
HIGH-PRESSURE LrQUrD CHROMATOGRAPHY OF STEROIDS SECRETED 
BY HUMAN ADRENAL AND TESTES CELLS KN MONOLAYER CXJLTTJRE 

SUMMARY 

Reversed-phase high-pressure liquid chromatography with gradient eluticn on 
Zcrbax-ODS columns has been used to separate, identify, and measure, spectrc- 
phctcmetricalIy, the steroids secreted by both human adrenal and testis cells in 
primary monolayer culture. Three related systems using exponential concave gradi- 
ents have been developed with the specific objective of resolving the steroids prc- 
duced by these two tissues. A methanol-water gradient has been used to separate 
most adrenal steroids, an acetonitrile-water gradient to separate testis steroids, and 
a dicxane-water gradient to separate polar steroids, including aldcstercne. These 
three systems together permit the resolution of at least 43 naturally occurring steroids, 
plus four synthetic steroids with adrenocortical activity, with overall total eluticn 
times of Z h or less for each system. Retention data for these steroids are given and 
the separation of steroids in the biological samples illustrated. 

INTRODUCTION 

fn order to compare the functional activity of normal and necplastic human 
adrenal and testis cells in mcnoIayer cukure, it is necessary to identifi and mezsure 
a wide range of steroids. We describe here several high-pressure liquid chromatcgra- 
phy (ESPLC) systems with which this can be achieved, and illustrate their application 
to this biological system. 

tYe have shown, using flucrimetryL, radioimmunoassay’, and radioactive 
steroid metabolism3, that certain speciaked functions are retained for long periods 
of time by steroidcgenic cells in primary monolayer culture. Some changes in function 
have, however, been observed 2-a _ The fact that changes can occur in this system makes 
it necessary to identify and measure all steroids secreted bi the cu!tured cells before 
valid comparisons can be drawn between normal and necpkstic cefis. Radicimmuno- 
assay is not suited to this task because, apa& from the Iabour that it entails, it does 
not recode unusual or unexpected products that may occur in pathological tissues. 

HPLC has been successful in separating artifkial steroid mixtures5-’ and has 
2Isu been applied on 2 limited SC& To the measurement of individual pktsma 

steroids~lo. Furthermore, the levels of most steroids sqxeted by the cultures were 



within the capabilities of this technique. We have therefore used KPLC to identify 
and measure, spectrophotomerrica!ly, the physiologically important kn-li-qne 

steroids synthesised by the cells. As an aid in identifying the products of the cultures, 
we hzve determined the retention times of 2 large number of n2turalIy occurring 
steroids on the three reversed-phase partition systems that have been used. 

Materials 
The methanol, acetonitrile, 1,4dioxane, .znd dichloromethane used were 

Nznograde (Mallinckrodt, St. Louis, MO., U.S.A.) or HPLC grade (Rathburn, 
Walkerbum, Great Britain). Solvents for HPLC were degassed under vacuum im- 
mediately before use. Water was deionised and glass-distilled. 

Radioactive steroids were from the Radiochemical Centre (Amersham, Great 
Britain) rmd non-radioactive steroids from Sigma (Kingston-upon-Thames, Great 
Britain), Steraloids (Pawling, NY., U.S.A.), Ikaphar,m (Ramat-Gzn, Israel), and the 
MRC Steroid Reference Collection. Their purity was checked by thin-layer chroma- 
tography (TLC) and HPLC, and non-radioactive steroids were recrystallised when 
necessary. 

The trivial names and abbreviations used are listed in Table I. 

Chromafography 
We used a DuPont Model 830 high-pressure liquid chromatograph (DuPont, 

Wlmington, Dela., U.S.A.), equipped with a Model 837 variable-wavelength spectra- 
photometer and 2 Model 838 progammable gradient elution module. Samples were 
injected via a Rheodyne septumless valve. The spcctrophotometer was operated in the 
double-beam mode with an air reference cell and chromatogmms were recorded on 2 
Phillips PM So00 fiat-bed r&order and integmted with a Time Electronics TS ZOOA 
digital integrator. 

