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Introduction

Many clinical events result in specific and characteristic

alterations that originate in biochemical imbalances and are

measurable in biological fluids and tissues. Metabolomics

consists of the qualitative and quantitative analysis of intra-

and intercellular metabolites using 2 different analytical

methods: (1) non-targeted metabolite profiling and (2)

targeted metabolite profiling. Non-targeted metabolite pro-

filing involves the identification and characterization of a

large number of metabolites and their precursors. In contrast,

targeted metabolite profiling focuses on quantitative changes

in metabolites of interest (e.g., amino acids, carbohydrates,

steroids, and fatty acids) based on a priori knowledge of the

biological function or metabolic pathway.

Steroid hormones regulate human body functions and are

components of the endocrine system, which coordinates

physiological and behavioral responses for specific bio-

logical purposes, such as reproduction. Steroids are active

at very low concentrations and have a range of biological

effects (e.g., homeostasis). Steroid analysis has gained im-

portance in biomedical, pharmaceutical, engineering, and

agricultural sciences. Clinical assays for steroid analysis

must be robust, highly sensitive, automated, and simple.

Steroids analysis is used in the clinical events for the

diagnosis of stress,1 Cushing’s syndrome,2 hirsutism,3

congenital steroid enzyme deficiency,4 hypertension,5 and

as a doping test.6 Biological specimens used in clinical ap-

plications include urine, serum, and saliva, and they exhibit

some behaviors of steroids (e.g., free forms, conjugated

forms, protein-binding forms). Steroids in biological speci-

mens behave differently and different considerations are

required when developing methods for their analysis.7 Due

to its high sensitivity and selectivity, gas chromatography-

mass spectrometry (GC-MS) is used to analyze metabolites

and precursors of steroid hormones. In recent, GC-MS-

based steroid phenol-typing has demonstrated diagnostic

power and the potential to discover metabolic diseases.8

This review focuses on the methods involved in a

metabolomic study based on GC-MS analysis of steroid

hormones in biological specimens. Sample preparation

procedures and their major steps are discussed in detail.

The various techniques and materials that have been used to

achieve efficient analytical results during the past decade

are described. Comparative studies of crucial aspects are

included to facilitate the understanding of the developed

methods.

Metabolite Profiling of Steroid Hormones

Metabolomics provides comprehensive information on

the metabolic state of biological systems by detecting

bioactive metabolites. It establishes the relationship be-

tween phenotype and metabolism, which is a key aspect in

connecting the distribution of metabolites with their
*Reprint requests to Dr. Man Ho Choi
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biological functions.9,10 Metabolite profiling can help to

