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SUMMARY

A high-performance liquid chromatographic method for the simultaneous determination of indi-
vidual sulphated 3«- and S-hydroxysteroids in serum using 3«- and f-hydroxysteroid dehydrogen-
ases (3c-HSD and $-HSD, respectively} immobilized on one column and a fluorimeter to detect the
resulting NAD™* to NADH transformation is described. Individual sulphated 3a- and S-hydroxy-
steroids in serum are extracted with ethanol, solvolysed with sulphuric acid in ethyl acetate and then
separated by high-performance liquid chromatography. The hydroxysteroids thus separated are sub-
sequently mixed with NAD™ and then passed through the column in which the following catalytic
reaction occurs:

3a-HSD -HSD
“ or 3-oxosteroids+ NADH+H™

3w- or B-hydroxysteroids+NAD™

The detection limits are as low as 0.5-1.0 ug/dl for sulphated 3c- or -hydroxysteroids in serum. The
present assay method is highly specifie, reliable and reproducible and is thus applicable to a clinical
study on the metabolism of sulphated 3¢ and B-hydroxysteroids in patients with adrenal or gonadal
diseases.

INTRODUCTION

Sulphated C,, steroids are secreted from the gonads and the adrenal cortex.
The estimation of total C,4 steroids serves as a screening test for the diagnosis of
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Step I Extraction of conjugated steroids from serum
Step II  Deconjugation of conjugated steroids through solvolysis
Step III  Separation of deconjugated steroids on Bilepak column in HPLC

Step IV Catalysis of NAD* mediated by HSD as shown in

3«- and f-HSD
3¢- and f-hydroxysteroids + NAD™ aa_nL 3-oxosteroids + NADH + H*

Step V. Fluorimetry of reduced NAD
Fig. 1. Principle of the assay method.

gonadal or adrenal diseases. However, the determination of individual compo-
nents of the steroids gives more meaningful information. The determination of
individual sulphated C, steroids in various biological fluids has been carried out
by gas chromatography (GS) [1-5] and also by gas chromatography-mass spec-
trometry (GC-MS) [6-10]. All the methods reported so far involve hydrolysis
as well as derivatization, hence require large-scale equipment, so may not be suit-
able for an ordinary clinical laboratory.

Although high-performance liquid chromatography (HPLC) [11,12] has al-
ready applied to these problems, the sensitivity of the HPLC-UV method [11]
is low and the HPLC pre-label method [12] requires a troublesome pre-labelling
procedure.

In a previous paper, we reported a specific and reliable HPLC method using
38,17 B-hydroxysteroid dehydrogenase ( f-HSD) immobilized on the column for
the determination of serum 4°-3 8-hydroxysteroid sulphate [13]. The present pa-
per describes an HPLC method to determine individual sulphated 3a- and -
hydroxysteroids in serum. This method affords a specific on-line separation of
these steroids using 3a-hydroxysteroid dehydrogenase (3a-HSD) and -HSD
immobilized together on one column and a fluorimeter to measure the reduced
NAD.

The principle of the assay method is outlined in Fig. 1.

EXPERIMENTAL

Steroids and other chemicals

5-Androstene-38,178-diol (4°-diol), 38-hydroxy-5-androstene-17-one (dehy-
droepiandrosterone, DHEA), 3«-hydroxy-5a-androstane-17-one (androster-
one, AN), 3a-hydroxy-5f5-androstane-17-one (etiocholanolone, ETIO), 54-
pregnane-35,20c-diol (internal standard, 1.S.), 3a-HSD, 8-HSD, sulphatase
(Type VIII, from Abalone Entrails), dehydroepiandrosterone sulphate (DHEA-
S), androsterone sulphate (AN-S), dehydroepiandrosterone glucuronide (DHEA-
G), androsterone glucuronide (AN-G), etiocholanolone glucuronide (ETIO-G)
and f-NAD™ were all purchased from Sigma (St. Louis, MO, U.S.A.). Etiocho-
lanolone sulphate (ETIO-S) and 5-androstene-38,17 8-diol sulphate (A°-diol-S)
were obtained from Steraloid (Wilton, NH, U.S.A.). Methanol and other chem-
icals were obtained from commercial sources.

Apparatus and chromatographic conditions
The apparatus and the chromatographic conditions are outlined in Fig. 2.
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Chromatograph JASCO 801-8C
Solvent programmer 880-02
Fluorimeter FP-210
excitation, 350 nm; emission, 470 nm
Data processor DP-L220
Pump 880-PU
Column JASCO Bilepak
250 mm X 4.6 mm I.D.
Column temperature 25°C
Mobile phase A, methanol-water (70:30)

B, methanol-water (30:70)
A:B (40:60) to A:B (70:30), linear, in 64 min

Flow-rate 0.6 ml/min

Immobilized enzyme column 35 mm X 4.6 mm LD.