We selected reversed-phase chromatography with gradient efution because of 
the wide range of polarities of the steroids that needed to be separated in the samples. 
These systems have the advantages of high selectivity and mpid re-equilibration”. The 
columns used were 25 cm x 2.1 mm I.D. stainless-steel precision-bore tubing, 
commercially packed with Zorbax-ODS (DuPont). 

Empirical studies showed that the best solution to our “general elution prob- 
lem”lz yas 2 conc-zve exponential gmdient of methanol-water to separate adrenal 
steroids, an acetonitrile-water -gradient to separate testis steroids, and a dioxane- 
wEter gmdient to separate polv steroids such as aldosterone. Details of these systems 
are given in Table II. 

UV-absorbing steroids were detected at 240 nm (254 nm with dioxane gradi- 
ents) and non-UV-absorbing radioactive steroids by liquid scintillation counting of 
eluate fractions. Careful selection of solvent batches, particularly of ecetonitrile, 
eliminated or minimised the tendency of the gradient profile to contribute to back- 
ground drift. 

Quantification of steroids was routinely based on peak heights, which were 
shown to be directly proportional to the mzss of steroid injected over at least 2 fifty- 
fold range (4U-2000 ng)). This covered the range of values encountered in the samples. 
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-FABLE E 

Adnzosterone 
Aidosterone 

AnCkOSteECiiOl 

Adrastenedione 

Ckokiten31 
Corticosterone 

COrtiSJJl 

Cortisone 

1 l-Dehydrozldosterone 

1 I-Dehydrocorticosterone 

Dehydroepiandrosterone 
1 I-Dcoxycorticosterone 
1 i-Deoxycortisol 

21-Deoxycort.isoi 

Dexunethuone 

2Oa-Dihydroprogesterone 
20#7-Dihydroprogcsterne 
Sa-Dihydrgtestosterone 
t7/?-Estrzdiol 
E.Sti0.i 

.Estmne 

1 l/?-Hydroxyandrostenedione 

19-Hydroxyandrostenedione 

IS-Hydroxycorticosterone 

Q?-Hydroxycortisol 

IS-Hydroxy-1 Z-dehydrocorticosterone 

1%Hydroxy-1 l-deoxycorticosterone 

I ! &Hydroxy-ZCa-dihydroprogesterone 
17a-Hydroxy-2Oa-dihydroprogesterone 
17a-HydroxyG?O~-dihydroprogesterone 
17c-Hydroxypregnfznolone 
Be-Hydroxypregesterone 
&%Hydroxyprogesterone 

(G) 
(ADO) 

03 

(DHALDO) 

(A) 

@HA) 
(DOC) 
m 
(2l-deoxyF) 

@HP) 

(DW 

(ll/lOH-AD) 

(18OH-E) 

(6POH-F) 

(I 80H-A) 

(lSOH-DOC) 

(17aOH-DHP) 

aodrosG&ene-3,1 I,IT-trione 
llg,2l-dihydroxy-lS-&prcgn4 

ene-3,ZO-dicne 
uldrost-S-ene-3@,17&diol 
androst-bene-3,17-diooe 
cholest-5en-3/?-01 
118,2L_dihydroxyp~~ne-3,20- 

dione 
f 1@,17a,21-trihydroxypregwkne- 

3,tO-dione 
17cr,Zl-dihydroxypregn~ne- 

3,l L,2O-trione 
Zl-hydroxy-LS-.zi-pregwkne- 

3,11,2CMrione 
21-hydroxypregrwf-ene-3,IlJO- 

trione 
3&hydroxyandrost-S-en-17-one 
2L-hydroxypregwkne-3,2O-dione 
17a,21-dihydroxypregswkne-3,20- 