understand disease mechanisms, identify new diagnostic

markers, and increase the ability to predict biological

variations.11

Many naturally occurring steroids with similar chemical

structures could produce biological changes. Endogenous

steroids are divided into 5 groups: androgens, estrogens,

corticoids, progestins, and sterols, which are generally

synthesized from cholesterol in the adrenal cortex, ovaries,

and testes. These steroids play a variety of important

physiological roles in peripheral target tissues or the central

nervous system.12 Steroid metabolism is important for the

production of these hormones and the regulation of their

cellular physiological actions. The steroid metabolic path-

ways involve 2 major types of enzymes: cytochrome P450

and other steroid oxidoreductases. Many endocrine dis-

orders can be attributed to defects in these enzymes, which

lead to hormonal imbalance and serious consequences.13-19

Mass spectrometry (MS) has been used to simultaneously

characterize a large number of metabolites in complex

living systems,20 and it focuses on local metabolisms to

decipher functions and metabolic alterations. MS-based

metabolomics have therefore become a promising tech-

nique in clinical diagnosis.21,22 The GC-MS methods offer

high chromatographic resolution as well as the ability to

identify unknown compounds from public libraries.23

Therefore, GC-MS profiling has been widely used for

steroid analysis,24-27 and provides the basis for techniques

that can be applied to large-scale clinical studies.28 

Sample Preparation

The isolation of steroids from complex biological speci-

mens is a prerequisite for GC-MS analysis. The solid-phase

extraction (SPE) method is preferentially used when low

sample complexity is required for the simultaneous detec-

tion of urinary steroids in both screening and confirmation

analyses. These methods are also combined with enzymatic

hydrolysis and additional liquid-liquid extraction (LLE) steps

to extract unconjugated steroids.29 Many steroids are heat

labile and must be derivatized before analysis to avoid com-

pound decomposition and to improve their chromatographic

performance.30

Solid-phase extraction

SPE has become the comprehensive technique of choice

for simultaneous extraction and concentration of many

compounds in aqueous samples.31,32 SPE methods can be

limited by the difficulty in choosing from a large variety of

SPE sorbents and by the different chemical properties in

simultaneous analysis of steroids. In SPE experiments, 4

hydrophilic sorbents were prepared: Oasis HLBTM (3 mL,

60 mg; Waters, Milford, MA, USA), Sep-pakTM C18 (3  mL,

200 mg; Waters), SerdolitTM PAD-1 (0.1~0.2 mm analytical

grade; Serva, Hiedelberg, Germany), and Sep-pakTM amino-

propyl (NH2: 3 mL, 200 mg; Waters). Low recoveries were

obtained with the Sep-pak C18, amino-propyl, and Serdolit

PAD-1 columns, whereas the Oasis HLB cartridge increased

the recoveries. This is consistent with the observation that

Oasis HLB provides selective isolation and enrichment of

polar steroids, such as corticoids and estrogens, from

complex biological specimens.34,36 Furthermore, the Oasis

HLB cartridge contains a unique copolymer sorbent with

hydrophilic and lipophilic groups in proportions that allow

high and reproducible recoveries of many compounds.33-39

In addition, the Oasis HLB can be used to extract steroids

from various sample matrices, including urine, 40-46 serum,
47 plasma,48 cardiac tissue,49 and hair extract.50 Among the

SPE cartridges tested, amino-propyl had lower sample

recoveries than the other SPE cartridges.30 Serdolit PAD-1

slurry was used in the simultaneous detection of 9 androgen

glucuronides in urine specimens.51 

As an alternative SPE technique, a column with an

inclusion complex-based β-cyclodextrin (β-CD) sorbent

has been used in GC-MS analysis of 45 endogenous

steroids.52 The GC-MS analysis revealed that the extraction

efficiency of steroids (recoveries ranged from 82% to

112%) was higher with β-CD than with the Oasis HLB

cartridge.52 Inclusion complex is a chemical species

comprising guest molecules in which one of the host mol-

ecules can admit a guest component into its cavity, resulting

in a stable encapsulation with chemical and physical factors

determining complex formation. Among the steroids bound

by entrapped β-CD polymers, hydroxylated estrogens

exhibited better inclusion complex formation, which may

indicate the importance of hydrogen bonding between the

phenolic hydroxyl group and the exterior hydroxyl group of

β-CD (Figure 1). In the retention of polar compounds in

SPE with polymeric sorbents, the specific surface area and

Figure 1. A proposed inclusion complex of β-cyclodextrin (β-

CD) with hydroxylated estrogens. Some parts of the molecule

are incorporated into the β-CD cavity, and others remain on the

outside. The A-ring of the steroid molecule predominantly forms

complexes with the β-CD, and its structural feature greatly

influences the stability of the inclusion complexes via hydrogen

bonding between phenolic hydroxyl and the exterior hydroxyl

groups of estrogen and β-CD, respectively. Data are taken from

reference #52.
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the hydrophilicity of the resin play important roles, and a

suitable sorbent should exhibit a proper balance of these 2

characteristics.53

Hydrolysis of steroid conjugates

To promote urinary excretion, steroids undergo phase II

metabolism, which increases the hydrophilic nature of the

steroid. This is achieved by conjugation with either glucuronic

acid or sulfuric acid. For GC separation, the analyte of

interest must be volatile and thermally stable. Given that

steroid conjugates fulfill neither criterion,54 preparative

steps are required to render the conjugated steroid amenable

to GC-MS analysis. This involves hydrolysis of the

conjugated steroid to produce the free steroid, followed by

chemical derivatization to avoid poor chromatographic

behavior.

