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Preface

. Chromatography has become one of the most important methods in steroid research.
- Yet, since the appearance of Neher’s book Steroid Chromatography in 1964 [769], no
compréhensive review of this subject has been published. Haying accumulated over 2000
reprints on the chromatography of steroids since 1964, I can well understand the reluc-
tance of my colleagues to write such'a review, but I.do feel 3. need to organize this in-
formation for my own benefit as well as theirs. -

~ In citing the litérature;, I obviously had to be selective i in otrder to keep this monogxaph

. within a reasonable size. Even after eliminating alt the : mateml presen!ed by Neher, I
* found myself with more information than I could possibly use. 1 could have solved my
problem by referring the reader to the nunerous review- articles; chapters and books on

~ individual aspects of steroid chromatography. However, I feel that the reader is entitled

- to enough detail so that he can at least decide whick articles to look up and, preferably,
so that he can repeat experiments without referring'to the original papers I therefore
decnded to omit that part of the literature which I found Iéss bngmal and’more difficult
“ to obtain. I am fully aware of the risk of incurring the wrath .of some colleagues who may
feel slighted by such omissions, but I hope that more unbiased readers will appreciate my
effort at simplifying their literature search.

The literature citations have been handled by the methods currently used by Chemical
Abstracts and other publications of the American Chemical Society. For the more com-
mon steroids, I have used the trivial names. The systematic names (IUPAC—IUB 1967
revised tentative rules) {507} are shown in the subject index. It is assumed that the N
readers are familiar with the general terminology, theory, and techniques of chromatography.
. These aspects are only covered as they relate to steroids. Readers requiring further informa-
tion on;hromatography are referred to my book Chromatography [422]. Some back-
~ ground material on steroids and.a relatively | recent ghide to the steroid literature will be
~ found in my book Steroid Bibckermsﬂ;y [420} :

> Extensive bnbhographles on chrematogrdphy are being pub‘ixshed regularly in‘the
Jeumal af’Chromatagraphy and other analytlcal journals, blennially mAnaIyt:cal
Chemtstry, in seVeraJ Elsevier books [233, 734;681,682], as well as by various manufac-
- tarers of ehromatographxc eqmpmentand sgpphes Many cﬂgr aspects of steroid analysis
-_are covered in my recent hook Modern Mettiods of S?erotdAiiaIysx&’[Q 1].

“Most of this book was written while I was at the Federal Institute for Lipid Research
of the German Federal Republic in Miinster under the terms of a U.S. Senior Scientist
Award by the Humboldt Foundation. I am deeply grateful to the Director of the
H.P. Kaufmann Institute, Professor H.K. Mangold, and its staff axwell as to the staff of .
the Humboldt Foundation for their most generous support and cordlal wélcome

Miinster, October 1975~ ~ T “ERICH HEFTMANN
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Chapter 1

Introduction

The steroids constitute a very large group of natural and synthetic compounds with a
broad range of biological activities. Because they are of considerable importance in
medicine, there has been a great deal of interest in various aspects of steroid chemistry,
including thejr analysis. In biological extracts, steroids usually occur in low concentration
and invariably in association with numerous structurally related compounds. The latter
may be present in considerably higher concentrations, but may not have comparable
biological activities. Thus, it is desirable that analytlcal methods for steroids be both
specific and sensitive [112].

- As in the analysis of other groups of products, there is a strong trend toward instru-
mentation.and automation in steroid analysis. Because most physical methods of analysis
are not sufficiently selective, the analytical samples must be purified and, preferably,
fractionated. The most efficient fracnonanon shethod available to the steroid chemist is
chromatogtaphy This is one reason for the strong association between steroid chemistry
and chromatogtaphy. The other reason is that scientists who develop instrumental
methods of analysxs, including chromatographic methods, leok toward the steroid
analyst as a rélatively well-endowed user with many challenging problems.

One of thm - problems is that the associated $teroids in an analytical sample are often
analogous.or iseméric compounds with very similar physical and chemical properties.
Another probiem is that steroids may belong to several solubility classes, ranging from
rather hydgophilic to very lipophilic compounds. Some of these compounds are highly
reactive and even unstable, whereas others are extremely sluggish and may even be
devoid of tmﬂyhcally useful functional groups.