dione 
1 lB,l7a_dihydroxypregw?-ene- 

3,2o_dione 
9-fluoro-16a-methyEI l/I,I7~,21- 

trihydroxyprea-l.bdiene-3,2O- 
dione 

20a-hydroxypregwkn-j-one 
ZOB_hydroxypregwGen-3-one 
L7B_hydroxy-Sa-uldrostan-jsne 
estra-l,3,5(lO)-triene-3,17~~iol 
es.tra-1.3,5(1O)-triene-3,16a,17j3-triol 
3-hydroxyestra-l&5(10)-trien-17- 

one 
11 #?-hydroxyandrost-lene-3,17- 

dione 
19-hydroxyandrosM-e_bene-3,17- 

dione 
Ilg,iS,21-~ydroxyp~~~ne- 

3,20_dione 
6/3,11#T,l7a,21-tetrahydroxypreg1-14 

ene-3,2O-dione 
f8,21~iydroxyp_zgs14-ene-3,11,20- 

trione 
18,21iiitlydroxypregrwGene-3,20- 

dione 
I I#?,20a-dihydroxypregn-3-one 
17a,2Oa-dihydroxypregn4en-3-one 
i7a,2O&iihydroxypregw&en-3-one 
3@,17a-diiydroxypregn-S-en-2Q-one 
6a-hydroxypregn-ben-3-one 
6#?-hydroxypregn4en-3sne 



11 .B-qydroxyp,mgtttsterone 
16a-Hydroxyprogesterone 
17a-Hydroxyprogesterone 
7a-Hydroxytestosterone 
11 &Hydroxytestosterone 

i6a-Hydroxytestosterone 

19-Hydroxytestosterone 
174soaldosterone 

I I-Ketoprogesterone 
Pr~*isolone 

Predriisone 

Pregnenolone 
Progesterone 
Testosterone 

<l6cOH-PI 
(17aOH-P) 
(XZOH--r) 

(PI 
t-F> 

1 lb-hydroxypregn-&a-Sane 
16a-hydroxypre~n4en-3-one 
l7a-hydroxypfegwf-en-3-one 
7tr,r7~~ihydroxyandrost_eea_39ne 
1 I /3,17~-dihydJmxyan&ost4el.l-3- 

one 
16Q,l7~-dihydroxyzi&ast-“--3- 

one 
17~,l9-dihydroxyar1drosC4-en-3-one 
1!.~,2Mihy&oxy-lS-&-(i78)- 

pregnene-3,2U-dione 
pregwl-me-3,11 atrione 
1 l~,17a,2l-trihy&oxypregna-L,e 

Gene-3,2&dione 
17a;21-dihydroxypre9r?a-1,Cdiene- 

3JlJCMrione 
3~-hydmxypregn-5en-2@one 
pregwkne-3,2C?-dione 
? 78_hydroxyazdro.st4en-3-one 

TABLE II 

CHROMATOGRAPHIC CONDITIONS FOR THE SEPARATION OF ADRENAL, TESTIS 
AND POLAR STEROIDS BY HPLC 

Adrenal steroids Testis steroids PoCm steroids 

coImM 
Solvent (start) 

Solvent (finish) 
Gladient 
Time, min 
Tempczzture, “C 
Pressure. p.s.i. 
Flow (start), ml,‘tin 
Flow (hii), ti/ll/min 

Zorbuc-ODS . 
Jo % w9 

meth.2501-w2ter 
100 % methanol 
;*= 2 

45 
2.500 
0.38 
0.67 

Zoib2x-ODS 
32% WV> 

2cetonitrile-water 
100 % acetonitrile 
y=i 
50 
45 
2aOo 
0.38 
0.80 

Zorbax:ODS 
20% (vlv) 

diox25e-w2ter 
lQO% diox25e 
y=_X? 
SO 
4.5 
2500 
0.38 
0.34 

The precisioc of individual values, determined by repeated injections, was _C3 % (coeffi- 
cient of variation, CV]. In practice, inte_mtion of peak areas resulted in a reduced 
pl-ecision and accuracy, particularly at low attenuations. 