Hydrolysis can be carried out by biological (enzymatic)

or chemical (non-enzymatic) methods. Hydrolysis of con-

jugated steroids is most commonly performed using en-

zymatic preparations and, to a lesser extent, chemical

approaches. Bacterial (E. coli) and mollusc (Helix pomatia)

enzymatic sources are most commonly used. The bacterial

sources only contain β-glucuronidase activity to cleave the

glucuronide conjugates, whereas the mollusc sources

contain both β-glucuronidase and sulfatase activities; the

latter is responsible for sulfate hydrolysis. Although all

enzyme sources possess β-glucuronidase activity, the

activity levels and specificities vary. Once a hydrolysis

approach is selected, the conditions for hydrolysis, including

the amount of enzyme, pH, temperature, and duration of

hydrolysis, can vary dramatically.55 The H. pomatia enzyme

with sulfatase activity is the most widely used enzyme

preparation, and has the broadest specificity. Hydrolysis at

55oC for 3 h with β-glucuronidase/arylsulfatase (50 µL)

from H. Pomatia and 1 mL of 0.2 M acetate buffer (pH 5.2)

is the most widely used hydrolysis condition for a variety of

sample types. The incubation time is typically short for

hydrolysis with the E. coli enzyme as cleavage of glucuronides

can occur within minutes.56

Ambiguity also exists over whether to hydrolyze pre- or

post-extraction. The SPE with entrapped β-CD polymer

was processed after enzymatic hydrolysis to avoid recovery

of unconjugated steroids.52 Enzymatic hydrolysis with β-

glucuronidase was carried out first during sample preparation,

as the extraction yield of 5α-dihydrotestosterone (DHT) was

slightly increased with SPE after hydrolysis.39 

A transformation phenomenon of urinary steroids, including

androgens, estrogens, corticoids, progestins, and sterols, in

the presence of 2 different enzyme systems was elucidated

in a GC-MS-based quantitative steroid profiling study. Two

enzymatic hydrolysis procedures were performed: (a) For

the hydrolysis of both glucuronide and sulfate conjugates,

1 mL of 0.2 M acetate buffer (pH 5.2) and 50 µL of β-

glucuronidase/arylsulfatase solution was used and the

resulting mixture was then incubated at 55oC for 3 h; (b)

to hydrolyze glucuronide conjugates only, 50 µL of β-

glucuronidase was used and then incubated at 55°C for 1 h.

Hydrolysis with β-glucuronidase of E. coli did not lead to

by-products and substrates at concentrations < 1 ng/mL

were also detected.38 In addition to incomplete sulfate

hydrolysis, incubation with the H. pomatia enzyme can also

lead to steroid conversion or degradation, and artifact

formation.57

Chemical hydrolysis can be used individually or in

combination with an enzyme preparation (commonly E.

coli). In general, chemical hydrolysis is achieved using

acids, with cleavage of the conjugate being strongly

influenced by the choice of acid (hydrochloric or sulfuric),

acid molarity, temperature, and duration of the reaction.58 In

addition, chemical hydrolysis has been carried out by

solvolysis, which leads to superior steroid recovery compared

to hot acid hydrolysis.59 Alternatively, methanolysis, which is

a variation of solvolysis using trimethylchlorosilane (TMCS)

in methanol, has been employed for a wide range of steroid

androgens. Cleavage of both glucuronide and sulfated

conjugates occurs due to hydrolysis promoted by the

generation of hydrochloric acid from TMCS.60 Methonolysis

was performed in equine urine post-SPE using methanolic

HCl.61 The methanolysis procedure generates free steroids

at least as large as those obtained by solvolysis.62 Extraction

of steroid molecules from non-invasive human tissue

samples, such as hair and nails, requires other techniques.

Ultrasonication and alkaline hydrolysis are the most

commonly used methods for extracting unconjugated

steroids.63,64

Chemical derivatization

Following hydrolysis and extraction, steroid molecules

require derivatization prior to GC-MS analysis to improve

their volatility, thermal stability, and chromatographic pro-

perties. Derivatization of steroids is generally achieved by

silylation or acylation, depending on the individual properties

of the steroid and the detection system. The choice of

derivatization mixture is dependent on the steroids of inter-

est, as co-elution of derivatized steroids may occur.65

Oximation

Carboxylic acids were commonly esterified by reacting

with diazomethane; however, silylation is now more

common.66-68 Diazomethane in diethyl ether (0.5 mL) was

used to esterify steroid glucuronides from biological extracts

followed by silylation with N-methyl-N-trifluoroacetamide

(MSTFA)/TMCS (100:1 v/v).33

Silylation

A number of silylating agents are used for the protection

of active hydrogens in steroid molecules. In general, the

sterically least hindered functional groups containing active

hydrogen are the most readily derivatized; however, these

are also the most sensitive to hydrolysis with acid or base.

