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Abstract

A high-performance liquid chromatography—atmospheric pressure ionization—electrospray ionization mass spectrometry (HPLC-API-
ESI-MS) method was developed for the analysis of steroids in a study of steroid-converting enzymes. Separations ware done on a Zorbax
Eclipse XDB-C18 column (eluted with a linear methanol-water—acetic acid gradient) and identification of the steroids involved was done by
API-ESI-MS using positive ion mode and extracted ion analysis.

The applicability of the present method for studying steroid metabolism was proven in assaying two steroid-converting engmes (20
hydroxysteroid dehydrogenase and3iiydroxysteroid dehydrogenase) in various biological samples (rat and chicken intestine, chicken
oviduct).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction that this function is provided by Bthydroxysteroid de-
hydrogenase (E.C. 1.1.1.146). This enzyme changes local
Steroids represent compounds of significant biological concentration of glucocorticoids by converting them to the
and physiological influence on the animal body. They take 11-oxo-derivates that have lower affinity to the receptors.
part in the physiological processes in the organisms not Another mechanism of corticoid receptor protection towards
only as endogenous compounds, but also as exogenous subncorrect binding could be a conversion of the 20-oxo group
stances, such as drugs (typically antirheumatics) inclusiveto the 20-hydroxy group induced by 20-hydroxysteroid de-
drugs of abuse. The role and function of steroids in the or- hydrogenase.
ganism is complex indeed. In studying steroids, their influence on the organism,
The biological role of steroids depends not only on their metabolism and further conversion, it is necessary to have
concentration in the plasma and on their interaction with rel- a powerful technique for their analysis. The most compre-
evant receptors, but also on the local metabolism of steroidshensive review on this subject is a book by Makin e{H].
in the target tissue. This type of metabolic pathway leads The most frequently exploited methods for steroid anal-
both to an increase or decrease of biologically active steroidsysis are gas chromatography (GC) and high-performance
depending on the balance between degradation and prodiquid chromatography (HPLC), as reviewed recently by
duction of particular hormone. Glucocorticoids (cortisol in  Shimada et al[2]. While GC-MS has been generally ap-
humans, corticosterone in rats and mice) and mineralocor-plied for steroid analysis and their biological relevance,
ticoids (aldosterone, deoxycorticosterone) possess similarHPLC with UV absorbance detection was applied to se-
affinity to the corticoid receptors in vitro, however in vivo lected mixtures onlhyf1]. The reason of this stems from
the specific interactions differ. For this reason some mech-the UV absorbance properties of steroids—only those
anisms servicing specific interaction have to exist. It seemswhich contain conjugated dienes and trienes, unsaturated
ketones or aromatic chromophores have a good UV absorb-
mspondmg author. Tels420-2-96442534; ing properties (typi.ca.llly cort'icosterone', cqrtisol or gldos—
fax: +420-2-96442558. terone). Naturally, it is possible to derivatize (both in the
E-mail addressmiksik@biomed.cas.cz (I. Mik). pre- or post-column) these steroids exploiting non-specific
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UV absorption and improve their UV or fluorescence 4-ene-2@-ol-3-one (20-dihydroprogesterone)p-andros-

detectability [1,3]; hydrazones (for oxo compounds) or tan-3B,173-diol, 5a-androstan-13-ol-3-one (androstano-

post-column detection with sulphuric ac[d,3,4] repre- lone), Sx-androstan-8,173-diol and pregn-5-enef3ol-

sent typical examples. Capillary electrophoresis is another 20-one (pregnenolone) were from Steraloids (Newport, RI,

method for the separation of steroids. Various modes, asUSA).

micellar electrokinetic chromatography or microemulsion  Methanol was HPLC gradient grade from Merck (Darm-

electrokinetic chromatographip—8] can be used for this stadt, Germany), all other chemicals were purchased from

purpose. Lachema (Brno, Czech Republic) in p.a. quality; Milli-Q
Capillary electrochromatography represents another pos-(Millipore, Bedford, MA, USA) water was used throughout

sibility for steroid analysis. Two operational modes can be this study.

used, namely separation in columns (capillaries) packed with

sol-gel bonded ODS/SCJQ] or on functionalized macro- 2 2 |nstrumentation

porous polyacrylamide ge[40,11](for review sed12,13).