These have heen described previously2n1S for adrenal and testis cells. The 
present results were obttined with primary monolayer cultures of human adrkn~ortical 
and testis cells set up from tissues obtained at surgery or from hysterotomy foetuses, 
and containing 0.2-1.0 x lo6 celis per culture. The culture medium, which contained 
15 % serum, was changed every 24 h and retained for steroid measurement by HPLC. 



Sample preparatiia 
Culture medium samples (2-5 ml) were extracted with IO mf dichloromethane. 

This Was washed with 3 ml 0.1 IV NaOH solution to remove saponifiabL lipidic 
materiais which otherwise contributed several small UViabsorbing (max. (219 
nm) peaks to the chromato_~ms. Dichloromethane extracts were evaporated under 
nitrogen and redissolved in LMfOk ethanol or primary sofvent, and ahquots were in- 
jected into the chromato_mph. Experiments showed recoveries of 85 + 3% SD. 
for relevant steroids using this method with internal recovery standards (tritiiated 

steroids). Because the extraction procedure was so reproducible, internal recovery 
standards were not included routinely in the cuhure medium sampIes_ 

RESULTS 

Experiments with r”H]pregnenolone as an exogenous precursor indicated that 
cuitured adult human adrenocorticaf ceils had the capacity to form six major un- 
conjugated steroids: cortisol, deoxycortisol, corticosterone, deoxycorticosterone, 
androstenedione, and 1 I$-hydroxyandrostenedione. These metabohtes were separated 
by TLC and identified by estabhshed procedures of chromatography, derivatisation, 
and recrystailisation to eonstant specific activity. However, this type of experiment 
cannot determine whether all these steroids are synthesised from endogenous 
precursors. Nor does it necessarily reflect the proportions in which they are secreted, 
because of potential ditTerences in the metabolism of exogenous and endogenous 
precursors. Nevertheless, it does indicate a probable pattern of stercidogenesis and 
therefore a HPLC system was devised to separate primarily these steroids. 

Fig. i shows a chromatogram of adrenal steroid standards separated by the 
methanol-water system described in Table IL Fig, 2 shows the separation of endo- 
genous steroids secreted by an adult human adrenal culture. Peaks corresponding to 
the six steroids definitively identified as radiometabohtes were obtained. A further 
peak was found with the retention time of authentic f&r-hydroxyprogesterone. This 
steroid had not been identified as a radiometaboIite because of the limited resolution 
of the TLC system used. However, when sought, it was found and conclusively iden- 
tified. 

Forty-three naturally occurring and four synthetic steroids with adrenal-activity 
were chromatographed with methanoI-water and their retention times recorded (Table 
III). Alf steroids were eluted with band widths of 1-2 min. These data made it possible 
to rule out a large number of other steroids as sign&ant products of the cultured 
normal cells- The reproducibiiity of the retention times varied between 1 and 4 % (Cv) 
provided that (i) primary solvent composition was closeIy controlled, and (ii) columns 
were re-equihbrated with primarysolvent for 25 min before starting the gradient. By 
holding the gradient at 100% methanol for 10 min after each run, non-polar serum 
constituents present in the culture medium extracts (e.g., cholesterol) were eluted from 
the columns. 

The minimum detectable quantity of steroid in the least sensitive region of zhe 
gradient was 2 ng, measured as twice basehue noise. In practice, medium samples 
containing >.5 ng, well below the levels encountered in most experiments, could be 
easiiy distinguished from the background. 



Fig. I. Separation of adrenal steroid standards (210-WJ ng) on Zorbax-ODS using tie me&not- 
water gradient (- - -) described in Table II. Attenuation, O-1 6 ati_f.s. For abbrevktions, seeTable 1. 

Fig. 2. Chromatogram of endogeoous steroids secreted by adult homao adrenocortical ceils in 
monolayer culture, separated using the methanol-water gradient_ Attenuation, 0.16 a.u.f.s. 

Testis steroids 

Experiments with [3EI]pregnenolone showed that the major radioactive me- 
tabolites obtained from human testis cultures were testosterone, 17a-hydroxypro- 
gesterone, progesterone, Xkdihydroprogesterone, and 17a-hydroxy-2Oa-dihydro- 
progesterone, with smaller amounts of polar metabolites. 

