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Abstract

The 118-hydroxysteroid dehydrogenase EHSD) is responsible for the interconversion of both the hormonally inactive cortisone and the active
cortisol. This enzyme activity, which has implications in the pathogenesis of numerous diseases, is reflected in the ratio of tetrahydrometabolite
of cortisol (allo-tetrahydrocortisol and tetrahydrocortisol) to those of cortisone (tetrahydrocortisone). Several methods have beenmroposed i
the literature to determine such a ratio in urine. Most of them require tedious and extensive extraction and derivatization steps and make us
of gas-chromatographic techniques, including gas chromatography coupled to mass spectrometry (GC-MS). We present here an alternati
approach for the direct determination of such a ratio in urine by using liquid chromatography—electrospray ionization—tandem mass spectrometr
(LC-ESI-MS-MS), based on a minimal sample treatment. Actually, the limit of detections (LODs) for pure standards in water permitted a simple
dilution of the urine samples prior to the analysis, hence, an accurate optimization of the high performance liquid chromatography (HPLC)
separation was needed in order to get rid of the severe influence of the urine matrix on the ionization efficiency. Besides, the nature of som
interfering species was deeply investigated, as well as the suitability of some commercial deuterated steroids as internal standards. All these |
to the final method, which was based on a HPLC separation on a C8 column and a ternary gradient water/methanol/acetonitrile. In parallel, a
appropriate sample preparation was set up, which consisted of an enzymatic hydrolysis of the conjugated species and a followed 1:20 dilutior
Preliminary measurements on real urine samples were performed as well.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction adverse effects. In this regard, a considerable individual varia-

o ) ) tion in the therapeutic response and in the occurrence of side
Glucocorticoids (GLCC) play an essential role in normal gffects is well documenteid, 2].

