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ABSTRACT
EFFECTS OF EXPOSURE TO POLYBROMINATED BIPHENYLS

ON URINARY STEROID METABOLIC PROFILES IN MAN AND RATS
AS DETERMINED BY CAPILLARY GC AND GC/MS/DS

By

John James Vrbanac, Jr.

Polyhalogenated organic compounds have been shown to be
potent inducers of mixed-function oxidases (MFOs) responsi-
ble for the metabolism of a wide range of compounds includ-
ing steroid hormones. Since induction of MFO enzyme systems
increases the metabolism of steroids and since alterations
in steroid hormone secretion and metabolism may be reflected
by changes in the urinary steroid metabolic profile, the
effects of exposure to PBBs (potent MFO inducers) on steroid
hormone excretion were investigated by examining urinary
steroid metabolic profiles in exposed humans and in an
experimental model (rats).

Advantages and disadvantages of using capillary column
GC/FID and packed and capillary columns GC/MS/MSSMET (an
off-line reverse library search analysis) were investigated.
Capillary GC/FID was adequate for quantitative analysis of
most steroids isolated from human urine. The major drawback
to using capillary GC/FID was the time involved in analysis
of the GC traces. Generation of human urinary steroid
metabolic profiles by GC/MS/MSS was faster, but a major
drawback was the relative insensitivity of this method

compared to capillary column GC/FID.



Exposure of male and female rats to PBBs etc was
observed to alter the urinary steroid metabolic profile in
the corticosteroid region of the profile.

Urinary 6g-hydroxycortisol, a well-characterized
indicator hepatic cytochrome P-450 mixed function oxidase
activity, was increased in the PBBs-exposed humans
(non-smoking healthy adult male subjects with greater than
50 ppb PBBs in their serum). This effect was less than that
seen following chronic exposure to high therapeutic doses of
phenobarbital, but was similar in magnitude to increases in
urinary 6g-hydroxycortisol excretion reported for workers
exposed to DDT. Certain other steroids, all but one of
adrenal origin, appeared to be elevated in the PBBs exposed

population.
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SECTION I

General Introduction



SECTION 1

OBJECTIVES

The long range goal of this work was to develop a non-
invasive procedure for the identification of individuals
with significant xenobiotic-induced alterations in steroid
metabolism. Initial efforts focused on development of
capillary column gas chromatography (GC; a glossary of terms
is 1isted in Appendix III) with flame ionization detection
(FID) and gas chromatography/mass spectrometry/data system
(GC/MS/DS) methods for qualitative and quantitative analysis
of urinary steroids. It was believed that these methods
would allow certain xenobiotic-induced changes in steroid
hormone metabolism to be monitored using urine samples. It
has been demonstrated that many environmental chemicals that
either stimulate or inhibit mixed function oxidase (MFO)
enzyme systems alter steroid hormone metabolism in a similar
manner. For this project polybrominated biphenyls (PBBs)
were chosen as a model to represent xenobiotic stimulators
of MFO enzyme systems.

The immediate objectives of this project were to:

1) Develop a quantitative procedure for the isolation,
purification and derivatization of steroids from
urine and plasma.



2)

3)

4)

Develop capillary column GC and an automated
GC/MS/DS technique for the quantitative analysis
of a mixture of steroids isolated from urine or
plasma.

Use the rat as a model to examine the effects of
PBBs on the urinary steroid metabolic profile and
correlate these changes with known specific effects
these chemicals have on steroid metabolism.

Extend the study to a human population by examining
the steroid metabolic profiles of a group of
subjects accidentally exposed to PBBs.



BACKGROUND

1. Mixed function oxidase enzyme systems:

The term "mixed-function" oxidase was first used by
Mason (1957) to describe certain types of biological
oxidations. This term describes particular enzyme complexes
which require molecular oxygen and NADPH and which exhibit a
wide range of substrate specificities. In these reactions
one atom of oxygen appears in the metabolized substance and
one atom of oxygen appears in water. Steroid hormone lyases
and hydroxylases are part of this general enzyme system.

The mixed-function oxidase sytem is also responsible for the
oxidation of l1ipids and for the oxidative detoxication of a
large number of harmful xenobiotics. In general, the mixed-
function oxidase enzymes responsible for the oxidations of
xenobiotics, 1ipids and steroids are associated with smooth
endoplasmic reticulum, although their synthesis is apparent-
ly associated with the rough endoplasmic reticulum.