To resolve these compounds, it was necessary to use an acetonitrilewater _qa- 
dient (Table II) becalrse no vtiation of the methanol-water system used to separate 
adrenal steroids wzs capable of resolving alI these steroids wit&n a reasonable period 
of time (tl h). Fig. 3 shows the separation of testis steroid standards with aceto- 
r&rile and Fig. 4 of the endoge,enous steroids secrete& by 2 r"oeti humus testis in 
monolayer culture, including a peak corresponding to P&z-hydroxyprogcsterone in 
addition to the above-mentioned steroids. 

The retention times of steroid standards using the acetonitrile-water gradient 
are given in Table III. In addition to separating testis culture stei-aids, this system 
gave enhanced separations between several steroids incompleteIy resolve$ using 
methanol-water (e.g., testostcrone/l7a-hydroxy-2Oa-dihydroprogesterone and t7a- 
hy~o~roges~rone/jDOC). Conversely, separations not e&Wed by zcetonitrile- 
water were obtained with methanoI-water (e.g., testosterone/androstfznedione and 
deoxycortisol/l LB-hydroxyzndrostnedione), T&se two systems were therefore corn- 
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Fig. 3. Separation of testis steroid standards (330-750 ng) on Zorbax-ODS using the acetonitriIe- 
water gradient (- - -) described in Table II. Attenuation, 0.32 a.uX.s. For abbreviations, see Table I. 

Fig. d Cbromato_eram of endogenous steroids secreted by foetal human testis cells in monoIayer 
culture, separated using the acetonitrile-water gradient. Non-steroidd medium components are 
shown with bLm-oken lines. Attenuation. 0.16 a.u_f_s_ 

plementaj. Most of the compounds tested could, with the exception of a group of 
polar steroids, be identified by the use of one or both systems. 

Polar steroids 
Using the systems described above, polar steroids such as aldosterone were not 

re’tined for sufficient time to obtain use&l sepamtions. These compounds are, how- 

ever, an important group of physioiogically active substances and a further system 
was devised to separate them. 

A pa-tial separation of this group was obtained by reducing the initial concen- 
tration of acetonitrile in the aceto&rile-water system to 18 oT (v/v), but aldosterone 
was irradequately resolved from cortisol. Methanol-water systems of increased polarity 
were less satisfactory, failing to resolve aldosterone and cortisone_ The relative reten- 
tion times of these steroids on Zorbax-ODS were, however, altered by using a di- 
oxane-water mixture of appropriate strength (Table II) so that aldosterone was well 
separated from other WV-absorbmg adrenal steroids. Fig. 5 shows the separation of 
polar adrenal steroid standards with dioxane-water and Fig. 6 of the endogenous 
steroids, inchzdiing aldosterone, secreted by a cultured aldosteronoma (Corm’s 
syndrome). En addition to separating these steroids, this system served equally well 
to resolve polar testis steroids (Table III). 



6/M3yiroxyco~l 
1 E-Dehydroddosttne _ 

3 
8 

17-Lddastsrone 11 
18-KydEOxy-ll-dehy~~~tene 11.5 
Pled&OX 12 
Aldostezcme 13.5 
EStri01 ~14 
Cortisone 14 
19-Iiycimzymdrostenedioxe 15 
7a-Hydroxytestaster~ne 15.5 
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Fig. 5. Separatioon of p&x ackmi steroid standards (250-750 ngj on Zorbax-ODS using the dioxme- 
water gradient (- - -) described in T&Ie I$. Attenuation, 0.16 a.u.f.s. For abbreviations, see Table I. 