physiology by modulating metabolic and immune responses. |, the mammalian tissues, the prereceptor regulation of
Besides, their anomalous secretion is involved in the pathogenghe GLCC action is dependent upon the expression of
sis of several diseases. Onthe other hand, their biological activity1g_hydroxysteroid dehydrogenase gtHSD, EC 1.1.1.146),
may advantageously be used for the treatment of a variety of digghich catalyzes the interconversion of biologically active
eases, eveniftheir administration may be associated with seriogs; cc (cortisol and corticosterone) and their inactive 11-
keto forms (cortisone and 11-dehydrocorticosterof$) In
« Corresponding author. Tel.: +39 050 2219273; fax: +39 050 2219409, UMans, two isoforms of this enzyme had been identified:
E-mail address: psalva@dcci.unipi.it (P. Salvadori). type 2 (1B-HSD2) and type 1 (13-HSD1) isozymed4,5].
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113-HSD2 is a high affinity nicotinamide adenine dinucleotide of mass spectrometry, source parameters need to be optimized
(NAD)-dependent unidirectional dehydrogenase, which exclufor the dehydrated forms, which provide precursor ions able
sively converts cortisol and corticosterone to cortisone ando supply the best sensitivity in selected reaction monitoring
11-dehydrocorticosterone, respectively. It is found mainly in(SRM)mode. Finally, due to the complicated nature of the matrix
mineralcorticoid target tissues such as kidney and colon, wherand possible suppression effects, the use of deuterated inter-
it protects the mineralcorticoid receptor from cortisol excessnal standard(s) is highly recommendable to assure an optimal
By contrast, 1B-HSD1, which is a nicotinamide adenine dinu- accuracy.
cleotide phosphate (NADP[H]) dependent bidirectionalenzyme, The structure of the molecules used in this study is shown in
functions predominantly in the reductase mode in intact cell§ig. 2
and organg6]. Its function is widely expressed in tissues, such
as liver, lung, adipose tissue, vasculature, ovary, central nervo2s Experimental
system and bone, where it may maintain high intracellular levels
of the active form of GLC(5,7]. Changesinthe activity of Bt~ 2.1. Solvents and reagents
HSD1 may be important in several human diseases, including
hypertension, obesity, oligomenorrhea and hirsu{®nr13]. All the solvents used (methanol, water and acetoni-
Modulation of 1B-HSD’s activity, with the development of trile) were HPLC grade from Carlo Erba Reagenti S.p.A.
specific inhibitors, could offer a novel therapeutic approach(Rodano, MI, ltaly), as well as ammonium acetate and formic
Moreover, as the therapeutic effectiveness of GLCC and the freacid. $-Pregnan-&,118,17«,21-tetrol-20-one (tetrahydro-
quency of adverse events of the treatment are variable in differesbrtisol, THF), m-preghan-&,118,17«,21-tetrol-20-one
subjects, the study of this enzyme action could be important t¢allo-tetrahydrocortisol, A-THF), &pregnan-8,118,17«,21-
understand the nature of this variability and to identify the subtetrol-20-one (B,5a-tetrahydrocortisol, S-THF) and 5
jects who may be more sensitive to the side effects of thespregnan-a,11a,17a,21-tetrol-20-one (epi-tetrahydrocortisol,
substances. E-THF) were purchased from Steraloids, Inc. (Newport,
In order to better understand the biological relevance 8f11 RI, USA); 3x,17a,21-trihydroxy-$-pregnan-11,20-dione
HSD in the pathogenesis of human diseases and in the variabilifgetrahydrocortisone, THF), tetrahydrocortisol-218yb-
of the response to treatment with GLCC, it is important toglucuronide (THF-GLU) and tetrahydrocortisone-gI-
develop rapid assays for the evaluation of its activity in vivo. B-p-glucuronide (THE-GLU) were from Sigma-Aldrich
Conventional assessments are based on measurements of @@ poration (St. Louis, MO, USA); &pregnan-18,17«,21-
ratios of cortisol and cortisone and/or their metabolites, bothriol-3,20-dione-1,2,4,5-D4 (allo-dihydrocortisol, D4-A-DHF)
free and/or conjugated. Very often the ratio tetrahydrocortisolvas obtained from C/D/N Isotopes, Inc. (Pointe-Claire,
(THF), allo-tetrahydrocortisol (A-THF) to tetrahydrocortisone Que., Canada); dpregnane-3,21-diol-20-one-17,21,21-D3
(THE) in urine from 24 h collection is assaydeid. 1) [14,15] (D3-PGD) and &-pregnane-d-ol-20-one-17,21,21,21-D4
Several analytical methods have been proposed in the literdp4-PGQO) were from Cambridge Isotope Laboratories, Inc.
ture for the determination of the ratiB), (THF + A-THF)/THE.  (Andover, MA, USA). B-Glucuronidase/arylsulfatase from
A large part of them used gas-chromatographic (GC) techniqueelix Pomatia (EC 3.2.1.31/EC 3.1.6.1) was purchased from
including GC-MY[16-20] and required tedious and extensive Roche Diagnostics GmbH (Mannheim, Germany).
extraction and derivatization steps.
Our target was to find an alternative approach to directly2.2. Mass spectrometry
determiner in urine by using liquid chromatography coupled
to tandem mass spectrometry with a minimal sample treatment. The mass spectra and the SRM determinations were
Such a direct determination needed to face some problems awthtained from an Applied Biosystems-MDS Sciex APl 4000
pre-requisites related to the chemical structure and behavior d¢fiple quadrupole mass spectrometer (Concord, Ont., Canada),
THF, THE, and steroids in general. In fact, urine is particularlyequipped with Turbo-V lonSpray (TIS) source. For the optimiza-
rich of different steroidic components, only a small part of whichtion, each compound was infused by a syringe pump Harvard
isinthe free form (urinary free steroids), being the major fractionMod. 22 (Harvard Apparatus, Holliston, MA, USA).
constituted by glucuronide and sulphate conjugg&k Unfor- The operative parameters resulted are as follows: ionspray
tunately, most fragment ions observed in their tandem maseoltage (IS), 5.5kV; gas source 1 (GS1), 50; gas source 2
spectra are common to different components, therefore a conf&S2), 50; turbo temperature (TEM), 350; entrance poten-
plete specificity is not possible. Moreover, steroid compoundsial (EP), 10 V; declustering potential (DP), 60 V; scan range, as
tend to easily lose water molecules in the source, which furneeded, depending on the analyte (expected protonatea/ion
ther reduces the selectivity. For these reasons the HPLC methedlue+80 Th). MS—MS product ions were produced by colli-
must be able to separate in a satisfactory way the componerggnal induced dissociation (CID) of selected precursor ions in
of interest. In addition, as the method intends to determine ththe LINAC collision cell (Q2) and mass-analyzed in the sec-
total fraction of THF, A-THF, and THE, enzymatic hydroly- ond mass filter (Q3). Additional experimental conditions for
sis of the conjugated species is advantageous. Of course, alst5—MS product ions spectra included collision (CAD) gas,
this latter process needs to be investigated accurately in ordeitrogen; CAD gas pressure, 2.9 mPa; collision energy (CE),
to achieve a complete deconjugation. From the point of viewB0 eV, collision cell exit potential (CXP), 15 V. SRM transitions
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Fig. 1. Pathways of cortisol metabolism.

and the related optimized DP, CE and CXP for different analytes
are shown irfable 1 Table 1