A carbon monoxide binding pigment in liver microsomes
was first described by Klingenberg (1958) and Garfinkel
(1958). This pigment was later named cytochrome P-450 since
it was observed to have an absorption maximum at 450 nm when
combined with carbon monoxide and was shown to be a proto-

porphyrin hemoprotein of the cytochrome b-5 type (Omura and



Sato, 1964). It is now recognized that the cytochrome P-450
system is involved in the transfer of electrons to oxygen to
form water and oxidized product in the above mentioned
mixed-function oxidase systems, and that there is a wide
range of substrates of endogenous and exogenous origin that
undergo oxidation, reduction or are otherwise metabolized
(i.e., clevage reactions for example) by cytochrome P-450
complexes (Wiekramasinghe, 1975; Blumberg, 1978; Makin,
1975; Schulster, 1976). Cytochrome P-450 participation in
steroid hydroxylation reactions has been shown to occur in
the mitochondria and microsomes of those tissues associated
with steroid synthesis (Wiekramasinghe, 1975; McIntosh et
al., 1971 and 1973; Mason et al., 1973; Meigs and Ryan,
1968). The concentration and distribution of the various
cytochrome P-450 enzyme complexes is quite dependent upon
such variables as sex, age, metabolic state and environ-
mental factors (McIntosh et al., 1973; McKerns, 1968).

It is well established that there are multiple forms of
cytochrome P-450 for the metabolism of substances of both
endogenous and exogenous origin (Wiekramasinghe, 1975;
Blumberg, 1978). Sladek and Mannering (1966) were the first
to obtain evidence for more than one form when they noticed
that changes in the carbon monoxide difference spectrum
occurred when animals were pretreated with polycyclic
aromatic hydrocarbons. The carbon monoxide difference
spectrum maximum had shifted from 450 mu to 448 mu in these

experiments and this hemoprotein has come to be termed



cytochrome P-448. Two classical types of microsomal mixed-
function oxidase enzyme induction have evolved using the
above classification. Phenobarbital is the classical
inducer of the P-450 type cytochrome and 3-methylchol-
anthrene (3-MC) is the classical inducer of the P-448 type
cytochrome (Sladek and Mannering, 1969a, 1969b). 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (TCDD) is an agent that also
belongs to the 3-MC classification of inducer. The 3-MC
type induction affects the metabolism of a smaller number of
compounds than the phenobarbital type induction. In some
cases, pretreatment of subjects with a specific inducer will
affect the pharmacological/toxicological response to a
second agent (the effect can be either augmented or attenu-
ated). For example, barbiturate-induced sleeping time is
reduced by pretreatment of subjects with phenobarbital.
Phenobarbital-like induction also results in
proliferation of the endoplasmic reticulum. This type of
induction has been characterized by a number of enzyme
assays, aminopyrine-N-demethylase and epoxide hydrolase
being two of the better known examples. 3-MC-like induction
results in an abnormal liver pathology and has also been
characterized using a number of specific enzyme assays
(benzo[a]pyrene hydroxylase and UDP-glucuronyl-p-nitrophenol

glucuronyl transferase for example).



2. Effects of xenobiotics on steroid metabolism and related

subjects:

It is well established that many different drugs and
environmental chemicals affect both hepatic and extrahepatic
MFO activity (Conney, 1971, 1976; Conney et al., 1973).
These effects can result in an alteration in the intensity
and duration of action of drugs metabolized by the systems.
For example, phenobarbital, benzo[alpyrene, DDT, poly-
chlorinated biphenyls (PCBs), phenylbutazone and aminopyrene
stimulate oxidative drug metabolizing enzymes in liver
microsomes while chloramphenicol, chlorthion, carbon
monoxide, and bis-hydroxycoumarin inhibit these enzymes
(Conney et al., 1973). Since the microsomal MFO system is
important in steroid hormone biochemistry and xenobiotic
induction of MFOs has been shown to affect steroid
metabolism it follows that xenobiotic-induced alterations in
MFO activity could influence endocrine balance to the extent
that biological functions such as reproduction may be
influenced.

Induction by PCBs. Contamination of much of the

ecosystem by PCBs is considered to be a serious environ-
mental concern. PCBs are lipid soluble compounds and are
chemically stable. PCBs have been observed to cross the
placental barrier and have been found in milk (Orberg, 1977;
Allen and Barsotti, 1976; Kuratsune et al., 1972; Takagi et

al., 1976). PCBs increased the hepatic metabolism of



testosterone, 4-androstene-3,17-dione and estradiol-178 in
the chicken (Nowicki and Norman, 1972). This altered hepat-
ic metabolism of steroids is believed to be the cause of
PCBs-induced egg shell thinning in certain species of birds
(Haegele and Tucker, 1974) since the plasma concentrations
of estrogens and progesterones are believed to be critical
in this process. Rats, mice and rhesus monkeys treated with
PCBs showed elevated corticosterone concentrations and
increased size of the adrenals (Wasserman et al., 1973;
Sanders et al., 1974; Barsotti and Allen, 1975). Interes-
tingly, in one study the "total plasma corticoids" in mice
was reported to be slightly reduced (Sanders and Kirk-
patrick, 1975). Exposure to PCBs resulted in decreased
urinary dehydroepiandrosterone in the boar (Plantonow et
al., 1972). PCBs also increased the catabolism of exogen-
ously administered progesterone, estradiol-178 and testos-
terone in rodents, an effect attributed to PCBs-induced
increases in microsomal enzyme activity (Orberg and
Kihlstrom, 1973; Orberg and Lundberg, 1974; Orberg and
Ingvast, 1977; Derr, 1978). 1In general, the highly chlorin-
ated PCBs have a greater stimulatory effect on microsomal

MFO enzymes than the lowly chlorinated PCBs (Bickers et al.,

1974; Orberg, 1976). Thus, PCBs affect the metabolism of
androgens, estrogens and corticosteroids and would therefore
be expected to affect physiological processes regulated by
these steroids.