Separation on Zorbax ODS packed capillaries is also possi- The apparatus used was a HP 1100 LC/MSD system

ble [14]. (Hewlett-Packard, Palo Alto, CA, USA) system consisting
Recently the HPLC-MS methodology has been the rela- of 4 degasser, a binary pump, a autosampler, a thermostat-

tively frequently used approach for steroid analysis. It can teq column compartment, a diode array detector and a mass
be exploited both for the analysis of free steroids and conju- getector LC/MSD.

gates (sulphates or glucuronid¢$b—22] Regarding corti-

costerone, HPLC—.thermospray mass s_pes:tro_n{éﬁyl?], 2.3. Chromatography
HPLC—-atmospheric pressure chemical ionization mass spec-
trometry[18] or HPLC—electrospray ionization (ESI) mass
spectrometry[23] methods can be found in the literature.
As an example of the GC-MS analysis of corticosterone the
paper of Shu et a[24] can be mentioned.

Numerous other reports deal with steroid analysis exists
Shibasaki et al[15] used HPLC—thermospray mass spec-
trometry method for the quantitation of four corticosteroids
in plasma, Fiori et al.[18] applied HPLC—-atmospheric
pressure chemical ionization mass spectrometry to cor-
ticosteroids used as illegal feed additives. A number of
additional papers exists, however, they are dealing with the
analysis of a single analyte (frequently a synthetic species)
or steroids which were outside of interest of this communi-
cation[19-22,25]

In this paper we developed and applied a method for 2-4. API-ESI mass spectrometry
HPLC-API-ESI-MS assay of activity of steroid-converting ) o o
enzymes. This work is a continuation of our investigation ~Atmospheric pressure ionization—electrospray ionization
of these enzymes (mainly pihydroxysteroid dehydroge- ~ (API-ESI) positive mode mass spectrometry was used. Op-
nase) in animal intestines (rat, guinea pig or Hérg36—31] eratmg conditions were optimized by FIA and_were de-
Steroid standards were selected according to meet the refermined as follows: drying gas g)N 101/min; drying gas

quirements for steroid metabolites in these enzymatic pro- temperature, 350C; nebulizator pressure, 20 psi (138 kPa);
cess. capillary voltage, 4500V, ions were observed at mass range

m/z 200-500; fragmentor was set at 80 V. Reconstructed ion
chromatogram for selected ion was set considering the whole

2. Experimental mass range of the considered ion, e.g.rfér 315, the mass
rangenvzis 315-316.

Chromatographic separation was carried out on the Zor-
bax Eclipse XDB-C18 column (150 mr2.1 mm i.d., 5um,
Rockland Technologies (Hewlett-Packard)). Allsample
(dissolved in 1% acetic acid in methanol) was injected.
"Elution was achieved by a linear gradient between mo-
bile phase A (methanol-water—acetic acid 40:60:1, v/v/v)
and B (methanol). Gradient started from 10 to 100% B at
50 min with flow-rate 0.25ml/min, then the column was
eluted with 100% B for 5min at elution flow 0.4 ml/min.
Equilibration before the next run was achieved by 10 min
washing with buffer A. Column temperature was held at
25°C.

2.1. Chemicals and reagents
2.5. Animals
Pregn-4-ene-21-0l-3,11,20-trione (11-dehydrocorticoste-

rone), pregn-4-ene-B121-diol-3,20-dione (corticosterone) Experiments were performed on intestinal segments of
were purchased from Sigma (St. Louis, MO, USA); pregn-4- male Wistar rats (age 80 days) and intestine or oviduct of
ene-2(@,21-diol-3,11-dione (20-dihydro-11- dehydrocortico- Brown Leghorn chickens (age 30 days). The rats received
sterone), pregn-4-ene-#,208,21-triol-3-one (2@-dihyd- a standard diet STS-1; chickens were fed by standard K-
rocorticosterone), pregn-4-ene-21-ol-3,20-dione (deoxycor- diet and all animals had free access to distilled water. These
ticosterone), pregn-4-ene-3,20-dione (progesterone), pregn-conditions were maintained since birth.
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2.6. Assay of corticosterone metabolites in tissue fragmentspreviously gassed for 10 min with 95%,6% CQ, pH
7.4 for 80 min at 37C. At the end of the incubation in-

