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Abstract

Since the early nineteen eighties 18-hydroxycortisol and 18-oxocortisol have attracted attention
when it was shown that the urinary excretion of these hybrid steroids was increased in primary

aldosteronism. The development and more widespread use of specific assays has improved the

understanding of their role in the (patho)physiology of adrenal disorders.

The adrenal site of synthesis is not fully understood although it is clear that for the synthesis of 18-
hydroxycortisol and 18-oxocortisol the action of both aldosterone synthase (zona glomerulosa)
and 17a-hydroxylase (zona fasciculata) is required with cortisol as main substrate. The major
physiological regulator is ACTH and the biological activity of both steroids is very low and
therefore only very high concentrations might be effective in vivo.

In healthy subjects the secretion of both steroids is low with 18-hydroxycortisol being
substantially higher than that of 18-oxocortisol. The highest secretion of both steroids has been
found in familial hyperaldosteronism type 1 (glucocorticoid-remediable aldosteronism) and in
familial hyperaldosteronism type 3. Lower but yet substantially increased secretion is found in
patients with aldosterone-producing adenomas in contrast to bilateral hyperplasia in whom the
levels are similar to patients with hypertension. Several studies have attempted to show that these
steroids, in particular peripheral venous plasma 18-oxocortisol, might be a useful discriminatory
biomarker for subtyping PA patients. The current available limited evidence precludes the use of
these steroids for subtyping.
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We review the biosynthesis, regulation and function of 18-hydroxycortisol and 18-oxocortisol and
their potential utility for the diagnosis and differential diagnosis of patients with primary
aldosteronism.

Key terms
primary aldosteronism; adrenal cortex; steroidogenesis; hypertension

Introduction

Although the chemical synthesis of 18-oxocortisol was already reported in 1963 (1, 2), it
was not until the early eighties when Chu and Ulick were searching for unidentified
potential mineralocorticoids that might explain the frequently observed discrepancy between
the severity of blood pressure, metabolic abnormalities and the degree of increased
aldosterone secretion observed in patients with aldosterone-producing adenomas (APA) (3,
4). They isolated and identified 18-hydroxycortisol from the urine of a patient with an APA
and shortly thereafter they identified 18-oxocortisol from incubations of bullfrog adrenals
with cortisol and then demonstrated that these were also naturally occurring steroids in
humans. Subsequent studies not only addressed the origin, biosynthesis, and biological
activity of these steroids but some also suggested their increased secretion in patients with
adrenocortical disease such as APAs and adrenal Cushing’s syndrome. The highest levels of
these steroids were also established in patients with familial hyperaldosteronism type 1 (FH
type 1) (glucocorticoid remediable aldosteronism) and in familial hyperaldosteronism type 3
(FH type 3) caused by KCNJ5 germline mutations (5, 6). Because patients FH type 1
express a hybrid or chimaeric gene responsible for the increased secretion of both 18-
hydroxycortisol and 18-oxocortisol, these steroids were designated as ‘hybrid’ steroids.
However the term ‘hybrid” reflects merely their hybrid molecular structure comprising
features from both the zona glomerulosa (18-hydroxylation and 18-oxidation) and the zona
fasciculata (17-hydroxylation) metabolism; this is the result of a crossover recombination of
the promoter region and early exons of the CYP11B1 gene and the last exons of the
CYP11B2 gene resulting in an additional gene expressed in the zona fasciculata, regulated
by ACTH which is responsible for the synthesis of aldosterone and both hybrid steroids (5).

Despite many /n vitro and /n vivo studies their function in health and disease is not fully
understood. In this paper we review the biosynthesis, physiological regulation and function
of 18-hydroxycortisol and 18-oxocortisol in healthy subjects and their potential utility for
the diagnosis and differential diagnosis of patients with primary aldosteronism.