Column temperature 25°C

Reagent 0.6 mM NAD* + 10 mM potassium dihydrogenphosphate
+ 1 mM EDTA
+ 0.05% 2-mercaptoethanol (pH 7.8)

Reagent flow-rate 0.5 ml/min

Fig. 2. Apparatus and chromatographic conditions for assay of sulphated steroids using an immobi-
lized enzymes column integrated into the HPLC system.

Preparation of immobilized enzymes column

3a-HSD and -HSD were respectively coupled to aminopropyl-CPG glass beads
(Electro-Nucleonics, NJ, U.S.A.) with glutaraldehyde through Schiff base for-
mation [13,14]. These immobilized enzymes were packed in one column (3.5
cmX 4.6 mm 1.D.), which was placed in a continuous-flow HPLC system [14].

Procedures to determine sulphated 3c- and fS-hydroxysteroids

Extraction of sulphated 3«- and f-hydroxysteroids. As shown in Fig. 3, individ-
ual sulphated 3cv- and S-hydroxysteroids in serum were extracted with ethanol,
as described previously [13].

Enzymic hydrolysis. Enzymic hydrolysis of sulphated 3a- and §-hydroxy-
steroids was carried out with sulphatase (Sigma, Type VIII, from Abalone En-
trails) [13].

Solvolytic procedure. The procedures of Kawasakiet al. [12], Kornel [15] and
DePaoli et al. [16] for solvolysis of conjugated steroids were modified so as to be
applicable to sulphated 8- and f-hydroxysteroids. A flow-chart of this technique
is shown in Fig. 3. To the dry residues obtained after evaporation in the test-tube
were added 1 ml of absolute ethanol and 9 ml of equilibrated ethyl acetate. After
incubation at 40°C for 6 h, the organic layer was washed with 1 ml of 10% potas-
sium hydroxide solution and 2 ml of water. The solvents were again evaporated
to dryness.

Identification and quantitation of 3cc- and fS-hydroxysteroids. Based on the peak
retention times and areas recorded, individual 3c- and fS-hydroxysteroids and
I.S. were automatically identified and quantified by the DP-L.220 data processor
(Japan Spectroscopic, Tokyo, Japan) with high accuracy and precision.

Estimation of sulphated 3c- and S-hydroxysteroids. The present method does
not directly measure sulphated 3c- and #-hydroxysteroids. Therefore, the differ-
ences between the concentrations of 3a- and f-hydroxysteroids before and after
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{Serum (1 ml)+18* ]

I.  Extraction

« Ethanol (5 ml)
two times « 8tir for 3 min at 85°C

« Centrifuge at 2000 g for 10 min
Supernatant I
« Ethanol (1 ml)

II. -Solvolysis ‘ Dry residue
« Equilibrated ** ethyl acetate (9 ml)

@ @ «- Incubate at 40°C for 6 h

Precipitate

« Evaporate to dryness

« Wash with 1 ml of 10% potassium hydroxide
« Wash with 2 m] of water

« Evaporate to dryness
Dry residue

« Methanol (100 ul)

h

II1. High-performance liquid ‘ HPLC I (20 ut)

chromatography

— () =Sulphated 3a- and f-hydroxysteroids
=Unconjugated 3«- and S-hydroxysteroids

*Internal standard (58-pregnane-35,20¢¢-diol)

**The equilibration is done by shaking 50 ml of ethyl acetate in a separatory funnel with 10 ml of 2
M sulphuric acid

Fig. 3. Flow-chart of the assay method.

solvolysis were presumed to be the amounts of sulphated 3«- and S-hydroxyster-
oids (1 and 2 in Fig. 3).

RESULTS

Selection of eluent

We examined many organic solvent systems as eluents for the separation of
3a- and f-hydroxysteroids and found the methanol-water gradient elution sys-
tem to be the most suitable when used with a JASCO Bilepak column (Fig. 2).

Optimal conditions of reagent for immobilized enzymes

pH value. Measurements were carried out with 10 mM phosphate buffers be-
tween pH 6.0 and 8.5 at 25°C with a large excess of NAD™* (1 mM), in order that
equilibrium should be rapidly reached in the HPLC system with immobilized

enzymes. The equilibrium was practically sufficient in favour of the forward re-
action at pH 7.8.
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NAD™ concentration. Measurements were carried out at various NAD * con-
centrations in 10 mM phosphate buffers (pH 7.8) at 25°C. The fluorescence
intensity reached a plateau at 0.6 mM NAD™. Therefore, the reagent was made
from 0.6 mM NAD™ in 10 mM potassium phosphate buffer (pH 7.8) with 1 mM
EDTA and 0.05% 2-mercaptoethanol.