Exposure to PCBs has been observed to result in a



variety of toxicities to the reproductive system. Women
exposed to PCBs and other chlorinated hydrocarbons have
shown menstral cycle irregularities and dysmenorrhea
(Kuratsune et al., 1972) and rhesus monkeys exposed to PCBs
showed lengthened menstral cycles (Allen and Barsotti,
1976). Female mice exposed to PCBs showed a reduction in
the number of ova implanted following mating and a length-
ened estrus cycle (Orberg and Kihlstrom, 1973; Orberg et
al., 1972) and pregnant rabbits treated with PCBs showed
reduced litter sizes (Villeneuve et al., 1971a and 1971b).
Certain of the lowly chlorinated PCBs show estrogenic
activity, an effect which is apparently obscured in complex
PCBs mixtures by altered steroid metabolism and other
factors (Nelson, 1974; Bitman and Cecil, 1970; Gellert,
1978). Thus, PCBs decrease the reproductive capability of
mammals, an effect that at least, in part, probably relates
to effects on steroid hormone metabolism.

Induction by PBBs. Polybrominated biphenyls (PBBs) were

accidentally added to dairy cow feed in Michigan resulting
in a contamination of the food supply (Dunckel, 1975). Like
PCBs, PBBs accumulate in milk and fat tissues and are
chemically stable (Fries and Marrow, 1974; Matthews et al.,
1977, 1978; Rickert et al., 1978). Also, like PCBs, PBBs
are potent stimulators of liver and extrahepatic microsomal
MFO enzyme systems (Dent et al., 1976; McCormack et al

1978, 1979; Arneric et al., 1980; Newton et al., 1980).
Initial studies investigating PBBs indicated that they had



characteristics similar to the TCDD-type toxic polyhalo-
genated aromatic-hydrocarbons and also the classical inducer
phenobarbital and therefore were classified as "mixed"
inducers (Dent, 1976; Sladek and Mannering; 1969a, 1969b).
PBBs were noted to be inducers of liver microsomal aryl
hydrocarbon hydroxylase as well as enzymes which are induced
by phenobarbital. PBBs exposure was observed to elicit a
toxicity syndrome similar to TCDD in that PBBs caused

1) pathological changes in the liver similar to those seen
following TCDD, 2) depressed body weight gains, 3) were
immunotoxic, 4) and produced edema in chicks (Jackson and
Halbert, 1974; Ringer and Polin, 1977). Because PBBs are a
mixture of various congeners with different chemical proper-
ties, it was of interest to define the chemical nature of
the mixture and the biological effects of the various PBBs
congeners present in Firemaster BP-6 and other commercial
PBBs preparations. The particular commercial mixture of
PBBs which contaminated Michigan contained 10 components
each of which made up greater than 1% of the mixture, with
three of these components accounting for 75% of the mixture
(Moore and Aust, 1978; Moore et al., 1978, 1980). These
considerations are important since the chemical and toxico-
logical properties of individual pure congeners are highly
variable. 1In particular, those congeners with 2 or more
ortho bromines are relatively non-toxic and have a phenobar-
bital-like effect in that they induce liver microsomal

enzymes usually induced by phenobarbital and cause a
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proliferation of hepatic endoplasmic reticulum. Congeners
without bromines in the ortho position have a toxicity
similar to TCDD and induce microsomal enzymes usually
associated with 3-methylcholanthrene exposure. Those
congeners with one ortho bromine show moderate toxicity and
were "mixed" inducers of liver microsomal enzymes, having
both 3-methylcholanthrene phenobarbital-like effects (Dannan
et al., 1978; Moore et al., 1980). Individual components of
the commercial mixture of PBBs which contaminated Michigan
all contained at least one ortho bromine and 89% of the
total mixture contained two ortho bromines. Thus, it would
be reasonable to expect that one of the possible effects of
this particular mixture of PBBs would be a "phenobarbital-
like" effect in the exposed humah population.

