessed an sldehyde group (—ng Y -4n
position eishteen instead of the usual (-CH3) group. Aldo-
sterone was shown to have the following tautomeric structure

with the equilibrium favoring the hemiacetal form:11

Aldehyde Hemiacetal

Aldosterone is, under normal physiolosical circumstances,

fynthesized in the glomerulosa cells of the adrenal cortex.

C. DBiosynthesis

The ma jor corticosteroids--viz., cortisol, cortico-

Sterone, and aldosterone in man--are secreted by the adrenals

WILLIAM F. MA
YounceTAwN QTI\éE .L.'.P.BQB,Y\_



at the rate of approximately 10 to 30 mg, 2 to L mg, and
300 to 400 yg/2L-h, respectively.l2

According to Tietz,13 the use of radioactive acetic
acid and cholesterol for the study of in vivo and in vitro
steroidogenesis has produced radioactive steroid hormones,
lending support to the concept that both compounds are pre-
cursors’ of steroid hormones. The adrenal cortex is able to
synthesize cholesterol 2s well as to remove it from the circu-
lation. This cholesterol is then avsilable for conversion
into steroid hormones. Conversion of cholesterol into ster-
oid hormones involves many enzymatically governed chemical
reactions, |

The principal steps involved in the ma jor biosynthetic
pathways for adrenal steroids may be seen in figure h.lh

According to Williams,lu'the conversion of pregneno-
lone to aldosterone by the zona glomerulosa involves a
series of enzymatically regulated steps similar to those
involved in the synthesis of cortisol but with three impor-
tant differences. The zona rlomerulosa lacks 1l7«-hydroxylase
and proceeds to the 2l-hydroxyl-ce reaction, undarsoes 118-
bydroxylation, and some of this steroid is acted on by 18-
bydroxylase to form 18-hydroxycorticosterone, and thén by
18-bydroxy-steroid dehydrocenase to form aldosterone., The
enzyme, 18-hydroxysteroid dehydrosenase, is found only in
the zona glomerulosa, and this is the reason that only the
20na glowerulosa has the capacity to synthesize aldosterons.

Tietz1d broadly classified the different enzymes parti-



cipeting in steroidogenesis into the following functionsal
groups.

14 Hydroxylases.v These enzymes catalyze the substi-
tution of the hydroxyl group (-0H) for hydrogen (-H) and
require besides oxygen, 'TADIH as cofactor. The reaction is

irreversible:

>
7

2
I

--('I—H 05, NADPH CH,OH
C

=0 2l1-Hydroxylase

2. Desmolases. These enzymes split off the side

chain, and again oxygen is required and lIADPH is the required

cofactor:
Z'CH3 ”'CH3 0
R”’(I:“ (CH,) ,CH(CH ) NADPH, 0 Rm(ll 0+ H <':I (CH,) .CH(E,)
8? &2 372 o2 g Vigte
~ Desmolase
Cholesterol Pregnenolone Isocaproic

aldehyde

3.. .Dehydrogenases. ‘These enzymes catalyze the trans-
- fer of hydroren (oxidation 2nd reduction) snd require es
cofactor either JNADY or NADP' (oxidized or reduced form,
§epending on the direction of the reaction). The reaction
is usually reversible:
ot 0

oM naD*t or NADPY
17 -Dehydrogenase

»
L4

“LAiDE or TADPH
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HO
HO -~
! .
HO HO
CHOLESTEROL 20 =~ HYDROXYCHOLESTEROL 20¢22 DIHYDAOXYCHOLESTEROL
- O
e Q{Djﬁ
HO® _ :
[N~ PREGNENOLONE PROC’JESTEP\ONE
5

|7°< HYDROXYPROG ESTERONE

HO
/] =0
; %"OH
DEHYDROISOANDROSTERONE ' e

CORTICOSTERONE
"n- DEOXYC.ORTI.SOL (des) I(o Hz_oH
HO
I i
o Z
O'-ANDROSTE NEDIONE o
: CORTISOL CORTICOSTERONE.
OH 7 ?':'_zOH
. WO HQCHY
ENZYMATIC STEPS

. 20% - HYDROXYLASE
2.20,22-DESMOLASE COMPLEX 3

3380l -DERYDROGE NASE. TESTOSTERONE
4.17-HYDROXYLASE.
S.21-HYDROXYLASE
6.118~HYDROXY LASE.