Optimal conditions for solvolysis

Influence of incubation time. The incubations were carried out at 40°C with
sulphated 3a-hydroxysteroids (ETIO-S and AN-S) and S-hydroxysteroids (4°-
diol-S and DHEA-S), and glucuronidated 3a-hydroxysteroids (ETIO-G and AN-
G) and f-hydroxysteroids (DHEA-G) as substrates. As shown in Fig. 4, maxi-
mum solvolysis of sulphated #-hydroxysteroids was achieved within 3 h, and that
of sulphated 3a-hydroxysteroids within 6 h. However, glucuronidated 3«- and §-
hydroxysteroids were not hydrolysed at all.

Rate of solvolysis or enzymatic hydrolysis. As shown in Table I, rates of solvo-
lysis were from 76.2 to 97.2%. Enzymatic hydrolysis with Abalone Entrails, how-
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Fig. 4. Influence of incubation time on solvolytic yield: (#) 5-androstene-38,178-diol-S; (O ) DHEA-
S; (©) etiocholanolone-S; (A ) androsterone-S; (@) DHEA-G; ({J) etiocholanolone-G; (A ) an-
drosterone-G.

TABLE I

PERCENTAGE CLEAVAGE OF SULPHATED STEROIDS BY SOLVOLYSIS ORENZYMATIC
HYDROLYSIS

Sulphated steroid Solvolysis Enzymatic hydrolysis
(mean £S.D.) {mean +S.D.)
5-Androstene-34,17 §-diol-S 97.213.8 Not detected
Dehydroepiandrosterone-S 87.1+4.3 88.8+4.0
Androsterone-S 76.2+2.3 Not detected

Etiocholanolone-S 884145 9.5+0.5
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ever, hydrolysed none or only a little of the 3a-sulphated groups and 38,178-
disulphated groups.

Stability of immobilized enzymes

The activity of the immobilized 3a-HSD and S-HSD assessed from assays of
individual 3a- and S-hydroxysteroid standards remained at 80% or more for at
least one month while five serum samples were assayed every day.

Calibration curves and sensitivities

Calibration curves for individual 3a-hydroxysteroids (ETIO and AN) and S-
hydroxysteroids (4°-diol and DHEA) [13] were all linear in the range 1-200 ng.
Calculated from these calibration curves, a minimum detectable concentration of
individual sulphated 3c- and B-hydroxysteroids was 0.5 ug/dl, when 1.0 ml of
serum sample was used for the assay.

Chromatogram of standard sample and serum sample

Fig. 5 shows an example of a chromatogram demonstrating a good separation
of individual 3«- and B-hydroxysteroid standards. Fig. 6 shows a typicl chroma-
togram of a normal human serum obtained from a 20-year-old female subject.
The peaks for 4°-diol, DHEA, ETIO and AN were clearly separated.

Recovery
The overall recovery tests were carried out with human serum samples ob-
tained from healthy male or female subjects, spiked with known amounts of sul-

Inj.

1

Fluorescence intensity ( peak arca )

JUutid

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 &0.0 (min)

Retention time
Fig. 5. Chromatogram of NADH produced by individual steroids. Peaks: 1 =>5-androstene-34,175-
diol (100 ng); 2=DHEA (300 ng); 3 =etiocholanolone (50 ng); 4 =androsterone (50 ng); 5 =internal
standard (5 f§-pregnane-35,20c-diol) (400 ng).
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Fig. 6. Typical chromatogram of normal human serum (female, aged 20 years). Peaks: 1=>5-andro-
stene-38,17 §-diol; 2=DHEA; 3 = etiocholanolone; 4 = androsterone; 5 = internal standard (5/-preg-
nane-3f,20c-diol ),

TABLE 11

RECOVERY OF SULPHATED STEROIDS ADDED TO HUMAN SERUM (n=5)

Sulphated steroid Added Expected Found Recovery
(pg/dl) (pg/dl) (ug/dl) (mean *S.D.)
(%)
5-Androstene-35,17 $-diol-S 5.0 11.9 10.2 85.6t4.4
Dehydroepiandrosterone-S 100.0 251.6 203.5 80.91t6.4
Androsterone-S 30.0 73.9 44,6 60.3+5.3
Etiocholanolone-S 5.0 5.0 4.3 85.2%5.0

phated 3«- and f-hydroxysteroids. As shown in Table II, recoveries ranged from
60.3 to 85.6% with a coefficient of variation (C.V.) of 4.4-6.4%.

Comparison with radioimmunoassay

The reliability of the present HPL.C-immobilized enzymes method for the si-
multaneous determination of serum sulphated DHEA was assessed by comparing
the results with those obtained by radicimmunoassay (RIA). The coefficient of
correlation between these two measurements was 0.938 (n=15) and the regres-
sion line was y=0.80x+8.74, in which x is the value determined by the present
method. A good correlation was observed between the two methods.
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TABLE III

LEVELS OF INDIVIDUAL SULPHATED STEROIDS

Levels of individual sulphated steroids in sera of normal subjects aged from 19 to 24 years old.