PBBs reduced the response to exogenous steroid sex
hormones (McCormack et al., 1979). PBBs can undergo trans-
placental movement and, being 1ipid soluble, are present in
the milk of exposed lactating females. The offspring of
rats fed a diet containing PBBs from the 8th day of pregnan-
cy until 28 days postpartum had significant concentrations
of PBBs in liver, kidney and fat tissues 300 days later
(McCormack et al., 1980a, 1980b). The offspring also showed
renal and hepatic enzyme stimulation, a reduction in pento-
barbital sleeping time and histopathological alterations.
Dietary PBBs administration to rats by the above regime
altered in vitro metabolism of progesterone by hepatic

microsomal MFOs in the offspring (Arneric et al., 1980).
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In the same study PBBs were reported to increase the metabo-
lism of progesterone to both 16a- and 6g-hydroxyproges-
terone. This effect was sex dependent in immature animals
and resembled the MFO stimulatory effects of phenobarbitol
more that 3-methylcholanthrene in this system. Metabolism
of estradiol, estrone and ethynyl estradiol by hepatic
microsomes was also increased by exposure to PBBs (Newton et
al., 1980; Bonhaus et al., 1982). The effects of PBBs
treatment on the activities of testosterone 16a-hydroxylase,
Ja-hydroxylase, 68-hydroxylase and 17g-dehydrogenase were
also studied using the above treatment protocol.
7a-Hydroxylase activity was stimulated by PBBs in males and
females. This effect was more pronounced in females at 2
and 4 months of age. 16a-Hydroxylase activity was increased
in females of all ages while only the immature males showed
an increase in activity. 6g-Hydroxylase activity was
increased in both sexes at all ages. 17g8-Dehydrogenase
activity was elevated at all ages in treated females and in
one month old males. Interestingly, 10 ppm PBBs increased
l16a-hydroxylase and 17g8-dehydrogenase activities in 8 week
old males but 100 ppm PBBs did not, suggesting that high
concentrations of PBBs may actually inhibit steroid metabo-
lism of these two enzymes In the same series of studies
(Newton et al., 1980, 1982), PBBs also decreased the reduc-
tive metabolism of testosterone to the more potent androgens

S5a-dihydrotestosterone and 5a-dihydroandrostenedione.
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As one might expect, the reproductive toxicities
associated with PCBs have also been seen following PBBs
exposure. PBBs administration lengthened the estrus cycles
in rats and rhesus monkeys (Johnston et al., 1980; Lambrecht
et al., 1978). The effect in monkeys was associated with
attenuated serum progesterone peaks (Lambrecht et al.,
1978). Perinatal PBBs exposure delayed vaginal opening in
rats (McCormack et al., 1980b; Harris et al., 1978). PBB
exposure reduced spermatogenesis and caused testicular
atrophy in bulls, and resulted in hypoactive seminiferous
tubules in rhesus monkeys (Allen et al., 1978; Jackson and
Halbert, 1974). Thus, like PBCs, exposure to PBBs
stimulated the metabolism of androgens and estrogens and
interfered with reproductive processes.

PBBs treatment has been observed to have significant
effects on the metabolism of sex steroids. PBBs increased
the conversion of progesterone to 16a- and 6g-hydroxy-
progesterone and increased the oxidative metabolism of
estradiol, estrone and ethynyl estradiol. PBBs treatment
also increased testosterone metabolism and induced a reduc-
tion in androgenicity of testosterone, an effect which may
be brought about in three ways: 1) decreased 5a-reduction
of testosterone to S5a-dihydrotestosterone and S5a-dihydro-
androsterone, 2) enhanced oxidation of testosterone by 68-,
7a- and 16a-hydroxylases, 3) enhanced 17g-oxidation to

androstenedione.
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Since the major route of elimination of conjugated and
unconjugated metabolites of steroid hormones is through
renal excretion, the above xenobiotic-induced changes in
steroid hormone metabolism should be reflected in the
amounts of steroid metabolites in the urine. For example,
increased urinary excretion of 16a- and 68-hydroxylated
metabolites of progesterone and 16a-, 7a- and 6g-hydroxylat-
ed metabolites of testosterone might be observed in PBBs-
treated subjects. In general, one might expect that large
increases in the metabolism of any steroid hormone should be
reflected by increased urinary excretion of its metabolites.

Many compounds have been reported to inhibit microsomal
MFO activity. For example, the halogenated hydrocarbons
chlorthion and carbon tetrachloride decreased microsomal MFO
activity (Conney et al., 1973). Certain heavy metals such
as cadmium, lead and organic mercurial compounds also
decreased MFO activity (Conney et al., 1973; Means and
Schnell, 1979, 1980; Meredith et al., 1977; Ahotupa et al.,
1979; Aitio et al., 1978). Cadmium treatment caused a
marked inhibition of hepatic microsomal MFO drug
metabolizing enzyme activity (Means and Schnell, 1980;
Hadley et al., 1974; Krasny and Holbroot, 1977) and has
reduced testicular synthesis of testosterone both in vivo
and in vitro (Chandler et al., 1976; Gunn et al., 1965).
However, perinatal cadmium exposure increased both adrenal
steroidogenesis and the hepatic reduction of corticosterone