SRM transitions and the related optimized source parameters for different ana-

2.3. High performance liquid chromatography lytes and labeled standards

Analytes Operative parameters
HPITC separations were gqrried outbya Ferkin—EImer Series SRM transition op CE CXP
200 Micro High pressure mixing pump equipped with a Series
200 Autosampler (Perkin-Elmer, Boston, MA, USA). Several THF (@ll* 349091 42 7 8
columns and methods were tested. The final optimized method 349105 62 10
made use of a Phenomenex LUNA C8 2mrB0 mm, 3um  THE 347— 91 99 68 6
particle size column (Phenomenex, Torrance, CA, USA) with 347149 33 12
the following mobile phase gradient: THF-GLU 525— 331 47 25 8
525— 349 15 9
Solvent A: Water/methanol 1:1 containing 0.1% formic acid. THE-GLU 541 347 55 25 10
Solvent B: Metanol/acetonitrile 1:1 containing 0.1% formic 541365 14 10
acid. D4-A-DHF 369> 118 101 31 9
Gradient conditions: Five minutes from 100% A to 100% B; 369 229 31 6
3 min 100% B; 3 min equilibration time. D3-PGD 320- 91 70 63 8
320— 135 26 11
2.4. Sample preparation D4-PGO 323> 75 42 38 8
323135 29 12

A 10ml aliquot was taken out of the 24 h excreted urine a The SRM transitions and the related optimized compound parameters are

and centrifuged at 5000 rpm for 30 min. One milliliter of super- the same for all the THF isomers.
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HO™
5B-pregnan-3a,11p,17a,2 1-tetrol-20-one Sa-pregnan-3a,11B,17a,21-tetrol-20-one
(Tetrahydrocortisol, THF) (Allo-Tetrahydrocortisol, A-THF)

Sa-pregnan-3f,11B,17a,21-tetrol-20-one 5B-pregnan-3a,11a,17a,21-tetrol-20-one
(3B,5a-Tetrahydrocortisol, S-THF) (Epi-Tetrahydrocortisol, E-THF)

H
30,17a,21-trihydroxy-5B-pregnan-11,20-dione Tetrahydrocortisol-2 1-yl-B-D-Glucuronide
(Tetrahydrocortisone, THE) (THF-GLU)

Tetrahydrocortisone-3a-yl-B-D-Glucuronide Sa-pregnan-113,17a,21-triol-3,20-dione-1,2,4,5-D4
(THE-GLU) (Allo-Dihydrocortisol, D4-A-DHF)

COCD COCD,0H

o™ o™

Sa-pregnane-3a-ol-20-one-17,21,21,21-D4 Sa-pregnane-3a,21-diol-20-one-17,21,21-D3
(D4-PGO) (D3-PGD)

Fig. 2. Structures of the investigated compounds.
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natant was placed in a 2ml 3232 vial together with 10Q.l

acetate buffer 1 M (pH 5.5), 30 B-glucuronidase/arylsulfatase g 12000
[21,22] and a suitable amount of internal standard {g80of < 8000
D3-PGD or D4-PGO or, alternatively, 1@ of D4-A-DHF) E 4000 o
dissolved in 2Qul of methanol. The mixture was incubated £ A
at 37°C for 24 h, and then diluted 1:20 with pure water. As - 0 40 80 120 160 200 240 230 320 360 400
a consequence, the final internal standard concentration wada) m/z
1000 ng/ml for D3-PGD and D4-PGO, and 500 ng/ml for D4-
A-DHF. Twenty microliters of this final mixture was injected in = 3000
the HPLC-MS-MS system in triplicate, as well as the standard & ,,,
solutions for the calibration curves. =
2 1000
% 22 24 255 311 gpg 347

2.5. Calibration curves

(=]

— J |\| 1 \|‘w £, \..Inl‘ L LA BT VI N R T N P S S —
) ) ) 40 80 120 160 200 240 280 320 360 400
Seven standard solutions for the calibration curves were pre-(b) m/z
pared containing 2.5, 5, 10, 25, 50, 100 and 250 ng/ml of bOthig 4. MS—MS product ions spectra of tetrahydrocortisol (a) and tetrahydro
THF and A-THF, and 5, 10, 20, 50, 1OQ, 200 and 500 ng/ml ofgorﬁs(')ne ).
THE. The internal standard concentration was the same for all

the samples.
Indeed, it gives rise to spectra containing a large number of frag-

ments, which is similar to what can be observed in their electron
ionization (El) mass spectrum. Such a behavior causes the dis-

