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Summary—118-Hydroxy dehydrogenation of cortisol to cortisone is specifically impaired in
the syndrome of apparent mineralocorticoid excess. This defect bears on the pathogenesis of
the disorder by unmasking the potential mineralocorticoid agonism of unmetabolized cortisol
at or near mineralocorticoid target tissues. A specific index of this defect is provided by
measurement of the formation of tritiated water following the administration of [PHJ11a-
cortisol. We have explored the use of a non-radioactive tracer to follow this unidirectional
dehydrogenation reaction but because of the relatively lower sensitivity of measurement of
’H, O compared to *H,0O in body fluids, use of the corresponding [*H]11a-cortisol was not
feasible. We have devised instead a method incorporating additional deuterium atoms into
cortisol to measure unidirectional 118-hydroxy dehydrogenation not by the formation of
labeled water but by the determination of the dehydrogenated cortisol product from its
residual deuterium content. Cortisol-d, metabolized to cortisone-d, is conveniently measured
by the techniques of organic mass spectrometry. The synthesis of cortisol-9a,11¢,120:128-d,
and the validation of its isotopic distribution by mass spectrometry and nuclear magnetic
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resonance is described.

INTRODUCTION

The syndrome of apparent mineralocorticoid
excess is associated with defective peripheral
metabolism of cortisol to cortisone [1-4]. The
mechanism of the mineralocorticoid excess is
considered to be the persistence of unmetabo-
lized cortisol as a mineralocorticoid agonist at
or near target tissues containing mineralocorti-
coid receptors[5,6). Several methods have
been used to demonstrate and quantitate this
abnormality, but only the rate of removal
of the lla-hydrogen isotope from [H]lla-
cortisol reflects specifically the unidirectional
11B8-hydroxy dehydrogenation reaction [1, 3, 7].
Other indices such as the urinary corti-
sol:cortisone metabolite ratio measure the 24 h
oxido-reduction equilibrium position and the
turnover rate or half time of disappearance of
labeled cortisol from blood or urine reflects its
rate of removal by all metabolic routes.
Measurement of the rate of unidirectional
dehydrogenation may be a more sensitive index
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than the cortisol:cortisone metabolite ratio as
suggested by the description of the type 2 vari-
ant of the syndrome of apparent mineralocorti-
coid excess in which overall cortisol turnover is
decreased while the cortisol:cortisone metab-
olite ratio remains normal [2, 8]. In considering
the substitution of the non-radioactive deu-
terium label for tritium to measure the rate of
cortisol dehydrogenation in vivo, the advantage
of a nonradioactive tracer is offset by the disad-
vantage of the very much lower sensitivity of
measurement of *H,0 compared to *H,0 so
that the rate of appearance of the former in
body water is not readily measurable. In this
report we have overcome this limitation of
deuterium labeling by synthesizing a molecule
containing additional deuterium atoms which
could still be recognized by organic mass spec-
trometry following specific removal of [*H]1 1.
This was accomplished by base-catalyzed deu-
terium exchange of the 3 enolizable positions in
the 11-ketone form followed by borodeuteride
reduction to yield as final product, cortisol-
9a,11,120,12f-d, for which the synthesis
and validation of isotopic distribution is herein
described.
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EXPERIMENTAL AND RESULTS

Syntheses

General methods. When possible the course of
reaction was followed by HPLC analysis using
methanol-H,O mixtures as mobile phase and a
C-18 reversed phase column. 3-Keto-4-pregnene
compounds were monitored at 240 nm and
those containing at least 1 double bond or
carbonyl group were monitored by end absorp-
tion at 200 nm. For mass spectrometry, under-
ivatized steroids were analyzed using the solids
probe under electron impact conditions of a
V.G. TS250 mass spectrometer. GC/MS analy-
ses were carried out on methoxime trimethylsilyl
ether derivatives prepared as described [9] using
a Hewlett—Packard 5970 mass spectrometer. All
deuterated reagents contained at least 99 atom
percent deuterium and were obtained from the
Aldrich Chemical Company. Whenever possible
reactions were carried out in 10ml conical
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minivials whose cap threads could be adapted
directly to a rotary evaporator for removal of
solvent.