Biosynthesis

In 1960 two different groups chemically synthesized 17a.-hydroxy-aldosterone, a steroid
that later became known as 18-oxocortisol (1, 2). However, it was not known at that time
whether this was a naturally occurring steroid. After the isolation of 18-hydroxycortisol
from the urine of a patient with an APA, the steroid was demonstrated to be present in
incubations of freshly isolated minced APA with tritium-labeled 11-deoxycortisol that was
converted into 18-hydroxycortisol (3). After a report in 1982 of increased secretion of 18-
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hydroxycortisol in patients with two types of primary aldosteronism due to an APA and FH
type 1 (7) the same group showed that using bullfrog interrenal gland slices, cortisol could
be converted by 18-methyloxidase (methyl-oxidase type | and type 1) now known to be
exerted by a single enzyme, the aldosterone synthase (CYP11B2) (4, 8). At that time, the
conversion of corticosterone to 18-hydroxycorticosterone and then to aldosterone was
believed to be due to the action of two different enzymes that were called corticosterone
methyloxidase | and Il respectively. It was later shown that not only the two enzymatic steps,
but also the 11p-hydroxylation of deoxycorticosterone to corticosterone and the further
hydroxylation of corticosterone to 18-hydroxycorticosterone and aldosterone were exerted
by the same enzyme, aldosterone synthase (CYP11B2) (8). Ulick demonstrated that 11-
deoxycortisol served as a suboptimal substrate for the enzyme in the conversion to 18-
oxocortisol compared to the conversion of deoxycorticosterone to aldosterone (4).

The source of precursors for the synthesis of 18-hydroxycortisol and 18-oxocortisol in the
adrenal is currently not clear (Fig 1). The adrenal expresses aldosterone synthase only in the
zona glomerulosa and CYP17A1 only in the zona fasciculata and the synthesis of 18-
hydroxycortisol and 18-oxocortisol requires the action of both enzymes. In bovine adrenal
slices, the synthesis of aldosterone and 18-hydroxycortisol and 18-oxocortisol occurs in the
outer slices next to the capsule (9), and these outer slices comprise primarily zona
glomerulosa that may be heavily contaminated with zona fasciculata cells.

Stable transfected CHO cells with the cDNAs of the CYP11B1 and the CYP11B2 and
incubated with cortisol were both capable of transforming the cortisol to 18-hydroxycortisol,
but the CYP11B2 was more efficient (10). Conversion of cortisol to 18-oxocortisol was only
done in cells transfected with the CYP11B2 cDNA. Administration of 20 mg hydrocortisone
twice daily to normal individuals who had suppressed endogenous cortisol secretion by
dexamethasone showed that the urine 18-hydroxycortisol and 18-oxocortisol became
detectable or increased, indicating that circulating cortisol could be converted to 18-
oxocortisol by the adrenal (10). While these studies showed that circulating cortisol could be
converted to 18-oxocortisol by the adrenal, it is hard to be certain that this is the main source
of 18-oxocortisol in normal individuals as high doses of cortisol were used and the adrenal
expresses high levels of the P-glycoprotein that promotes the excretion of polar steroids
from the intracellular space to the outside of the cell (11, 12).

activity

The qualitative biological activity of 18-oxocortisol is similar to aldosterone, but the potency
is low with only 3-4% of that of cortisol as a glucocorticoid (13, 14) and 0.6-1.3% of that of
aldosterone as a mineralocorticoid while 18-hydroxycortisol has no biological activity on
either receptor (15). Administration of 18-oxocortisol to rats induced a mineralocorticoid-
type hypertension with hypokalemia, cardiac and renal enlargement and cardiovascular
lesions (16). Administration of 18-oxocortisol to sheep also caused a rapid increase in blood
pressure (17). However, the doses required for increasing blood pressure were high.
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Physiological regulation

The urinary excretion of 18-hydroxycortisol and 18-oxocortisol is increased by cosyntropin
and inhibited by dexamethasone. Suppression by dexamethasone is mediated by inhibition
of cortisol, the ultimate parent steroid precursor of these steroids. In addition to the pituitary-
adrenal axis the renin-angiotensin system plays some role in regulating the secretion of both
steroids. Dietary sodium restriction and sodium loading respectively increase and decrease
the urinary excretion of both steroids (18, 19). In addition, a small study in healthy subjects
showed that supine rest for two hours had no effect on the plasma levels of 18-
hydroxycortisol and 18-oxocortisol but two hours in the standing position increased plasma
levels by 45-50%, although substantially less than that of aldosterone (180%). However, the
absence of such elevations after standing following dexamethasone suppression indicated
that ACTH is a more potent physiological regulator than the renin-angiotensin system (20).
Administration of Zn-ACTH twice daily for 5 days resulted in a large increase of urinary
tetrahydrocortisol and tetrahydrocortisone; urinary aldosterone increased reaching a peak on
the second day and decreasing to baseline levels on the fifth day (21). 18-hydroxycortisol
and 18-oxocortisol remained high through the five days of ACTH gel administration further
demonstrating that ACTH has a greater role in their regulation as that compared to
aldosterone (21).