So far; ho single chromatographlc method has been able to overcome all of these
problems, and the analyst must have the ability to select the technique appropriate to
the goal [770]. Thus, in addition to the obvious constraints of his knowledge and skill,
available time and facilities, the analyst is limited by the chemical nature and physical
condmon of the steroids in samples of biological or synthetic origin. A few generalizations
about the selection of techniques are in order, although many exceptions will be found
in the examples of chromatographic analyses presented in the following pages.

As a rule, such methods as ion exchange and electrophoresis are only suitable for ionic
or ionogenic substances and are therefore largely inapplicable to neutral steroids. Generally
speaking, partition chromatography will be more successful in separating the homologs of
the more hydrophilic steroids, whereas adsorption chromatography is more apt to resolve
mixtures of analogous or isomeric steroids having a more lipophilic character. For crude
or bulky samples, old-fashioned column chromatography is still the method of choice, al-
though it is not as efficient with respect to resolution, labor, and time as other chromato-
graphic techniques. Qualitative analysis is most efficiently performed by thin-layer chro-
matography (TLC), because a number of samples and reference compounds can be tested
simultaneously. For quantitative analysis and for the best resolution, gas chromatography
(GC) is preferred, but high-pressure liquid chromatography (HPLC) has several potential
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advantages over GC. It provides larger capacity and greater choice of parameters and 1t

usually requires no derivatization, while offering advantages of speed, convenience, and .

sensitivity that rival GC.

Lk y
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Chaptér 2

Liquid. columin chromatogi'aphy

2.1. SORBENTS

As the specxﬁc examples of liquid column chromatography (LC) in this volume show,
silica is by far the most useful sorbent.for steroids. Some of the important work on the
relation between the structure of silica gel and the chromatographic behavior of stéroids
goes back to 1961, but’it must be mentioned h¥re because it wasnot covered in Neher’s
book. Klein [566] has systematically studied the effect of surface area, pore volume, and
average pore diameter of different types of silica on the resolution of sterol acetates by
LC. Only when the pore digmeter is large relative to the size of the sterol molecule can
the molecule be attracted by Y ﬂat suiface. Thus, 24—dehydrostefols, which have a smaller
cross-section than sterols with a nuclear double bond, are more strongly adsorbed than
the latter on silica gels with small pore diameters.

Activation of silica gel by heat increases the range of surface energxesand results in
broadening or trailing of chromatographlc zones [567]. Deactxvatxon which is best
accomplished by exposure to an atmosphere of controlled humidity, will improve the
performance of a silica gel only if it is adjusted to the surface structure of that particular
silica. ’

- The water content of mlrga depends on the water content of the solvent [69] By
gradually increasing it, one can change the chromatographic system continuously from
an adsorption to a partition system. It is even possible to achieve some sort of gradient
elution effect by using a:wet nonpolar solvent as eluent for a dry silica colnmn

An example of the usé of silica columns'is the preliminary isolation of steroids from a
crude lipid extract [429]. Up to 1 g of mixture, dissolved in pentane—diethyl ether (4:1)
can be fractionated on a column, 1 cm in internal diameter (1.D.), which has been packed
with 7 g silicic acid (activity grade 1IB), slurried in pentane—diethyl ether. Neutral lipids,
sterols, and steryl esters are‘eluted by 150 ml pentane--diethyl ether (4:1), other steroids
by 150 ml acetone—chloroform £2:1), and moré € polar lipids by 150 ml méthanol. -

- Another example is the use of Silica Gel G with a water content of 10% in a S-cm X
1.8-cm column [210]. About 10—15 mg of lipid mixture can be fractionated on such a
column by elution with a series of solvents. Thus, 60 ml petroleum ether (b.r. 30-75°%

" elutes the hydrocarbons, 50'ml 6% diethy] ether iff petroleum ethef the cholestery! esters,
and 160 ml of 10% ethyl acetate in petroleum ether the triglycerides, followed, in the last
~ 60 ml, by cholesterol.

The activity and thus the chromatographic properties of alumina can be reversxbly
modified in sifu by passing organic solvents with dlffexent water content through a-
column of alumina [283]. Useful separations: can-he achievcd on:alumina thus deactivated.
Alumina, although quite selective; is now discredited by the various alterations the more
active grades have been reported to ptoduce, and It {5 urgly used nowadays.