As already stated in the introduction, THF and THE tend topersion of the ionic currentinto a large number of fragment ions,
lose water molecules even under soft ionization techniques su@ily a limited number of which could be used for a SRM based
as ESI. Based on precedent experiences on similar moleculestiethod. It represents a further negative contribute to sensitivity,
our laboratory, this trend looks more related to thermal dehydra@t leastif comparedto asituation where asingle or a limited num-
tion reactions prior to the ionization process than to in-sourc&er of fragmentions are presentin the spectrum. Moreover, most
fragmentation. The MS spectra of THF and THE, reported inffagments are common to several steroid compounds, therefore
theFig. 3 show that at least three water molecules are lost. Théhe selectivity will not be as high as desirable. As a consequence,
relative intensity of the four species ([M + H][M—H»0 + H]*, a good chromatographic separation is necessary to support the
[M—2H,0 +H]* and [M=3H0 +H]*) changes, depending on MS method.
the source parameters. However, it is not possible to get a sin- Table 1Isummarizes the SRM transitions selected and the rel-
gle ionic species clearly predominant with respect to the otherdtive optimized compound-dependant parameters for THF and

This feature represents a strong limit to the possibility to achievd HE. Under such conditions, the lowest concentration detected
a high sensitivity. in pure water resulted to be 0.5 ng/ml for both compounds (S/N

In addition, as shown by the Spectraﬁi’g_ 41 the fragmen_ 10 and 18 for THF and THE, reSpeCtiVer). EXpeI’imentS car-

tation pattern of this class of compounds is quite complicated/ied out on several batches of urine samples confirmed that the
normal urine concentration of these analytes is relatively high.

Such a high sensitivity is not strictly necessary. Nevertheless, an

3. Results and discussion

4066 331 e ultimate high sensitivity was aimed to allow a minimal sample
§ ’ preparation, which was merely dilution of the samples prior to
= 3,06 a1 the injection.

% 2,066 As far as the HPLC method is concerned, the separation of
Z 10e6 a7 the two steroids, at the beginning, was carried out by a Discov-
ery C18 2.1x 50 mm, 3um particle size column (Supelco Inc.,
300 310 320 330 340 350 360 370 Bellefonte, PA, USA), together with the following mobile phase
(@) m/z, amu composition and elution program: 1 min 95% water +formic
acid 0.1% (A)/5% acetonitrile +formic acid 0.1% (B); 6 min
w20 i to 100% B, 1 min 100% B. Under these conditions the elution
2 j'gzz times of THF and THE in water were 4.84 and 4.98 min, respec-
2 3’096 tively. However, when this method was used to_run real urine
% 2:%6 a - samples from healthy volunteers, diluted 1:10 with pure water,
£ 1,06 two intense peaks at 4.73 and 4.82 min were present in the chro-
matograms. The relative SRM transitions were the same with
®) 800 810 320 330 nzioamjm 360 370 respect to THF and THE standards. For this reason, we initially

attributed these peaks justto THF and THE, with a retention time
Fig. 3. ESI MS spectra of tetrahydrocortisol (a) and tetrahydrocortisone (b). shift induced by some matrix effects. In contrast, their basal
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a8 Table 2
3.0e4 Elution times of the different THF isomers, THE, glucuronide standards, and
[ deuterated steroids used in the present investigation
2.0e4 478 |y
1,084 M:QB Analytes Elution time (min)
0.0 N . - S-THF 3.40
1 2 3 4 5 6 7 THE-GLU 4.06
(a) Time, min D4-A-DHF 4.13
A-THF 4.29
1 504 3567, THF 4.39
THE 4.49
1.084 \ - E-THF 4.57
T e THF-GLU 459
‘ D3-PGD 5.32
5000 . Y /5 d D4-PGO 5.91
B 2.05
00 — PSS S YL
1 2 4 5 6 7 8
(b) Time, min