Assays for measurement of 18-hydroxycortisol and 18-oxocortisol

The first assay for the measurement of 18-hydroxycortisol in urine was done by gas
chromatography mass spectrometry (3, 7). Shortly thereafter radioimmunoassays were
developed for urine or plasma either done by a direct assay (22) or after initial purification
of the urine sample by HPLC (18). In the urine the HPLC-RIA assay gave significantly
lower excretion rates. Direct measurements of 18-hydroxycortisol in plasma and urine were
later carried out using a solid-phase extraction and a more specific antibody (23, 24). More
recently HPLC-MS/MS has been used for the measurement in plasma (25).

Assays for urinary 18-oxocortisol were initially described using an HPLC-RIA (26) and
later on, after describing the metabolism of 18-oxocortisol, this was done by measuring the
metabolite tetrahydro-18-oxocortisol in the urine by GC-MS (27). Plasma levels were
determined by radioimmunoassay after solid phase extraction and celite purification (20).
The development of a very specific monoclonal antibody to 18-oxocortisol (28) led to a
more direct ELISA with values significantly lower than those measured by RIA (24). More
recently LC-MS/MS was used (25) and the results are very similar to the measurement
results by the ELISA assay using the monoclonal antibody (24).

LC-MS/MS measurements have been used to determine the levels of 18-hydroxycortisol and
18-oxocortisol from adrenal vein samples to help in the differentiation of aldosterone-
producing adenomas and bilateral hyperplasia (BAH) (29, 30).
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18-hydroxycortisol and 18-oxocortisol in healthy subjects and hypertensive

patients

After the first identification of both steroids in humans (3), several studies confirmed the
presence of both steroids in plasma and urine. In normotensive subjects the urinary excretion
of 18-hydroxycortisol appeared to be nearly 10-fold higher than that of 18-oxocortisol (31).
Using a HPLC-RIA assay, Gomez-Sanchez et al found an even higher urinary 18-
hydroxycortisol/18-oxocortisol ratio (+ 35) (18). In contrast, a lower ratio of these steroids
was established in plasma by Yamakita et al who showed an about 3-fold higher plasma
concentration of 18-hydroxycortisol than that of 18-oxocortisol (32). In a more recent study
serum 18-hydroxycortisol levels appeared to be in a similar range as in the latter study (23)
(Table 1).

In patients with hypertension, the urinary excretions of both 18-hydroxycortisol and 18-
oxocortisol were not different from normotensive controls and this applied to both low-renin
and normal-renin hypertension (33). The same was the case for serum 18-hydroxycortisol. In
a more recent study in a large group of essential hypertensives, serum 18-hydroxycortisol
was not significantly different from normotensive subjects and this was the case for both
low- and normal-renin hypertensives (23) (Table 1).

To contribute significantly to the pathogenesis of primary hypertension one would expect a
strongly elevated secretion of one or both steroids in view of their very low biological
potency. Therefore, these data do not support an abnormal secretion of both hybrids in
hypertensives. As a corollary, elevations in any of these steroids should be a clue to explore
an underlying cause of adrenal disease such as an APA or FH type 1 as both disorders are
associated with elevations of both steroids (26, 34).

18-hydroxycortisol and 18-oxocortisol in patients with primary

aldosteronism

All studies that assessed plasma and urinary levels of both hybrid steroids established clearly
higher levels in patients with primary aldosteronism as compared to patients with primary
hypertension. A first study reporting an increased urinary excretion of 18-hydroxycortisol
using gas chromatographic mass spectrometry in patients with primary aldosteronism,
noticed that this applied predominantly to patients with APA and not to patients with
bilateral hyperplasia (BAH) (3). The excretion of 18-oxocortisol was found to be even more
strongly increased in patients with FH type 1 (26).

Further studies confirmed later that both serum levels and urinary excretion of 18-
hydroxycortisol and 18-oxocortisol were elevated in patients with primary aldosteronism but
only in patients with APAs in contrast to the normal excretion in patients with BAH (31, 35).
There was however overlap between the results of both patient groups which was ascribed to
a few patients with angiotensin Il (All)-responsive APAs showing normal excretion of
hybrid steroids (36, 37).
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Similar results were described for 18-hydroxycortisol and 18-oxocortisol in serum (23, 38)
and for urinary 18-oxocortisol using immunoassays (38). The study by Mosso et al reported
a more than 2-fold elevation of 18-hydroxycortisol in patients with primary aldosteronism as
compared to normo- and hypertensive patients. The study by Stowasser showed a nearly 5-
fold elevation of 18-oxocortisol in All-unresponsive APAs but not in most All responsive
APAs and BAH. The results of both studies were confirmed by Mulatero (24). Although that
study reported also higher urinary excretion of both steroids in APAs as compared to BAH
patients, levels in BAH patients were slightly but significantly higher than in low-renin
hypertension and normotensives.