in adult rats, an effect that was suggested to be due to a
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general increase in the activity of hepatic steroid reduc-
tases (Grady et al., 1978). Such an effect is interesting
in view of the fact that PBBs inhibited hepatic steroid
reductases (McCormack et al., 1978; McCormack et al., 1979)
In contrast to cadmium, chronic administration of methyl
mercury resulted in a decreased hepatic metabolism of
corticosterone and a decreased synthesis of steroids in the
adrenal gland (Grady et al., 1978; Burton and Meikle, 1977)
Cadmium, methyl mercury and lead were also toxic to both the
male and female reproductive system (Lancranjan, 1975;
Lucier et al., 1977; Harbison et al., 1978). Grady et al.
(1978) showed that cadmium effects on corticosterone reduc-
tion and adrenal steroidogenesis were correlated with
increased plasma corticosterone and adrenal weights. Ten
ppm cadmium in drinking water was reported to completely
prevent reproduction in a colony of mice (Schroeder and
Mitchener, 1971).

Thus, many different xenobiotics can cause significant
changes in both hepatic and extrahepatic enzyme systems that
metabolize steroid hormones. It appears likely that
although the mechanisms of action of these compounds are
indeed very complex, at least part of their toxicities
relates to altered metabolism of steroid hormones. This is
especially true for some of the polyhalogenated hydro-
carbons. In preliminary studies, PBBs treatment affected
the profile of steroid metabolites in the urine of rats.

These observations lead one to suspect that physiologically



15

significant changes in steroid metabolism caused by exposure
to environmental chemicals should result in a significant
alteration in the excretion of steroid metabolites and that
such changes may be detected by examining urinary steroids.

Metabolism of PBBs. The endoplasmic reticulum is the

site of metabolism for a large number of drugs and xeno-
biotics and is probably where metabolism of certain PBB
congeners occurs. In vitro studies indicate that at least
two of the major congeners in Firemaster BP-6 can undergo
rapid metabolism in rat hepatic microsomal preparations
isolated from subjects pretreated with phenobarbital.
Microsomal preparations from nontreated and 3-MC pretreated
subjects were ineffective (Dannan et al., 1978; Dannan and
Aust, 1983). These particular congeners are the only two in
the Firemaster BP-6 mixture known to have at least one
unsubstituted para carbon. In these experiments the reac-
tion rate was determined by substrate disappearance
(measured by GC) and the chemical nature of the metab-
olite(s) was not determined (aromatic hydroxylation would be
the most likely reaction to be occurring). Metabolism of
some PBB congeners not found in the Firemaster BP-6 mixture
has been investigated (Safe et al., 1976; Kohli and Safe,
1976; Kohli et al., 1978) but will not be discussed here.
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3. Metabolic Profiling:

General Concepts. The concept that individuals have

distinct metabolic patterns reflected by the constitutents
of their biological fluids (i.e., urine, blood, amniotic
fluid, cerebrospinal fluid, sweat, etc.) originated with the
work of Roger Williams (1951). By utilizing the technique
of paper chromatography, Williams showed convincingly that
the patterns for a variety of compounds found in urine
varied greatly from one individual to another but were rela-
tively constant for any given individual. William's concept
was not employed by others until the late 1960's when liquid
and gas chromatographic techniques had become refined enough
to allow for studies of this type with considerably less
effort. The phrase most often used to describe multi-
component analysis of biological fluids, "metabolic
profiling", was defined by Horning and Horning (1971a,
1971b) as "multicomponent GC analyses that define or
describe metabolic patterns for a group of metabolically or
analytically related metabolites". The Hornings also
suggested that "profiles may prove to be useful for charac-
terizing both normal and pathologic states, for studies of
drug metabolism, and for human development studies."
Although metabolic profiling of biological mixtures is a
relatively new technology, the analytical techniques that
are used are not. These include paper chromatography, thin
layer chromatography, column chromatography, gas chromatog-

raphy (GC) and gas chromatography/mass spectrometry (GC/MS).
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0f these techniques the most versatile and useful is
GC/MS with computer assisted analysis of the data. Indeed,
most of the ongoing research in the area of metabolic.
profiling presently uses the technique of reconstructing
mass chromatograms by computer from arrays of complete mass
spectra (Hites and Biemann, 1970). Briefly, this technique
involves the taking of complete mass spectra repetitively
throughout an entire GC analysis with subsequent computer
storage of the data. The resulting information is a three
dimensional array with axes of time, mass, and ion
intensity. A plot of ion intensity vs. scan number for any
particular mass is called a mass chromatogram. Examples of
mass chromatograms can be seen in Figure 1. By examining
the mass chromatogram of certain key ions, qualitative and
quantitative information about specific compounds can be
ascertained. Although most of the original work in the area
of metabolic profiling was done using packed column GC
separation, advances in capillary column technology in
recent years, particularly in the area of column fabrication
and coating techniques, have made this method very appealing
as a separation vehicle for profiling analysis. Indeed,
once experimental parameters are determined and stringently
reproduced (i.e., sample preparation and GC parameters),
capillary technology offers not only excellent qualitative
but satisfactory quantitative analysis of complex mixtures.