Trimethylsilyl (TMS) derivatization is extensively used to

derivatize most steroid functional groups, including aliphatic
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and phenolic alcohols and carbonyl and amine groups, to

increase volatility for GC-MS. The most common reagents

are N,O-bis (trimethylsilyl)-trifluoroacetamide (BSTFA) and

the more volatile MSTFA. In an equine urinary profiling of

testosterone and ethisterone, oximation was performed

using hydroxyamine HCl in dry pyridine (10% w/v; 50 µL).

Subsequent tert-butyldimethylsilylation (TBDMS) was

performed with 5% diethylamine HCl in DMF and N-methyl,

N-tert.-butyldimethylsilyltri-fluoroacetamide (MTBSTFA). The

oxime-TBDMS derivatization showed good specificity and

sensitivity for the quantification of ethisterone and testos-

terone.62

The silylation potential of a ketone moiety under steric

hindrance can be increased with catalysts. TMS imidazole

and trimethyliodosilane (TMIS) are recommended as

catalysts. As an alternative reagent, a mixture of MSTFA,

ethanethiol, and ammonium iodide (NH4I) has been used

in steroid profiling.69 Replacement of ethanethiol with

dithioerythreitol (DTE) and preparation of the resultant

MSTFA:NH4I:DTE mixture in desired ratios is in wide

practice in various GC-MS-based steroid analysis studies.

For chemical transformation of multi-functional steroids,

mixed derivatization is performed to improve physical-

Figure 3. Detectabilities of 3 different derivatization techniques. Nineteen estrogen metabolites were spiked at a urinary concentration of

1 ng/mL and analyzed. Representative extracted-ion chromatograms based on the quantitative ions of the individual compounds

catechol estrone (2-hydroxy-estrone: 2-OH-E1) and estradiol (2-hydroxy-17β-estradiol: 2-OH-E2) are presented without smoothing.

Data are taken from reference #73.

Figure 2. Mass spectra of 3-trimethylsilyl-17-flophemesyl

derivatives of (A) testosterone, (B) epitestosterone, and (C) 5a-

dihydrotestosterone. Data are taken from reference #47.
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chemical properties and mass spectral characteristics.

Sensitive and selective quantification of testosterone and

epitestosterone in equine urine was achieved by a

combination of TMS and pentafluorophenyldimethyl-

silylation.63 The pentafluorophenyl ring is a strong electron-

attracting group, which is able to influence the mode of

fragmentation of steroid derivatives under electron impact

in a way that leads to diagnostic mass spectra. The spectra of

pentafluorophenyldimethylsilyl (flophemesyl) derivatives

generally display a strong molecular ion and provide more

detailed diagnostic information (Figure 2).70-72

Acylation and ethoxycarbonylation

Acylation is another commonly used chemical derivatization

method for polar hydroxyl, thiol, and amine groups in GC-

MS-based steroid analysis. It can be formed with acyl

anhydride, acyl halide, and acyl amide, but N-methyl-bis

(trifluoroacetamide) has been more commonly used in

recent. Estrogens have a phenolic hydroxyl and one or

more polar groups, such as alcoholic hydroxyl and/or ketone.

An optimized two-phase extractive ethoxycarbonylation

(EOC) with ethylchloroformate (ECF) was combined with

subsequent pentafluoropropionyl (PFP) derivatization to

overcome the high polarity and instability of catechol

estrogens in a GC-MS-based analysis. The chemical structures

of the derivatives of urinary estrogen metabolites were

identified and confirmed using mass spectral patterns.48 To

improve the detectability with good GC-MS properties,

perfluoroacylation with PFPA was performed as subsequent

derivatization to protect the remaining aliphatic hydroxyl

groups. The chromatographic separation of the 19 estrogens

as their EOC-PFP derivatives was achieved with excellent

peak shapes and higher responses in serum samples

(Figure 3).73

Conclusion

Sample preparation plays a very important role in GC-

MS-based steroid analysis. Here, we discussed major

sample preparation techniques and their significance,

particularly with respect to 3 aspects: SPE, hydrolysis, and

derivatization. We also compared different SPE techniques

and hydrolytic enzymes and discussed the various

derivatization methods currently in use. A variety of

biological samples have been analyzed for identification

and quantification of endogenous steroids. The results

obtained were based on the type of sample material used,

the target metabolites, and the combination of sample

preparation steps.
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