7.18- HYOROXYLASE
8.18-DENYDROGENASE ~ HO
217 -DESMOLASE

H 18-HYDROXYCORTICOSTERONE

ESTRADIOL- 1743

ALDOSTERONE

Figure )j. Major biosynthetic pethwrys for sdrensl
sg°r°1d3: (From Temple, T.E., snd Liddle, G.W.: Ann. Rev.
armacol. 10:199, 1970),1lh
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4o Isomerases. These enzymes catalyze the migration

of a double bond.

CHy
=0

HO 5
e b
Pregnenolone

A 5-38-Hydroxysteroid dehydrogenase
s ?HJO
g AS-Ketosteroid g
“isomerase

>

N

Ousb . 0
Progesterone

Aldosterone secretion is influenced by a variety ofb

factors, indirectly by ACTH via corticosterone in biosyn-

thesis, primerily by the renirn-angiotensin system, by plasma
potassium concentration and plasma sodium concentration.16

By regulating aldosterone production, the renin-
angiotensin system is a major physioloric mechanism that
controls body fluid volume. (See Fipures 5 and 6).17

According to Latnsr, Cantarow and Trumper,18 increased
8ldozterone secretion results from sodium restriction, in-
creased sodium loss caused by diuretics, potacsium admini-
Stration, hemorrhace and dehydration, reduction in plasma
Volume, injection of angiotensin @nd assumption of the up-
ri:bht position.

Fotassium depletion, sodium administration, increase

0 plasma volume and assuuption of the horizontal position
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Figure 5 . The interrelationship of the volume and potasssium feedback loopa on
aldosterone secretion. Integration of signals from each loop determines the level of
aldosterone secretion. Heparin and heparinoids inhibit sldosterone secretion through
cytochemical alterations in the zona glomeruloca. (Modified from Williams, G.H., and
Dluhy, R.G.: Amer. J. Med. 53:€03, 1972. )1
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results in decregsed aldosterone secretion.
The renin-snoiotensin system is believed to be the
rrecdominant mediator of chances in aldosterone secretion in

response to these various stimuli.lg_

D. Transport, lietabolism, Excretion

Aldosterone formed by the adrenal cortex is quickly
bound in the adrenal vein onto the surface of red blood
cells and plasma protein molecules.20 Aldosterone binds
only wéakly to transcortin, a plasma glycdprotein and is
~ transported primarily by albumin.

idrenocortical steroids are inactivated by enzymes
which introduce oxygen or hydrogen stoms at one or more

positions. These compounds sre then conjucated in the liver

to form weter-soluble derivatives which are excreted in the

: 2
urlne.‘l

The liver is the we jJor organ for inactivating steroids
by the enzymetic reduction of the ;-5 double bond to form the
dihydro derivativés. These derivatives are quickly reduced
to the tetrahydro deriveatives by enzymatic recduction of the
3-oxo group to g 3-hydroxyl group. (3ee Figure 7.)22 The
tetrahydro derivatives are then conjugated with glucuronic
acid, forming water-soluble products which are quickly ex-
Creted by the kidneys.

4ldosterone, in addition to forming tetrahydroaldo-
Sterone 3-glucuronide in the liver, is conjugated at the 18

Porition to form aldosterone 18-g1ucur6nide both in the liver
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o CH,0H
. o=
HC
HO
CH
o~ H

3«-54-Tetrahydroaldosterone

3 EHZQH_
=0
HO e
CHy
!
!
‘ H
ALDOSTHRONE 3«-Sx-Tetrahydroaldosterone
114,21-Dihydroxy-3,20-
dioxopregn-lj-en-18-al 0 PﬁOH
CH
HO H