MSSMET. During the past 5-6 years, a system has been
developed at the MSU/NIH Mass Spectrometry Facility for
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Figure 1. GC/MS/DS analyses of urinary steroids from a
normal female. A mixture of straight-chain
saturated alkanes (C-20,22,24,26,28,30,32,
34) has been co-injected for calculation of
methylene unit retention indicies. Mass
chromatogram m/z*=85 shows where the
various alkanes elute (top trace). The
region around androsterone and etiochol-
anolone is expanded in the bottom panels,
and selected ion chromatograms for andro-
sterone and etiocholanolone shown.
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automated simultaneous qualitative and quantitative anlaysis
of complex organic mixtures by GC/MS/DS systems (Gates et
al., 1976a, 1976b, 1978a, 1978b, 1978c; Sweeley et al.,
1977; Gates and Sweeley, 1978; Sweeley, 1979). This
technique uses methylene unit retention indices for the time
dimension and an off-line reverse library search of the data
obtained from GC/MS runs for qualitative and quantitative
analysis of complex biological mixtures. The system is
abbreviated as MSSMET (mass spectral metabolite search).

Figure 1 illustrates the type of mass spectral data from
which the MSSMET data system identifies and quantifies a
particular compound in a complex mixture of chemically-
similar substances. Data shown are for a GC/MS determina-
tion of normal female urinary steroids. These data were
obtained by repetitively scanning the mass spectrometer
analyzer from 40 to 700 m/z every 4 seconds. The abscissa
represents scan number and the ordinate represents ion
intensity. The total ion intensity (TII) is the sum of the
intensities of all ions recorded for any particular scan and
is analogous to a GC trace. Also shown with the TII is the
mass chromatogram for m/z = 85 which indicates where the
co-injected straight chain saturated hydrocarbons elute.

The bottom of Figure 1 is an expanded display of the TII
between scan 70 and 175. Also shown are mass chromatograms
for m/z = 270 and 360, which are prominent ions in the
electron impact mass spectrum of the methoxime-trimethyl-

silyl derivative of androsterone and etiocholanolone
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(Table 6 lists the IUPAC name for trivial names and abbre-
viations used). In determining the presence or absence of a
particular compound listed in the MSSMET library, the
computer looks for the presence of a GC peak of a character-
istic ion ("designate ion") within a time "window". The
exact location of the window is defined by the scan numbers
at which the co-injected hydrocarbons elute. If a GC peak
for the designate ion is found within this window, then the
computer examines for the occurrence of other characteristic
ions for this particular compound ("confirming ions") with
GC peaks that maximize within 1 or 2 scans of the peak
maxima for the designate ion. The program then integrates
peak areas for each GC peak found and calculates a correla-
tion coefficient based upon the differences between the
library and observed ratios of the designate and confirming
jon intensities. If the correlation coefficient is greater
than a value arbitrarily set by the operator, then the
compound is considered "found" and relevant information
concerning this compound (i.e., integrated area and peak
height of the designate ion, retention index, and retention
time of the compound, etc.) is stored in a "found-file".
The correlation coefficient, peak detection and peak area
integration algorithms are explained in greater detail later.
Figure 2 shows a typical entry into the MSSMET compound
“lTibrary" used by the computer to identify and quantitate
compounds from a repetitive scanning GC/MS data file.

MSSMET is a highly interactive program. The operator has a
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Figure 2. Description of MSSMET library files.
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KEY TO MSSMET LIBRARY*

—

OPN:/WM 135,

OPN:/CB 69,
*ENTRYTYPE :MSSMET

NAM: * 1 ANDROSTERONE(3A-HYDROXY-5A-ANDROSTANE-17-ONE)
TMI: 2529

DIN: 270

CIN: 270,999,360,546

EWN

*Typical library entry for MSSMET analysis of urine
samples, based on a reverse library search using GC reten-
tion indices and selected mass chromatograms.

1. Examples of options. MSSMET has 24 different
options available to the user for interaction with the
computer system. In the examples shown, the WM 135 option
sets the "window" at 135 seconds around the retention index
of a particular compound (androsterone, in this case). The
computer will search all mass spectral data within the
designated time frame for confirming ions of the selected
compound. CQ is the value the correlation coefficient must
equal or exceed for a particular compound to be printed out
by the computer as a candidate.

2. Identifying compound number and name (common names
and IUPAC).

3. Retention index (TMI). The retention index of
androsterone, 2529, indicates that androsterone elutes
between C-25 and C-26 (straight chain saturated hydrocar-
bons) at a time after the elution of C-25 that is 29% of the
time interval between the elution of C-25 and C-26.