Incubation of the tissue with the respective steroid was ternal standard (deoxycorticosterone) was added (iMpb
made according Vylitova et al6]. Briefly, studied steroid  and the vessels placed on ice. The incubation medium was
(1.45uM) was incubated with the tissue slices (300 mg) in centrifuged at 300& g for 10 min. The pellet was stored
sealed vessels containing 10 ml of oxygenated incubationfor calculation of dry weight and the supernatant was passed
solution (in mM): NaCl, 119.0; Cag] 1.2; MgCh, 1.2; through the Sep-Pak C18 cartridge (Waters, Milford, MA,
NaHCG;, 21.0; KkHPOy, 2.4; KH,POy, 0.6; glucose, 10.0; USA). Prior to use the cartridge was conditioned by pass-
glutamine, 2.583-hydroxybutyrate, 0.5; and manitol, 10.0; ing through 5ml of methanol and 5ml of distilled water.
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Fig. 1. API-ESI mass spectra of steroid metabolite standards.
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Fig. 1. (Continued.

After introduction of the sample, undesired compounds were 3. Results and discussion

removed by rinsing with water (4 ml) and steroids were

eluted by 2 ml methanol. This eluate was evaporated to dry- 3.1. Developing of method and separation of standards
ness under nitrogen and the residue was reconstituted in

20pl methanol with 1% acetic acid for analysis. In the present work we attempted to separate a mixture
of steroids applied for analysis of metabolic products of
2.7. Statistical analysis glucocorticoids (namely corticosterone). UV detection was

ineffectual in these separation from two reasons: (1) not

Data in the application part are presented as the all compounds of interest have acceptable UV properties

mean=+ S.E.M. Activity of the enzyme was expressed as (induced by, e.g. conjugated dienes); (2) in the complex
nanograms of product per milligrams of dry weight per mixture of biological samples it is often very difficult to

hour (ng/(mg DW h)). make decision about the presence of steroid(s) in the mixture



Table 1

Peak identification, extracted ions used for quantitation and retention times
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Peak no. Compound Extracted iom/g) Retention time (min)
1 Pregn-4-ene-21-ol-3,11,20-trione (11-dehydrocorticosterone) 345 7.3
9 Pregn-4-ene-7921-diol-3,11-dione (20-dihydro-11-dehydrocorticosterone) 347 9.1
2 Pregn-4-ene-13,21-diol-3,20-dione (corticosterone) 347 10.6

10 Pregn-4-ene-13,208,21-triol-3-one (2@-dihydrocorticosterone) 349 12.2
3 Pregn-4-ene-21-ol-3,20-dione (deoxycorticosterone) 331 15.2
4 5a-Androstan-8,173-diol 275 18.8
5 5a-Androstan-1B-ol-3-one (androstanolone) 291 20.1
6 Pregn-4-ene-3,20-dione (progesterone) 315 22.7
7 5a-Androstan-a,173-diol 257 23.6
8 Pregn-5-ene{8-0l-20-one (pregnenolone) 299 26.2