Fig 6. Ckomat&ra~~ of endogcno~~ s:emids secre&d by an aldosteronoma (Corn’s s,yndmme) in 
monokyer culture, separted using the diorran t. Non-steroidal medium components 
are sbown with brokea lines. -Aternwtions, 0. a.tLf.s. (2&#0 mink 

In this paper we have desbibed three HPLC systems. using reversed-phase 
cb.6o~tography in conjunctioir with -gradient elation to separate a wide variety of 
nsrturally occuting steroids. Using25 cm Zorbax-OILS c&mns, it was not possible 
to separate aH such steroids within a reasonable period of time (-c I h) using a single 
system. Separafe sy.stems were therefore developed to solve particular analytical 
problem. associated with different types of biologic& sample, and they have been 
tked to separate, idetiti$, and measure the steroids secreted by cultured human 
adrenal and-testis cek 

‘Fbe as& of diffkkeent efuting sofvents afforded a useful d&ee of selectivity. 
Thus, ZU-hydroxy- ztnd Xi-ketoosteroids were not completely resokd using me&mot, 
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but were separated with acetonitrile (e.g._ progesterone~2Oc&ikydroprogesterone and‘ 
17c-hydroxyprog~sterone/1_7cr-ky~roxy-Z~a;dlhydroprog~~rone). Conversely, tke- 
separation of 1 I-kydroxy- and I I-ketosteroids was euhanced by metkanol as compared 
with acetonitriIe (e.g., F/E, B/A, i ip-kydro~androstenedionzfadrenosterone, and 
prednisoIone/prednisone). Otker effects -of these types and numerous examples of 
reversals in tke order of retention were encountered (see Table III), Tkese facilitated 
tke identi&ation of unknown compounds in samp&s. Differential selective e&cts of 
this type presumab!y stem from t-he large differences in_ the Hildebrand proton- 
accepting (80) and proton-donating~ (dir) solubikty parameters (methanol: &z;‘6k = 
7.5/7.5; acetonitri!e: 8& = 2.5/O)‘“. Dioxane (&z/&z = 3/O) in generalresembled ace- 
ton&rife but nevertheless afforded an improved separation of ddosterone and Ig- 
kydroxylated steroids from other polar adrena steroids. 

The fact that a wide range of compounds can be separated with tkese EIPLC 
systems makes tkem particuIarly suited toidentifying steroids secreted by patkoIogicai 
tissues in which si_gni%ant changes of function may have occurred. We have success- 
fully examined the patterns of steroidogenesis by cultures of adrenal carcinomas and 
adenomas, congenitaky hyperplastic adrenals, male pseudokermapkrodite testes 
(testicular feminisation syndrome), and a testicular interstitial &$l tumour, and corn- 
pared them with those of normal adult and foetal adrenals and testes. ResuIts of tkese 
studies will be presented elsewhere. 

Levels of steroid measured from these cultures were, in most instances, well 
above the limits of sensitivity (>2 ng for 4-en-3-one steroids). The plasma steroids in 
many of the conditions referred to above could, therefore, be examined using tkese 
systems, since the pattern rather than the overail amounts of individual steroids se- 
creted c2n often be the most si_@ficant differential diagnostic feature. Although 
plasma steroids have been measured with HPLc8-xo, it is cLar &hat the major advan- 
tage of the technique, simultaneous estimation of several compounds, has not yet 
been fully exploited. 

In experiments with cultured adrenal 2nd testis cells, steroids witkout the 4en- 
3-one conf@ration (e.g., ring A-reduced metabolites) were not formed in significant 
amounts from tritiated precursors. EIPLC can, however, be used to separate non-XIV- 
absorbing steroids as 2,4dinitrophenylkydrazinc derivativesl”*S and measure them 
with higk‘sensitivity (>I ng). Wkile 5-en-3-one steroids can be measured at 200 nm 
(> 150 ng) and oestrogens 2t 280 nm (>50 ng), the reduced sens$ivity of direct spectro- 
photometric detection renders it, in general, unsuitable for tke measurement of these 
steroids in biological samples. In the absence of ~4 universai steroid derector of high 
sensitivity, there remains the use of radioimmunoassay in conjunction with the re- 
solving power of IIPLC to measure, witk enhanced speci&ity, those steroids that fall 
below tke present detection limits. 

We are grateful to Dr. N. Parris for helpful discussions and Frofesor A. M. 
Seville for coqiinued support. 
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