More importantly, the finding that no APA patient had a urinary excretion of 18-
hydroxycortisol of less than 130 pg/day implicated that such patients (estimated as one third
of all patients with a positive aldosterone/renin ratio) could refrain from confirmatory testing
(Table 1). More recently it was demonstrated again that plasma 18-oxocortisol was about 12-
fold higher in patients with APA than in those with BAH while this was only nearly 3-fold
for 18-hydroxycortisol (39) (Table 1). Plasma 18-oxocortisol was positively correlated with
plasma aldosterone levels in both groups of patients but plasma 18-hydroxycortisol showed
this correlation only in the patients with APA.

The mechanism of the enhanced secretion of hybrid steroids and in particular of 18-
oxocortisol in APA patients seems qualitatively similar as in patients with FH type 1. Both
steroids display zona fasciculata characteristics as both are 17a-hydroxylated. Many APA
have phenotypical characteristics of lipid laden cells as in the zona fasciculata and there is a
mixture of cells that express CYP11B2, CYP11B1 and cells that co-express both the
CYP11B2, CYP11B1 and cells that co-express the CYP11B1 and CYP17A1 and CYP11B2
and CYP17ALl (40, 41). Loss of functional zonation of the adrenal adenoma in patients with
APAs enables cortisol to be exposed to aldosterone synthase, thus resulting in excessive
production of C18-oxygenated steroids.

After the initial studies showing elevations of both steroids in patients with APA, it was
surmised that these steroids and in particular 18-oxocortisol might contribute to the
development and severity of hypertension in patients with primary aldosteronism. This
assumption was based on the observations that in some patients the severity of hypertension
was dissociated from elevations in aldosterone secretion (3, 42), thus leaving the possibility
of involvement of other mineralocorticoid steroids. However, it is unlikely that the hybrid
steroids play a significant role in the elevation of the blood pressure or metabolic
abnormalities in primary aldosteronism due to the absent or low biological activity of both
steroids (15, 17).

18-hydroxycortisol and 18-oxocortisol for the differential diagnosis of

primary aldosteronism

Since it was reported that patients with APAs have an elevated secretion of both 18-
hydroxycortisol and 18-oxocortisol in contrast to patients with BAH (3), several studies have
investigated the diagnostic value of both steroids to distinguish APAs from BAH based on
measurement of these steroids in a peripheral or adrenal plasma sample or in a 24-hours
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urine sample. Ulick et al established clear differences in the urinary excretion of both
steroids between APA and BAH patients and they suggested cut-off levels of 15 ug/day and
60 pg/day for 24-hour urinary excretion of 18-oxocortisol and 18-hydroxycortisol
respectively for separation of both subtypes (31). However these cut-off levels have not been
validated in prospective studies.

A later small retrospective study on urinary excretion of 18-hydroxycortisol using 3 different
assays showed that the value for the differential diagnosis was method dependent; they could
establish a 100% separation between APA versus BAH and primary hypertension but this
applied only to the immunoassay with fluorimetric detection (43).

This study was followed by a report on peripheral plasma levels and 24-hour urinary
excretions of 18-hydroxycortisol and 18-oxocortisol before and after salt loading (24).
Urinary 18-hydroxycortisol could not distinghuish APA from BAH because of gross overlap
between groups. Although the sensitivity was only 30% when using a cut-off 510 ug/day,
levels > 510 pg/day were diagnostic for APA, suggesting that such patients could be sent
straight for adrenalectomy if they have a unilateral adrenal nodule and after genetic
exclusion of FH type 1. Urinary 18-oxocortisol excretion was also lower in BAH than in
APA but was still higher than in low-renin hypertension and normotensives. Nevertheless
also for this compound there was considerable overlap between both subtypes of primay
aldosteronism. A similar pattern was found for serum 18-hydroxycortisol and 18-oxocortisol
and this was the case both before and after saline loading.

A large more recent study using measurements by LC-MS/MS showed that all patients with
BAH had plasma 18-oxocortisol levels of less than 6.1 ng/dL or a plasma aldosterone of less
than 32.7 ng/dL. In contrast, 84% of CT—diagnosed APAs had higher values, conferring a
sensitivity of 84% (39). As no patient with APA had a plasma 18-oxocortisol of less than 1.2
ng/dL, the authors suggested the use of these cut-off levels of this compound in the
diagnostic work-up of patients with primary aldosteronism. However this recommended
strategy awaits further validation.