However, an interesting | mcthod—of labeling stetoids by atumma chromatography should
be mentioned [569] By fakmg advantage of: 1he enohzat:on of ketosteronds on'basic
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alumina, HTO on the column can be made to exchange ™ith H in such ketosteroids as
Sa-cholest-7-en-3-one, and sizeable quantities of tritiated ketosteroids of high purity
(5--10 mCi/mmole) can be prepared by simple chromatographic development. This proce-
dure can also be utilized for analytical purposes [568]. A mixture of ketosteroids passing
through a column of tritiated alumina becomes Self-lateled, and the individual cofmpounds
are readily detected and measured in submicrogram quantities by monitoring the column
effluent.

Ion-exchange resins are useful sorbents for partmon chromatography of nonionic com-
pounds. Seki and Matsumoto [954] have pioneered in the application of partially
esterified cation exchangers to steroids (cf. p.99). Columns of neutral resins, such as
polystyrene with 2% divinylbenzene cross-linkages, can be developed with benzene to
fractionate mixtures of lipids, including sterols and steryl esters [1056].

Nystrom and Sjovall [800] began to use lipophilic dextran preparations as supports
for the stationary phase in reversed-phase partition chromatography of lipids in 1964.
Methylated Sephadex G-25 was mixed with lipid solvents in which the sorbent does not
float, e.g., chloroform—methanol (1:1), and the slurry was poured into a chromatographic
tube. The same solvent mixture eluted cholesterol, some of its esters, and various bile
acids from this column, in generally decreasing order of polarity, but other solverit
mixtures and other lipids gave other elution orders [801,802]. The effects noted were
clearly not due to reversed-phase partition alone, but gel permeation, ordinary partition,
and perhaps also adsorption may have contributed to them, depending on the degree of
cross-linking and methylation of the dextran preparation and the chloroform/methanol
ratio of the eluent,

The theoretical basis of steroid chromatography on lipophilic Sephadex gels was studied
in more detail by Eneroth and Nystrém [278]. Table 2.1 shows the per cent total bed
volume (PTV), i.e. the milliliters of each solvent which would have been required to elute
the compounds shown from a Sephadex column, if its total volume had been 100 ml.
Sephadex LH-20 is a cross-linked dextran with hydroxypropy! ether groups, and Sephadex
G-15 and G-25 are dextran gels which exclude polysaccharides above a molecular weight
of 1500 and 5000, respectively. The second number in the Sephadex G- series denotes the
per cent methoxyl content of the dextran. Generally, the PTV value of steroids without
hydroxyl groups increases with the polarity of the solvent and with the methoxyl content
of the sorbent, whereas the reverse is true of steroids carrying hydroxy! groups. The
elution order with nonpolar solvents, such as dichloromethane, follows the general order
of increasing polarity of the samples, whereas polar solvents usually elute stéroids in
decreasing order of polarity. For any given sample and solvent combination, thé more
porous gel gives the higher PTV value. Thus, combinations of a relatively nonpolar gel -
with a relatively polar solvent exhibit reversed-phase partition behavior, whereas ordinary
partition chromatography may be at work in combinations of rélatively polar gels with
relatively nonpolar solvents. )

Ellingboe er al. [268] have prepared a number of long-chain alkyk ethers of Sephadex
and tested them as column packing materials for partition and reversed-phase partition
chromatography of sterols, bile acids, and steroid hormones. The reversed-phase systéms,
such as Sephadex G-25 with a hydroxyalkyl (C,;5s—C,g) group content.of 71% by weight,
eluted with methanol—heptane (19:1), separated C,4, C;5, and Cyy sterols; Sephadex with
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TABLE 2.2

PER CENT TOTAL BED VOLUME OF STEROIDS ON A HYDROX YCYCLOHEXYL SEPHADEX
COLUMN ELUTED WITH BENZENE (23]