NMR spectra were recorded at room tem-
perature in acetone-d, using a Varian Unity
400 MHz spectrometer. Chemical shifts are in
ppm relative to the internal acetone resonance
set at 2.05 ppm.

Cortisone-3,20-diethylene ketal (I). The reac-
tion vessel was fitted with a magnetically driven
stirring bar and connected to a water aspirator
pump as vacuum source. A mixture of 200 mg
cortiscone, 40 ml diethylene glycol and 20 mg
p-toluenesulfonic acid was heated under partial
reflux at a temperature of approx. 110°C so
that half of the solvent distilled over 4h.
The product was extracted with methylene
chloride and the extract washed with 1%
NaHCO, and water, dried and evaporated.
HPLC analysis showed 95% conversion to the
bisketal derivative (I) confirmed by solid probe
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Fig. 1. Mass spectra

of methoxime trimethylsilyl ether derivatives of cortisol-d, (upper curve) and of

cortisol.
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mass spectrometry showing a molecular ion
m/z = 448. ’
Cortisone 3,20-diethylene ketal-9x,12x,126-d,
(II). Bisketal I, (100 mg) in 5ml CH,0D was
treated with 1.5ml D,O and 0.5ml NaOD
(40% in D,0O) in a tightly capped 10ml
minivial. In preliminary experiments, the course
of the exchange reaction and optimum con-
ditions were monitored by solids probe mass
spectrometry of the bisketal form and by
GC/MS analysis after acid hydrolysis and
derivatization to the methoxime-trimethylsilyl
ether. Exchange at C-12 appeared to take place
more readily then at C-9. A temperature of 60°C
for 16 h resulted in exchange of all three enoliz-
able hydrogen atoms as shown below.
Cortisone 9, 120,12 -d, (I11). After base cata-

lyzed exchange as described above, the bisketal
derivative (II) was dissolved in 4 ml 40% formic
acid maintained at 60°C for 1 h. The solvent
was removed and the product washed with

cold acetonitrile and recrystallized from 95%
ethanol. The hydrolyzed product had the mobil-
ity of cortisone by HPLC. Molecular ions by
mass spectrometry were m/z = 363 for the un-
derivatized form and m/z =565 for the
methoxime trimethylsilyl ether form indicating
the incorporation of 3 deuterium atoms. Both
spectra however showed an M + 2 ion approxi-
mately 30% as intense as M + 3, indicating that
some exchange of hydrogen for deuterium had
taken place. Exchange could be avoided if the
11-ketone form was not isolated but reduced
directly as described below.
Cortisol-3,20-diethyleneketal-9u, 110,120, 120 -
d, (IV) and cortisol-9u, 110,120,126 -d, (V). The
best incorporation of isotope was obtained
when the 1l-ketone of cortisone was reduced
with borodeuteride directly without the iso-
lation and hydrolysis of the exchanged cortisone
product. The crude cortisone bisketal-d,
product II was treated directly with 80 mg
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Fig. 2. Mass spectra of methoxime trimethylsilyl ether derivatives of cortisol-21-acetate-d, (upper curve)

and of cortisol-21-acetate.
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NaBD, at 60°C for 16 h. The solvent was re-
moved and the residue extracted with methylene
chloride. The filtered extract was evaporated
and the product dissolved in 4 ml 40% formic
acid. After 1 h at 60°C the solvent was evapor-
ated and the residue washed with cold aceto-
nitrile and recrystallized from 95% ethanol,
m.p. 212-215°C. HPLC analysis showed a single
component with the retention time of cortisol.
GC/MS analysis of its methoxime trimethylsilyl
ether derivative (Fig. 1) showed molecular and
fragment ions 4 atomic mass units greater than
that of the unlabled derivative indicating that 4
deuterium atoms had been incorporated.