4, The designate ion in this case is at m/z 270. This
ion is usually one of the more intense ions in the mass
spectrum of androsterone and is also an ion that does not
occur in the mass spectra of compounds that elute near the
compound in question, if possible. The designate ion is
also used for quantitation.

5. "CIN" refers to the confirming ion set. This set
includes the designate ion (peak at m/z 270); the intensity
of the designate ion is reported as 999 in this set. Thus,
in this example the confirming ion set consists of two peaks
at m/z 270 and 360 having relative intensities of 99.9% and
54.6%, respectively; this information is represented above
by the sequence "CIN: 270, 999, 360, 546". The number of
confirming ions used can be selected by the operator up to
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number of decisions to make when building a library that
influence MSSMET analysis of a particular data set. These
decisions include the choice of ions for each particular
entry into the library and of values for various options
that influence the analysis of the data. In the MSSMET
library, a retention index and key ions with their relative
intensities are listed for each compound. One ion, the
"designate ion", is used for quantitation, and the other
ions are used to confirm identification of the compound. In
the example shown, the compound in question, androsterone,
has a retention index of 2529 and key ions are m/z = 270 and
360, with the intensity of m/z = 360 equal to 54.6% the
intensity of m/z = 270. M/z = 270 has been chosen as the
designate ion.

Figure 3 shows a typical entry into a file generated by
the MSSMET program which lists all the compounds found by
the computer. The two most important pieces of information
contained in the found file are the integrated areas of the
designate ions for each compound and the correlation coef-
ficient. 1In the example shown in Figure 3, androsterone has
been identified with a correlation coefficient of 98 (100 is
perfect) with the area of the designate ion being 43,317 (no
units). In general, areas less than 1000 should be ques-
tioned. Also shown is the amount of androsterone present in
relationship to the amount of an internal standard (comment
number 8 in legend to Figure 3). This value is calculated

by dividing the area of the designate ion of androsterone by
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Figure 3. Description of found file. The found file
lists those compounds identified by the
computer as being present in the sample.
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KEY TO TYPICAL "FOUND" FILE

—
N

3 4 5 6 7 8 9 10
* 1 ANDROSTERONE 5 + 98 43317 0.177E+00 21:53 - 0.09

+ 99 20042 0.218E+00 PER DROP
16 17 18 19 20

11 12 13 14 15
2524 -5 134 137 141

MISSED 0 of 2
21

a) The "found" file lists those compounds identified by
the computer as being present in the sample. The following
information is printed with each found file.

1. Off-scale indicator. Indicates when maximum peak
height is above a designated value.

2. Compound identification number.

3. Compound name.

4. Number of the peak out of number of candidate peaks
found in time window. This number represents the chronolog-
ical order of a series of chromatographic peaks within the
designated time window for androsterone detected by the
computer during data analysis.

5. Match category for peak area as determined by the
correlation coefficient and the difference between the
actual and the calculated retention index. Match categories
include + (high correlation coefficient), (intermediate
range correlation coefficient) and - (poor match with
library retention index).

6. Correlation coefficient for peak area.

7. Peak area of designate ion.

8. Relative amount of compound using peak areas (area
of designate ion relative to the area of the designate ion
of the internal standard, corrected for the amount of
internal standard added, ml of urine used and mg/ml of crea-
tine). Value is unitless. The letter E indicates that the
value is written in exponential form (i.e., the value shown
is 0.177). Values of E 00 are nearly always significant.
Depending upon the amount of internal standard added, values
of E-02 or less could also be significant.

9. Retention time (minutes:seconds).

10. Difference of retention time from that predicted by
library (minutes:seconds).

11. Retention index (methylene units).

12. Difference of retention index from library value.

13. Starting scan number of peak.
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Figure 3 (continued)

14. Scan number at apex of peak.

15. Ending scan number of peak.

16. Match category for peak height. Match category
defined in comment 5.

17. Correlation coefficient for peak height.

18. Peak height of designate ion.

19. Relative amount of compound using peak height for
quantitation (see comment 8).

20. Method of area calculation.

21. Number of confirming ions missed.
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the area of the designate ion of the internal standard,
correcting for the amount of internal standard added, the ml
of urine used, and the mg/ml of creatine. This value is
referred to as the "area internal standard".

After computer generation of a "found" file, MSSMET
evaluates the data for quantitation purposes and prints this

data in a "normalized found" file. A typical entry into

this "normalized found" file is seen in Figure 4. The most
important pieces of information contained in this file are
the "area partial sum" and the "area internal standard"
values. The "area internal standard" is calculated by
dividing the integrated area of the designate ion for a
particular compound by the integrated area of the designate
ion for the internal standard. The "area partial sum" is
calculated by dividing the integrated area of the designate
ion for a particular compound by the sum of the integrated
areas for the designate ions of all compounds found and
multiplying this value by 10,000. Values for the "area
partial sum" generally fall between 1 and 10,000. Values
less than 1 should be questioned. Values for the "area
internal standard" are entirely dependent upon the amount of
internal standard added.