Consistent with previous studies similar results were reported by Eisenhofer et al who
showed that peripheral venous plasma concentrations of 18-oxocortisol were about 8.5 times
higher than in patients with BAH but again, there was considerable overlap between both
groups (29). In contrast, 18-hydroxycortisol was only 1.25 times higher in patients with APA
than in those with BAH. There is one additional study that demonstrated that peripheral
venous plasma 18-oxocortisol concentrations were about 21-fold higher in APAs carrying
KCNJ5 mutations compared with the wild-type group, while this was 16-fold higher than in
APA patients with other mutations (44). A smaller difference was found for 18-
hydroxycortisol which was only 2.9-fold higher among patients with APAs with KCNJ5
mutations than in the wild-type APAs (Table 1). Apparently, venous plasma concentrations
of 18-oxocortisol are specific biomarkers of APAs carrying a KCNJ5 mutation.

A few studies reported on the use of the hybrid steroids measured in adrenal vein plasma
samples (29, 30). In a retrospective study Nakamura et al used 18-oxocortisol instead of
aldosterone in the 18-oxocortisol/cortisol ratio. They found the 18-oxocortisol levels and the
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18-oxocortisol/cortisol ratios to be higher in adrenal veins emanating from APAs than in
those from the contralateral non-diseased adrenal glands and those from patients with BAH
(30). Although these data are promising, this study did not demonstrate that the 18-
oxocortisol/cortisol ratio performed better than the conventional aldosterone/cortisol ratio to
prove unilateral aldosterone production and to determine the subype of primary
aldosteronism.

Finally, in a recent retrospective study in 206 patients with primary aldosteronism, the
lateralization ratios for 18-oxocortisol and 18-hydroxycortisol normalized to cortisol were
higher in patients with APAs compared to patients with BAH (29). In the APA group 76%
had an elevated lateralization index for 18-oxocortisol/cortisol ratio while this was only 35%
in the BAH group, thus underlining the limited value of adrenal venous plasma hybrid
steroids for the differentiation of APA and BAH.

18-hydroxycortisol and 18-oxocortisol in patients with FH type 1

In 1980 the first two patients with dexamethasone-suppressible hyperaldosteronism were
described. This new hypertensive syndrome came later known as glucorticoid remediable
aldosteronism (GRA) or FH type 1 (45). The suppressibility of aldosterone with
normalization of blood pressure by dexamethasone documented that aldosterone secretion
was under ACTH control. A few years later Gomez-Sanchez et al demonstrated a nearly 10-
fold elevated urinary excretion of 18-oxocortisol as compared to normal subjects (21). The
molecular cause of this rare variant of familial aldosteronism was elucidated in the early
nineties by Lifton (5) and Pascoe (46). As a result of unequal crossover during meiosis a
chimaeric gene comprising the coding sequences of the CYP11B2is expressed in the zona
fasciculata where it is co-localised with CYP17A1 and cortisol which serves as a substrate
for aldosterone synthase, thus explaining the suppressibility of aldosterone by ACTH. The
very strong elevation (8-20 fold) of 18-oxocortisol in these patients was later confirmed by
several other studies (24, 34, 38) and to a lesser degree this was also the case for 18-
hydroxycortisol (24). It has to be noted however that there is overlap between the hormone
levels in these patients and patients with APAs. Nevertheless it has been suggested that
measurement of these hybrid steroids is a better diagnostic tool than the dexamethasone
suppression test (47).

In conclusion, the diagnostic utility of measurement of these hybrid steroids is limited. In
young hypertensive patients with primary aldosteronism, a strong elevation of one or both
hybrid steroids may indicate the presence of familial hyperaldosteronism type 1 (GRA).
Patients with primary aldosteronism due to an APA have higher plasma levels of both
steroids as compared to patients with BAH and this pertains particularly to 18-oxocortisol.
Yet there is considerable overlap between both subtypes, limiting the diagnostic utility of
measurement of these hybrid steroids for this purpose. Further prospective studies are
required to better determine the diagnostic place of these hybrid steroids in patients with
primary aldosteronism.
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Steroidogenic pathways and enzymes leading to the synthesis of aldosterone in the zona
glomerulosa, cortisol in the zona fasciculata and 18-oxocortisol in the zona glomerulosa.
The potential contribution of the substrate 11-deoxycortisol for action by CYP11B2 or the
alternative contribution of the CYP11B1 by synthesizing cortisol and reaching the zona
glomerulosa by either from the circulation or by a paracrine mode.
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