Validation of isotopic distribution
Cortisol-21-acetate-d,. Cortisol-d, (200 ug)
was treated with 50 ul acetic anhydride and
100 ul pyridine, heated at 100°C for 1h and
the reagents removed on a rotary evapor-
ator. HPLC analysis showed the product to
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be cortisol-21-monoacetate. The methoxime
trimethylsilyl ether derivatives was formed and
analyzed by GC/MS. The corresponding deriva-
tive of unlabeled cortisol was similarly prepared
and analyzed. Under these conditions the de-
rivative was the C-3-monomethoxime instead of
the C-3,20-bismethoxime, shown in Fig. 2. The
molecular mass of the deuterated product was 4
atomic mass units higher than that of the un-
labeled moiety in keeping with the presence of
4 deuterium atoms. There was no evidence of
back exchange of hydrogen for deuterium in the
form of M + 3 ions. The deuterated cortisol was
stable in ethanol solution over many months.

Cortisone acetate-d;. Cortisol-21-acetate-d,
(100 ug) was treated with 5mg pyridinium
dichromate in 1ml methylene chloride for
15 min at room temperature. The reaction mix-
ture was washed with 0.1 N HCl, 0.2 M acetate
buffer pH 5 and water. The solvent was dried
and evaporated and an aliquot converted to a
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Fig. 3. Mass spectra of methoxime trimethylsilyl ether derivatives of cortisone-21-acetate-d, (upper curve)
and cortisone-21-acetate.
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methoxime trimethylsilyl ether derivative and
analyzed by GC/MS. Its spectrum compared in
Fig. 3 to that of derivatized unlabeled cortisone-
21-acetate shows the molecular ion and relevant
fragment ions 3 atomic mass units higher in the
deuterated form corresponding to the presence
of 3 deuterium atoms and demonstrates the
selective removal of the 1la-hydrogen isotope
in the course of the conversion of cortisol
to cortisone. There was however an ion at
m/z = 534 that was 20% of the m/z 535 molecu-
lar ion and also one at m/z = 503 that was 20%
of the m/z 504 M-31 fragment. The presence of
these ions suggested a 20% loss of deuterium
during the chemical conversion of cortisol-d, to
cortisone-d;. Different oxidation conditions
using chromium oxide in pyridine gave a similar
product with a similar isotopic distribution.
NMR evidence. The spectrum of cortisol-d, is
shown in Fig. 4 and unlabeled cortisol in Fig. 5.
The level of deuteration at H-9, H-11, and
12¢-H could be determined quite accurately
since these protons appear as completely re-
solved signals. The residual H in all three reson-
ances are comparable and are estimated at

CORTISOL - 9a, 11a, 120, 12B -0
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2+ 1% of stochiomistry. Even though the re-
sidual 128-H is obscured by H-8, it is evident
that its H content is not appreciably higher than
at the other sites since it would otherwise distort
the normal looking double triplet pattern of
H-8. A further indication of massive deuteration
at the 128 site is the loss of long-range coupling
between the 128-H and the 18-methyl. This
weak coupling is generally unresolved but is
manifested by a slight broadening of the 18-
methyl signal which results in its peak height
being lower than that of the 19-methyl. In the
present case the coupling is resolved with the
18-methyl appearing as a doublet (J ~ 0.5 Hz).
Replacement of the 12f-H with deuterium effec-
tively removes this coupling and as a result
the peak height of the 18-methyl signal in the
labeled preparation is higher than that of the
19-methyl.

The 2 + 1% conservative estimate was ar-
rived at by comparing the relative area of the
residual H-9 signal at 1.01 ppm with the nearby
axial H-7 at 1.09 ppm. The axial H-7 signal is
composed of 16 lines of approximately equal
intensity and it is apparent that the area of the
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Fig. 4. NMR spectrum of cortisol-9a,118,12x,128-D, in acetone Dy.
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Fig. 5. NMR spectrum of cortisol in acetone D,.

four weak lines of H-9 add up to somewhat less
than one-half of one of the 16 lines, i.e. less than
3%.

DISCUSSION

We describe the synthesis of a deuterium-
labeled tracer as an alternative to the 1la-
tritium-labeled cortisol used by Hellman et
al.[7] for the study of the dynamics of the
cortisol-cortisone interchange in man. The use
of a nonradioactive tracer offers obvious advan-
tages but because of the much greater sensitivity
of measurement of tritium compared to deu-
terium, a different analytic approach was
necessary. Measurement of the dehydrogena-
tion product directly had the advantage that it
could be accomplished by the techniques of the
mass spectrometry of organic molecules and not
requiring a specialized instrument for the analy-
sis of gas phase isotopes.