Table 2 Under these HPLC conditions, a satisfactory separation
Fig. 5. Comparison of chromatographic separation of a real urine sample: initiagvas achieved among different analytes. Among the compounds
HPLC conditions (a)'vs. optimized method (b). The peaks at_4.84 (a) and 4-6F1aving same transitions, only THF and A-THF showed poor
Z;],daidgfhéb;:;sa;ttrfg?t(); ;%SE,T_EF@;‘E(;T;Z(tf)o%ﬂtét_mg In chromatogram,o | tion. This is not a pr_oblem, in our case, as they must be
taken together for calculating the rafo It must also be noted
that all together the chromatographic pattern of non-deuterated
amounts seemed to be too high in absence of cortisone basethndards is very similar to that of real urine samples, indicat-
drug treatments. Anyway, when these samples were spiked wiihg that our opinion was correct. Taking also into consideration
THF and THE standards, their chromatograms showed up fothat THF-GLU and THE-GLU show a very high response factor
peaks, THF and THE eluting at the expected elution times of 4.8% ESI and no response at all to APCI, we can conclude that
and 4.98 min. It is worthy to note that under atmospheric presthe severe interferences observed in real samples are originated
sure chemical ionization (APCI) THF and THE were detectabldrom THF and THE isomers in conjugated form.
even at low concentrations (in water, 2 ng/ml with S/N 9 and 25, This means that in order to quantitate the total amount THF,
respectively), while the strong peaks at 4.73 and 4.82 min wer&-THF, and THE, the urine samples must be at least treated
not visible at all. to hydrolyze both glucuronides and sulfate steroids. Hence, we
These experiments showed hat these latter signals could bested a treatment with a commercial mixtureBeglucuridase
attributed to interfering compounds, whose presence prevengnd arylsulfatase enzymes, and we found out that in a few hours
the accurate integration of the species of interest. Hence, it wgat 37°C, see Sectior), the severe interferences described
necessary to improve the separation, so that the origin of thesdbove completely disappeared, confirming that they are defi-
interfering compounds could be identified. nitely due to presence of conjugate speclkég. 6 shows the
Several HPLC columns and mobile phase combinations havgualitative effect of the enzymatic hydrolysis on one among the
been tested in order to achieve a better separation. Finally, tAEHE glucuronides. In the final method, the hydrolysis time has
method described in the experimental part was able to separabeen set to 24 h just to assure a complete reaction. This is the
the above interference peaks in several ones, all with the sanoaly manipulation needed, as, after the enzymatic deconjuga-
fragmentation and ratio as THF and THE standards. As shown ition, the amounts present are big enough to allow a relatively
Fig. 5 the two peaks observed in urine samples under the prelinhigh dilution of the urine samplex(1:20). Both D4-A-DHF and
inary HPLC conditions spread out in at least four peaks for THFD3-PGD (mostly the former) were considered as suitable inter-
and three peaks for THE. This makes the quantitation possibl@al standards, because their elution times are closer with respect
but we still wished to identify the origin of such interferences. to D4-PGO to the elution times of THF, A-THF, and THE, which
As stated in Sectiod, urine is a matrix containing several isagood pointto consider possible matrix effects. Agood advan-
steroid compounds, and most of them are in conjugated formage in this case is the fact that we only need to determine a ratio
both sulphates and glucuronides. In our opinion the possibleftwo analytes, i.e., the absolute amount of them is not of strong
interfering compounds could be both THF and THE isomerdnterest. A check of the matrix effect was performed, anyway,
and conjugates. For this reason, we checked different supplietsing the method proposed by King and co-work@3] by
of laboratory chemicals, and we found three isomers of THFpost-infusion of a standard THF and THE mixture (100 ng/ml)
and one THF and one THE glucuronides (5&g 2). Moreover,  in-line with an HPLC-MS—-MS injection of a blank urine sam-
considering the opportunity of using an opportune stable isople. The analytes and the selected internal standards elute in a
tope internal standard, we tested three commercial deuterateelgion where the suppression effect is limited. As stated in Sec-
compounds with chemical structure similar to the compoundsion 2, we repeated this experiment using different batches of
under investigation. The MS operative parameters relative tarine samples.
these species are summarizedTable 1 and their retention The final method was tested on some batches of urine samples
times, acquired by using the final HPLC method, are reported igollected within 24 h from supposed healthy volunteers. Some
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4. Conclusions

The results presented here give once more a clear indica-
tion of the utility of liquid chromatography coupled to tandem
mass spectrometry for the analysis of complex matrices, and in
particular for the assay of clinically interesting parameters in
biological fluids, such as the ratio (THF + A-THF)/THE. They
also provide a further example of the challenging development
of an analytical method when severe matrix effects are present.
Only an accurate optimization of both MS and HPLC separation
conditions, together with a deep investigation on the nature of
interfering species and the use of deuterated internal standards,
eventually allow a good quantitation.

The method proposed here is not intended to be a definitive
one, suitable for high-throughput analysis. Some work is still
necessary in order to improve both reliability and ruggedness.
However, it nevertheless represents a good starting point for set-
ting up an ultimate rapid method for the monitoring of such
a highly diagnostic ratio on routine bases. At present, experi-
ments directed towards a further optimization of the enzymatic
hydrolysis and a prevention of the progressive HPLC column
performance degradation, are in progress in our laboratory.

Anyway, the preliminary results obtained are in a good agree-
12h ment with data available in the literature, which further support

the validity of this approach.

2h

4h
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