Sulphated steroid Concentration (mean +S.D.) (ug/dl)
Female Male
(n=10) (n=>5)
5-Androstene-34,17 8-diol-S 200t 6.7 65.2122.6
Dehydroepiandrosterone-S 99.2+25.7 137.2+23.8
Etiocholanolone-S 227+ 5.8 4621 94
Androsterone-S 451+17.4 73.9157.8

Levels of sulphated 3a- and f-hydroxysteroids in normal subjects

The levels of individual sulphated 3- and f-hydroxysteroids in serum of nor-
mal subjects aged from 19 to 24 years old determined by the present HPLC-
immobilized enzymes method are shown in Table III.

DISCUSSION

Baulieu et al. [17] reported that the predominant C,4 steroids in human ad-
renal glands are 4°-3 8-hydroxysteroids, which are mainly composed of DHEA-S.
There exists an equilibrium between 4°-3 8-hydroxysteroids and their sulphated
derivatives, and this equilibrium is believed to control the transformation from
DHEA-S via DHEA and 4*-androstenedione to testosterone. Sulphated steroids
are also linked to the production of other cortical steroid hormones and all 4*-3-
ketosteroids are biosynthesized from 4°-38-hydroxysteroids, depending on
whether 4°-38-hydroxysteroids are sulphated or free. Accordingly, much atten-
tion has been paid to the determination of sulphated steroids. The serum level of
DHEA-S, together with particular changes in pituitary-gonadal hormones, has
been considered as an endocrine index of ageing [18].

At present, determination of sulphated adrenal steroids as a major component
of serum steroids can be performed by RIA [19,20], GC or GC-MS. Although
RIA has the advantage in direct measurements of high sensitivity without hy-
drolysis, it cannot be used to make simultaneous determinations of individual
sulphated steroids and it is plagued by problems of disposal of radioactive re-
agents. The GC or GC-MS method gives much better resolution and higher sen-
sitivity for the steroids. However, in order to separate sulphated steroids from
the original specimen, isolation and purification is necessary after extraction.

The HPLC method [11-13] has been studied in many laboratories. The only
prerequisite for this method is that the components to be analysed must be sol-
uble in a mobile phase solvent. It was previously reported that a method using f3-
HSD immobilized in the detection system resulted in a high specificity, increased
reliability and low cost of the determination of sulphated 3 f-hydroxysteroids [13].
In the present study, we described a method for the simultaneous determination
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of both sulphated 3c- and S-hydroxysteroids by simply adding 3a-HSD to the
immobilized enzyme column.

Since sulphated steroids in serum have sulphate groups at the 3-position con-
nected by ester bond, they have to be hydrolysed first so as to be detected with
3a-HSD and f#-HSD. Enzymatic hydrolysis with aryl sulphatase has no effect on
AN-S of 3a-sulphated group in 5a-steroids and 4°-diol-S of 3,17 8-disulphated
groups, and only a little on ETIO-S of 3c-sulphated group in 5 f-steroids, while
it is quite effective in DHEA-S of 3-sulphated group. Thus, enzymatic hydrol-
ysis can be used for steroids of 3 f-sulphated groups [13] but not for steroids of
3a-sulphated groups and 4°-diol-S of 38,178-disulphated groups [21,22], be-
cause of their ambiguous substrate specificities.

Many reports about solvolysis have appeared. Kornel [15] reported that he
successfully hydrolysed even more polar sulphated steroids by adding ethanol to
the ethyl acetate-sulphuric acid method of Burstein and Lieberman [23]. We
further modified the method of Kornel [15], referring to the methods of DePaoli
et al. [16] and Kawasaki et al. [12]. The present method for solvolysis is simpler
and thus easier, as well as more time-saving, than the methods reported so far
[15,16,23], e.g. complete hydrolysis takes only 6 h. Another advantage of this
solvolysis is its inability to hydrolyse glucuronide, in contrast to the ethyl ace-
tate—perchloric acid method of DePaoli et al. [16], because the present study was
aimed at developing a method to measure only sulphated steroids.

In the present study, gradient reproducibility was improved using 5f-preg-
nane-3f,20c-diol as the internal standard and by introducing a data processor
into the detection system. Thus, the serum levels of sulphated 3c- and fS-hydrox-
ysteroids in normal subjects observed in the present study are in good agreement
with these reported by Sekihara and Ohsawa [19].

The present HPLC method combined with an immobilized 3a- and -HSD
column may be useful for studying the metabolism of sulphated steroids, and for
analysing pituitary-adrenal-gonadal diseases as well as ageing.
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