Concerning the proof of localization of the
4 deuterium atoms in the product, labeling of
the 11a position was unequivocally established
by its removal in the conversion of cortisol

to cortisone. Substitution of the positions
9a,120,12f during base-catalyzed exchange of
the 11-ketone form is strongly suggested by the
chemistry of these 3 enolizable positions in the
molecule. Three residual deuterium atoms re-
mained after oxidation of cortisol to cortisone,
serving to identify the oxidation product as a
d;-moiety. The finding of some exchange of
deuterium during chemical oxidation of cortisol
to cortisone, does not necessarily indicate that
such exchange would occur in biologic exper-
iments. Nevertheless, the possibility of exchange
of the labeled cortisone product should be
examined and if necessary, corrected for in each
biological system. Another preparation of a
9,12,12-deuterium-labeled cortisol has been
shown to be stable in another type of study in
man [10]. This distribution of deuterium as
9a,11a,12a,128 was unambiguously demon-
strated by nuclear magnetic resonance. Both
NMR and mass spectrometry indicated at least
98% incorporation of deuterium into the
product. Cortisol-9a,11a,12x,128-d, was thus
demonstrated to be a valid tracer for the study
of unidirectional 11§ -hydroxy dehydrogenation
in vivo.



Cortisol 9a,11a,12a,128-d,

REFERENCES

. Ulick S., Levine L. S., Gunczler P., Zanconato G.,
Ramirez L. C., Rauh W, Résler A., Bradlow L. and
New M. I.: A syndrome of apparent mineralocorticoid
excess associated with defects in the peripheral metab-
olism of cortisol. J. Clin. Endocr. Metab. 49 (1979)
757-764.

. Ulick S., Tedde R. and Mantero F.: Pathogenesis of
the type 2 variant of the syndrome of apparent miner-
alocorticoid excess. J. Clin. Endocr. Metab. 70 (1990)
200-206.

. Stewart P. M., Corrie J. E. T., Shackleton C. H. L. and
Edwards C. R. W.: Syndrome of apparent mineralocor-
ticoid excess. J. Clin. Invest. 82 (1988) 340-349.

. Shackleton C. H. L. and Stewart P. M.. The
hypertension of apparent mineralocorticoid excess.
In Endocrine Hypertension (Edited by Biglieri E. G.
and Melby J. C.). Raven Press, New York (1990)
pp. 155-173.

. Edwards C. R. W, Stewart P. M., Burt D., Brett L.,
Mcintyre M. A., Sutanto W. S., De Kloet E. R. and
Monder C.: Localization of 118-hydroxysteroid dehy-

SBMB 38/3—F

10.

357

drogenase-tissue specific protector of the mineralocorti-
coid receptor. Lancet 2 (1988) 986-1002.

. Funder J. W, Pearce P. T., Smith R. and Smith A. 1.

Mineralocorticoid action: target tissue specificity is en-
zyme, not receptor, mediated. Science 242 (1988)
583-585.

. Hellman L., Nakada F., Zumoff B., Fukushima D.,

Bradlow H. L. and Gallagher T. F.: Renal capture and
oxidation of cortisol in man. J. Clin. Endocr. Metab. 33
(1971) 52.

. Ulick S, Chan C. K., Rao K. N., Edassery J., Mantero

F.: A new form of the syndrome of apparent mineralo-
corticoid excess. J. Steroid Biochem. 32 (1989) 209-212.

. Chu M. D. and Ulick S.: Isolation and identification of

18-hydroxycortisol from the urine of patients with
primary aldosteronism. J. Biol. Chem. 257 (1982)
2218-2224.

Esteban N. V., Yergey A. L., Liberato D. J., Loughlin
T. and Loriau D. L.: Stable isotope dilution method
using thermospray liquid chromatography/mass spec-
trometry for quantification of daily cortisol production
in humans. Biomed. Environ. Mass Spectrom. 15 (1988)
603-608.