38-58-Tetrahydroaldosterone

'o QEQH
| =0
E e
CH,
HO '
H

348-54-Tetrahydroaldosterone

Figure 7. The chief urinary metabolites of
a8ldosterone .22 '
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snd in the kidneys. Aldocterone 18-glucuronide is very water-
soluble and is quickly excreated into the urine, It cen be
cleaved by acid, but not by‘B—glucuronidase,23 yielding free
aldosterone, s fact used to facilitate the clinicel measure-

ment of urinary aldosterone,

E. bBiological Effects and Clinical Significance

Aldosterone, the nmost potent and the most useful miner-
alocorticoid, has distinct effects oﬂ ion transport by epi-
theliel cells, resulting in electrolyte homeostasis.zk
Aldosterone, at the cellular level causes movement of K* ions
from ihtracellular ﬁo extracellular fluid compartments in
exchange for ¥a® and ' ions which pass in oprosite direc-
tions.25
Enzymstically controlled mechanisms for transporting
electrolytes across cell membranes sre found in the epithelisl
cells of the renal tubules, sweat glrnds, and glands»of the
alimentéry system. These systems respond to mineralocorti-
coids by conéerving sodium and chloride ions and by excreting
bocdily potassium and hydrogen ions. Loss of mineralocorti-
coid activity may result in fatal wastage of sodium ions and
retention of potassium ions. Normal amounts of mineralocorti-
coids help the body to maintain electrolyte homeostasis.
4bnormally high amounts of mineralocorticoids can cause
Potassium ion depletion and excessive sodium ion retention,

leading to edema, hypertension, and suppression of renal

Production of renin.eu
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Some of the alterations in serum electrolyte in the
hypo-- and hyperadrehal cortical states are illustrated in
figure 8.26 Healthy subjects on a normal sodium diet and in
a supine position for 2 hours have an aldosterone concentra-
tion in the range of 1 to 7 ng/100 mL of plasma; after
stending for |} hours the aldosterone values range from-3 to
28 ng/100 mL of.plasma.z7

wlevated urinary levels are found in primary aldo-
steronism (Conn's Syndrome) and secondary aldosteronism,

The clinical features of primary aldosteronism28 in-
clude hypertension, muscular pains, polyuria, cramps, weak-
ness and tetany. Laboratory test results include low plasma
potaseium with slightly elevated sodium, alkalemia (increased
pE of the blood, irrespective of changes in the blood bicar-
bonate ), supprecsed plesma renin activity, snd nonsuppressibTe

,  aldosterone secretion. The m& jority of patients with Conn's
syndrome have an aldosterone-producing adrenocortical adenoma
(AFA), about 20 percent may have nodular hyperplasia and very
few had been reported to have carcinoma of the adrenal cortex.
Secondary aldosteronism, clinical and physiological
conditions in which alddsterone levels are high in the ab-
}'} Scence of APA include, nephrosis and cardiac failure with
S0dium retention, cirrhosis of the liver with ascites, preg-
Nancy increasing to term, potassium loading, and salt
Cepletion affecting extracellulasr fluid compartments,
Decreased aldosterone levels sre found in patients

“th hyposldosteronism, hypomineralocorticism. Selective
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hypoaldosteronism occurs if there are disturbances of aldo-
sterone biosynthesis, metabolism and disturbances in the reac-

tivity of target cells to aldosterone .’

"liixed" forms of aldosteronism include Cushing's syn-
drome becauvse it is a disease showinec the symptoms of minera-
locorticism; congenital adrenal hyperplasia, because it is
based upon certain steroid vaslues found in this condition as

well as on some clinicel symptoms.