Steroid OH* PTV*™
Sa-Cholestan-3-one 55.8
4-Cholesten-3-one 56.6
S-Cholesten-3-one 55.3
Sa-Cholestan-34-ol (cholestanol) e 884
Sa-Cholestan-3a-ol (epicholestanol) a 82.9
58-Cholestan-3a-ol (epicoprostanol) e 87.0
5p-Cholestan-3g-ol (coprostanol) a 87.0
5-Cholesten-3g-ol (cholesterol) e 94.4
5-Cholesten-3a-ol (epicholesterol) a 70.1
3g-Hydroxy-Sa-androstan-17-one (epiandrosterone) e 114
3a-Hydroxy-Sa-androstan-17-one (androsterone) a 104
3a-Hydroxy-5g-androstan-17-one (etiocholanolone) e 107
38-Hydroxy-5g-androstan-17-one a 104
3a-Hydroxy-5g-pregnan-20-one e 99.5
3g-Hydroxy-58-pregnan-20-one a 99.5
S5<Cholestene-38, 78-diol e 170
5<Cholestene-38, 7a-diol a 162
5p<Cholan-78-0l e 67.0
56-Cholan-7a-o0l a 67.0
11a-Hydroxypregn-4-ene-3,20-dione e 115
118-Hydroxypregn-4-ene-3,20-dione a 108
Sa-Androstan-17g-ol v-e 103
Sa-Androstan-17a-ol v 95.2
5-Pregnene-3p, 20p-diol - more hindered 170
5-Pregnene-38, 20a-diol less hindered 183
4-Pregnene-3,20-dione (progesterone) 62.9 .
3p-Hydroxy-5-androsten-1 7-one (dehydroepiandrosterone) 108
3¢-Hydroxy-5p-pregnan-20-one 97.2
36-Hydroxy-S-pregnen-20-one (pregnenclone) 105
Sa-Pregnane-38, 205-diol 193
5-Pregnene-38,20p-diol ) 211

*Conformation: ¢ = axial; e = equatorial.
**per cent total bed volume,

55% hydroxyalkyl (C,,—C,4) group content, eluted with methanol—water—1 ,2-dichloro-
ethane (7:3:1), separated bile acids; and a partition column of Sephadex with 58% hydroxy-
alkyl (C,s—C,s) group content, eluted with heptane—chloroform (4:1), separated various
pregnane derivatives. Using the lipophilic dextran with 50% hydroxyalkyl groups in columns
eluted with benzene or benzene—isopropanol (3:1), Brooks and Keates {118] further
investigated the chromatographic behavior of many steroids.

After experimenting with various other lipophilic dextran gels [20], Anderson et al.
[23] observed a considerable enhancement in selectivity when dextran gels were sub-
stituted with hydroxycyclohexyl residues. Elution with benzene gave the PTV values
shown in Table 2.2. Pairs of steroids with epimeric hydroxyl groups were generally
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resolved, unless they had Rings A and B cis-fused (58-steroids). Moreover, this chromato-
graphic system separated S-unsaturated steroids from their saturated Sa-analogs. In both
5a- and A%-steroids, the equatorial alcohols were more retarded than their axial epimers.
This is illustrated in Fig. 2.1. The mechanism underlying this separation appears to be
adsorption of the steroids to the gel, more specifically, hydrogen bonding to i'ts ether
linkages. ‘
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Fig. 2.1. Separgtion of epimeric 3-hydroxysteroids on a hydroxycyclohexyl Sephadex column (1 m X
3mmLD.), eluted with benzene. A = epicholesterol; B = epicholestanol; C = cholestanol; D = cholesterol;
E = androsterone; F = epiandrosterone. SEV = standard elution volume. (Reproduced from J. Chromatogr.,
82 (1973) 340, with permission; [23}.) :

The use of LH-20 columns is recommended for clinical analyses, where groups of
steroids must be isolated from blood or urine samples (cf. Chapter 12, Sections 2 and 3),
particularly for purposes of radioimmunoassay or competitive protein binding assay [100,
142,754,821,955]. They have also been found useful in biosynthetic studies of plants
for the convenient separation of carotenoids from sterols [1029]. Various other aspects
of chromatography on lipophilic Sephadex have been reviewed [978]. For instance, it is
used in recycling and capillary column chromatography with automatic detection systems
[804]. Marker dyes facilitate the location of steroid fractions in routine applications [248].

Lipophilic Sephadex also exhibits cation-exchange properties when electrolytes are
present in the solvents or samples [981]. This effect can be exploited for the isolation of
conjugated steroids from biological sources. For instance, from a column of methylated
Sephadex, eluted with a 1:1 mixture of chloroform and a 0.02 M methanolic solution of
some salt, fpee steroids emerge before steroid monosulfates, which are followed by di-
sulfates. The mixed steroid sulfates in ca. 5 ml plasma ean be separated on a 4-g column
of Sephadex LH-20 by elution of the monosulfates with 30—60 m] chloroform—0.01 M-
NaCl in methanol (1:1) and then of the disulfates with 65—115 ml methanol [514]. The
separation of individua] steroid sulfates can be accomplished by liquid—liquid partition
chromatography on Celite columns [138]. The use of polyamide columns for the isolation
of steroid conjugates has also been reported [807].