11 Pregn-4-ene-200l-3-one (20-dihydroprogesterone) 317 26.7

according to the retention time only (and quantification could used for identification of 20-dihydroprogesterone keeping
be difficult problem as well). In this case it appeared useful in mind that the response for pregnenolone is significantly
to compare mass spectrum of the analyzed compound withlower (about 5% in comparison the/z 299 ion). Simul-
standards. Coupling of HPLC with MS and post-separation taneously both these compounds differ in retention time.
analysis by ion extraction method (and mass spectra) allowsTherefore it is possible to use ianz 299 for determina-
to determine and quantify steroids that are not well resolved tion of pregnenolone, then the compound in question is. If
[32]. the content of pregnenolone is higher, it can be revealed
Three compounds of mixture of selected steroids-(5 by the ionm/z 317. At the longer retention time (approxi-
androstan-gB,173-diol, 5a-androstan-1@-ol-3-one (an- mately 0.5min) it is possible to identify and quantify 20-
drostanolone) and cbandrostan-@,173-diol) are not de- dihydroprogesterone by using ion'z 317. Of course, veri-
tectable by UV detection. Mass spectra of individual stan- fication of results can be completed by comparison of mass
dards are shown ifrig. 1L Selection of characteristic ions spectra.
for extracted ion analysis allowed to identify and quantify  Calibration curves (based on peak areas of selected ex-
all investigated metabolites-ig. 2, Table ). As shown in tracted ions) were linear in the region 2—-60 ng (four points,
Fig. 2, good separation was obtained for compounds with three repeated measurements, 5, 10, 50 and 100 ng of stan-
the same molecular mass or characteristic ionsy @nd dards injected). The correlation coefficients were larger than
B isomers of two compounds (nos. 4 and 7). These results0.991 with a precision (expressed as coefficient of varia-
offered the possibility to use the present method for both tion, CV) within 10%. Accuracy for spiked samples (recov-
qualitative and quantitative analysis. ery) fell within the 87.5-95.5%. Some typical examples of
The single problem could arise in the case of separa- calibration curvesy = a + bx, wherey is peak area and
tion (identification) and quantitation of compounds nos. 11 x the amount of steroid) are, for deoxycorticostergne-
(pregn-4-ene-2@-ol-3-one; 20-dihydroprogesterone) and 1 x 10% + 65 x 10%x, 2 = 0.9969, and for progesterone
8 (pregn-5-ene{3-ol-20-one; pregnenolone). It is obvious y =2 x 10° + 79 x 10°, % = 0.9963.
from Fig. 2 that these steroids have a similar retention  Detection limits (LODSs) (signal-to-noise ratio 3:1) of the
time. If we analyze the mixture (a biological sample) that signal of the extracted ions were around 1ng and refer to
contains one of these compounds, it is impossible to carry spiked samples. These limits are compatible with data re-
out identification on the basis of the retention time only. ported by Shibasaki et gl15] (1-0.25ng) and Fiori et al.
In this case it is useful to apply the method of extracted [18] (5-2 ng) for other steroids. A better limit could be ob-
ions. When we look at the spectra of both compounds tained by using selected ion monitoring (SIM) (approxi-
we can see some problem in identification. In the case mately 100 times), however in this case it is impossible to
of pregnenolone the characteristic ion 29 that is not obtain structural information about compounds separated.
present in the 20-dihydroprogesterone mass spectra carin a complex biological mixture it may be important to
be used. lon 31z that was used for determination of have this information for the two main reasons: (1) owing
20-dihydroprogesterone is on the contrary present also into complexity of biological samples we can be sure that
the spectra of pregnenolone. In this case the method ofthe compound in the particular retention time is the com-
extracted ions can be used with simultaneous comparisonpound of interest (in the same retention time one can have
of retention times on the same chromatographic record. many other compounds that contain the sanieion); (2)
The principle of this method is demonstrated Big. 3 in studying of biological systems any information about un-
Identification (and determination) of pregnenolone was predicted newly arising compounds would be considerable
based on using the iom/z 299. Them/z 317 ion was value. Of course, when a new metabolite is observed (and
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Fig. 3. Separation of pregn-5-en@-8I-20-one (pregnenolone) (8) and pregn-4-ene-2B3-one (20-dihydroprogesterone) (11) and their analysis by total
ion current (TIC) and using extraction ions (317 and 299). The amount of pregnenolone was twice higher than 20-dihydroprogesterone (100 and 50 ng,

respectively).

detected) confirmation by mass fragments is needed in ad-converting enzymes. An example of chromatographic pro-

dition to the information about retention time. This was
precisely the situation in our experiments concerning the
activity of steroid dehydrogenases in the chicken oviduct
(seeSection 3.2