F. Statement of the lYroblem

The clinical significance of elevated and lowered
concentrations of aldosterone in various clinical conditions
cresented earlier, stresses the need for the determination

of aldosterone in the clinical laboratory. The importance

of ncasuring aldosterone lies in aiding the physician in the
diacnosis and treatment of patients with excessive secretion
of &ldosterone, Continuous overproduction of aldosterone
results in sodium retention, potassium loss, and ultimstely
hypertension. Continvous excercive seacretion of 2ldosterone
results from adrensl dicesse (prinery 2ldosteronism) due to
single or multiple adenomss, adrenal carcinoma, or bilastersl
hyperplasia. Lxtra-adrenal diceases (secondary aldosteronism),
Such as congestive cardiaé failure, the nephrotic syndrome,
or cirrhosis with ascites, are pathological conditions in
which the rise in @ldosterone secretion, is secondarily in-
duceq by pathogeﬁic factors, either chronic or acute, which

aCt upon the sensitive re-ulatory mechanisms of aldosterons
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production.

The specimen for analysis is usually a 24-h urine

collection because it reflects diurnal variations and any
temﬁorary bhengos that may occur in the patient, plus the
aldosterone concentration is greater in ﬁrine than in plasma.
Urinery aldosterone ic expreted.in microcram quenti-
ties per 24-h output, therefore, requires special procedures
capable of detecting such small quantities with reasonable ‘
accuracy. !iethods for ueasuring urinary aldosterone are of
the moét complex and demanding nature. They are time-con-
suming, laborious, complex, expensive, and because they re-
quire special technical skills and instruments, are hot
suitable for routine analysis in clinical laboratories. The
nethods based on the double-isotope derivative formation31
are extremely time-consuming, ‘complex, &and expensive, there-
fore, their application has been limited to use in specialized

31

and research laboratories. A radioimmunoassay was devel-
oped and appears to offer a snitable and reliable method for
a routine lahoretory,

The purpose of this investigation was to develop o
new nethod for the determinetion of hunen urinary aldostefone
‘utilizing high pressure liquid chromatorraphy. After resding
about various methods for aldosterone estimation and the
QUnerous problcms connected with them, the task of developing
| New, repid and siuple method appeared insurmountable.

The author attempted to devise a simple snd rapid

thod or high pressure liquid chromatographic determination
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of buman urinary aldosterone for routine clinical evaluation
by attempting to eliminate as meny of the tedious, manual,
tine-consuming, extraction and separation steps as poésible.
. At the time fhis'invmstigation was underteken, no
¥nown method of human urinary aldosterone estimation by
"hirh pressure iiquid chromato~raphy had been developed.
Since then, DeVries et al, demonstrated normal phase HPLC

can be used to assay urinary aldosterone .32

The preliminary steps involved in the wmethod used in
this investigation are modifications of the gas-liquid chroma-

tocraphic methods as described by Zack, Webster, and

33 34

Cerniauskeas, and Bravo.
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REUVIEW CF THFT LITERATURE

The determination of steroid hormones and their
rnetsbolites in urine or in pl-sme provider a mrans of eval-

vating adreno-corticnl functions,

lecent in~tense intereczt in the elevated amounte of
aldocterone in various clinicsl conditions and also in the
~ode of control of the hormone produced a larse number of
methods of assayiﬁg aldosterone.

IMeasuremont of aldosterone presents a technical chal-
len e because of the minute quantities of aldosteroue nor-
1ally present in body fluics,

A1l current methods for the determination of aldoster-
one in urine includo the following reneral steps: hydrolycsis,
extrectign, purification and separstion, and final quantifi-

3

cation.

YvAdrolyeis, Aldosterone is excrnted in the urine as

free aldosterone (approximatnly 3”) 2lon~ itk the water-

foluble conjurates, tetrabhvdroaldosterone 3--lncuronide and

H2yuwe L, drolysis. In acic hydrolysis, an zliquot of & 24-h

=0€ specivien is acidified to pH 1, by wmeens of a specified
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concentration of a mincral acid@ (hydrochloric or sulfuric)
and allowed to stand 2/} hourc at roomn temperature. In enzyme
hydrolysis, an aliquot of a 2ij-h urine is adjusted by the
ad?iticn of & buffer to the optimal pl for the enzyme used.
in acequate arount of the respective enzyme w-,crlucuronidase
to hydrolyze zlucosidurcnates, but not the 18-glucuronide,
an sulfatase to hydrolyze sulfate conjuprates) is added, and
t