Figure 5 shows part of a typical quantitative printout
that is obtained for a typical human urinary steroid
profile. In the example shown, the first line identifies
the date of the computer analysis (March 10th, 1981), the
name of the GC/MS data file (I11118001.MSF), and the library
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KEY TO NORMALIZED FOUND FILE™*

1 2424 -5 ANDROSTERONE 98 281.445 0.117 99 317.620 0.218
2 2541 -6 ETIOCHOLANOLONE 99 380.289 0.239 99 395.004 0.271
3 2585 0 DHA 91 11.136 0.007 84 8.637 0.006
1 3 3 4 5 6 7 8 9 10

*The normalized found file contains quantitative
information for those compounds listed in the found file.
The following information is printed with each normalized
found file.

1. Compound identification number.

2. Retention index.

3. Difference of retention index from library value.

4, Compound name.

5. Correlation coefficient for peak area.

6. Area partial sum. This value is calculated by
dividing the integrated area of the designate ion for a
particular compound by the sum of all integrated areas for
the designate ions of all compounds found and multiplying
this value by 10,000.

7. Height partial sum. Calculated in same manner as
area partial sum but using peak heights instead.

8. Correlation coefficient using peak height.

9. Area internal standard. This value is calculated by
dividing the integrated area of the designate ion for a
particular compound by the integrated area of the designate
ion for the internal standard.

10. Height internal standard. Calculated in the same
manner as area internal standard but using peak heights of
designate ion current responses.

Figure 4. Description of the normalized found file.
The normalized found file contains
quantitative information on those compounds
listed in the found file.
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Example of a typical MSSMET quantitative
printout (Found File) obtained for a normal
female human urinary steroid sample. Format
is the same as described in Figure 4.
Information relative to the sample and
date(s) of analyses are contained in each
printout. Various unknown compounds
(designated as UN1, UN2, ... etc.) have also
been identified by their characteristic
retention indices and ion currents.
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that was used in the analysis (STER2091B.LIB). The second
line lists the date the GC/MS file was transferred from the
data system interfaced with the instrument used in the
analysis to a PDP-11/44 which performs the MSSMET analysis.
The rest of this line contains the first line of the
“comments" for this particular data file. The next few
lines 1ist the values used by the computer in normalizing
the "area internal standard" values per mg internal standard
per ml urine per mg creatine. The sum of the peak area and
heights is listed next. The remainder of the information is
as previously described. In the example shown, cholesteryl
butyrate is identified as the internal standard by the
ampersand (&) at the far left. Note that besides compounds
of known chemical structure, various unknowns (designated as
UN1,2,...etc.) have also been identified by their charac-
teristic retention indices and ion currents.

Using a MSSMET system developed for urinary organic
acids and which employs the same operational principles
described above, over 200 separate urinary acid components
can be analyzed on a single GC run. This system was used in
a study comparing organic acids in the urines of healthy
adults, children with neuroblastoma, and children that did
not have cancer (Gates et al., 1978b, 1978c). Neuroblastoma
urines could easily be identified as different from other
children's urines by exhibiting significantly lower levels
of a-hydroxyisobutric, lactic, glycolic and two unidentified

acids, while at the same time significantly higher levels of
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tartaric, citric, homovanillic, vanillylmandelic, caffeic,
m-hydroxyphenylhydracrylic and one unidentified acid.

Steroid hormones. Metabolic profiling of urinary

steroids originated with the work of Gardiner and Horning
(1966). Their work demonstrated that most major urinary
steroids could be separated in a single gas chromatographic
run as the methoxime-trimethylsilyl ether derivatives. The
major advances since this time have involved improvements in
the methods for isolation of steroids from urine (Leunissen
and Thijssen, 1978; Thenot and Horning, 1972; Shackelton et
al., 1970; Bradlow, 1968), the introduction of wall-coated
open-tubular (WCOT) glass capillary columns (Novotny and
Zlatkis, 1970; Novotny et al., 1976; Horning et al., 1974;
Luyten and Rutten, 1974) and the use of computer-assisted
GC/MS analysis of steroid profiles (Baty and Wade, 1974;
Shackleton and Honour, 1976; Pfaffenberger and Horning,
1975; Setchell et al., 1976). In general, these methods
involve the isolation of steroids and steroid conjugates
from urine or blood by the use of a polystyrene non-ionic
absorbent column, enzymatic hydrolysis of the steroid
conjugates by g-glucuronidase and sulfatase, isolation of
the steroids a second time either by adsorption on a column
or by solvent extraction, and finally the formation of
volatile derivatives. Some procedures include a solvolysis
step for recovery of steroid sulfates not enzymatically

liberated (Leunissen and Thijssen, 1978) while others
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involve column separation of the steroids into different
fractions on Sephadex LH-20 (Setchell et al., 1976).
Metabolic profiling of human urinary steroids has
attracted much more attention in the past ten years, mostly
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