ESI-MS spectra were characterised by the quasi-
molecular ions {/ + H]™, sometimes accompanied by the
[M + H-18]" and [M + H-36]" fragment ions, resulting
from the loss of one and two water molecules respectively.
lons [M + 23]t are probably adduct ions corresponding
to [M + NaJ'. This finding is in concurrence with results
reported by Shibasaki et aJ15] with thermospray and
Fiori et al. [18] with atmospheric pressure chemical ion-
ization for various corticosteroids. Marwah et f3] also
described the occurrence aff[+ 23] of [M + Na]" ion
that they used for quantitation of corticosterone by SIM
mode of API-ESI-MS. On the contrary, ioM[+ H-60]"
stemming from the loss of glycoaldehyde was not observed.
Similar results were reported by Wiedmer et p] for
MECC-ESI-MS of four corticosteroids (cortisone, cortisol,
corticosterone and 1-dehydroaldosterone).

3.2. Applicability

The applicability of the present method for the study
of steroid metabolism was proven by assaying of steroid-

files from tissue slices is presentedRiy. 4. It is obvious
that the applied method, extracted ions, enables to iden-
tify and quantify steroids in a relatively complex mixture of
compounds present in the tissue.

Three experiments that used whole spectra of selected
steroid standards regarding glucocorticoid metabolism are
presented here as demonstrative examples.

The occurrence (and activity) of gihydroxysteroid de-
hydrogenase in the rat intestine was studied with the results
shown inTable 2 Corticosterone was used as substrate. The
activity of this enzyme was determined in various segments
of the intestine—the highest activity was present in colon
and no activity was revealed in jejunum.

Table 2

Conversion of corticosterone to 11-dehydrocorticosterone (activity @f 11
hydroxysteroid dehydrogenase) in individual parts of tissue slices of rat
intestine, concentration of corticosterone was 1.Nb

Part of intestine Activity of enzyme

(ng/mg DW h)
Jejunum 0 (6)
lleum 7.93+ 1.38 (6)
Caecum 17.56t 2.41 (6)
Colon 21.00+ 2.41 (6)

N =6.
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Fig. 4. Separation of steroid compounds in a tissue sample (study of conversion of progesterone to 20-dihydroprogesterone in individuakparts of tis
slices of chicken intestine). Identification: 331, pregn-4-ene-21-0l-3,20-dione (deoxycorticosterone) (3); 315, pregn-4-ene-3,20-gisterdpe) (6);
317, pregn-4-ene-200l-3-one (20-dihydroprogesterone) (11).

In the avian intestine (on the contrary to the rat intes- trogens stimulation. On the contrary to the intestine no
tine), 2@B-hydroxysteroid dehydrogenase is presgzg]. corticosterone was inactivated to 11-dehydrocorticosterone
Two substrates were used: corticosterone and proges-or 20-dihydrocorticosterone but 11-dehydrocorticosterone
terone. The presence (and activity) offBydroxysteroid was reduced to corticosterone. This finding indicates in
dehydrogenase was proven by the determination of 20-oviduct a low activity of 1B-hydroxysteroid dehydro-
dihydrocorticosterone or 20-dihydroprogesterone, respec-genase operating as a reductase. Androstanolone (5
tively. It was demonstrated that the activity of the studied dihydrotestosterone), the principle male hormone, was con-
enzyme was significantly lower towards of progesterone verted to both &-androstan-@,173-diol and &x-androstan-
(seeTable 3. 3B,173-diol (Table 4. The observed reduction atz@ndi-

The method developed was applied also for the study cates the presence of 3-hydroxysteroid dehydrogenase in
of steroid metabolism in the chicken oviduct after es- chicken oviduct.
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Table 3 Sciences of the Czech Republic (grant nos. I1AA 6011201
Conversion of progesterone to 20-dihydroprogesterone and conversion of gnq AVOZ 5011922).

corticosterone to 20-dihydrocorticosterone (activity of 20-hydroxysteroid

dehydrogenase) in individual parts of tissue slices of chicken intestine,

concentrations of steroids were 145l
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