
Jourrwl oj’ CltrornaroRrcrpJly, 1 12 ( 1975) 605-6 15 
0 Elsevier Scientific Publishing Company. Amsterdam - Printed in The Netherlands 

CWROM. 8554 

THE USE OF GAS CHROMATOCRAPHIC-M,?.SS SPECTROMETRIC-COM- 
PUTER SYSTEMS IN PHARMACOKINETIC STUDIES 

M. G. WORNING, J. NOWLIN. M. STAFFORD, K. LERTRATANANCKOON, K. R. SOM- 
MER, R. M. HILL and R. N. STILLWELL 

Jtrslifrrte for Lipid R~wwrrJr NII~ Dqxwfnretr f of Pctli~~trics. Br~~Vor Colkyc of Mdicirrc. Jforrstorr. T~~xcrs 
77025 (U.S,A,) 

SUMMARY 

Pharmacokinetic studies involving plasma, urine, breast milk, saliva and liver 
homogenates have been carried out by selective ion detection with a gas chromato- 
graphic-mass spectrometric-computer system operated in the chemical ionization 
mode. Stable isotope labeled drugs were used as internal standards for quantification. 
The half-lives, the concentration at zero time, the slope (regression coef?icient). the 
maximum velocity of the reaction and the apparent Michaclis constant of the reaction 
were determined by regression analysis, and also by graphic means. 

INTRODUCTION 

Earlier studies from our laboratory have described methods for measuring the 
concentration of drugs in plasma, urine, breast milk and amniotic fluidIsJ. Measuring 
the concentration of drugs in a single sample, however, provides very little information 
compared to that obtained from multiple samples. With a series of timed samples or 
timed-paired samples (for example, plasma and breast milk), it is possible to obtain 
information on the binding of drugs to plasma proteins. the biological half-life of the 
drugs, the plasma clearance rate, and the length of time various drugs remain in the 
body. 

Spectrophotometric methods are usually employed for the determination of 
these pharmacokinetic parameters but analytical procedures based on selective ion 
detection (SID) with a gas chromatographic-mass spectrometric-computer (GC- 
MS-COM) system can also be useds*“. When SID is used for quantification the 
absolute intensities of one or more characteristic ions in the mass spectrum are 
recorded and compared to the absolute intensity of the internal standard. This analyt- 
ical approach was used initially with magnetic instruments operated in the electron 
impact mode ‘lL(. However, chemical ionization (Cl) olTers several advantages, and in 
our studies a quadrupole GC-MS-COM system operated in the CI mode is em- 
ployed for most of the quantitative analyses. 

In order to evaluate the usefulness of GC-MS-COM systems in pharmaco- 
kinetic studies, we have carried out analyses of urine. plasma, breast milk and saliva. 
All of the biological samples were collected after oral administration of the drugs. In 
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addition, the methods have been applied to i/t vifro studies of drug metabolism using 
liver homogenates. 

EXPERIMENTAL 

Kinetic studies of drug metabolism it7 vitro were performed using a 10,000 g 
liver homogenate supernatant fraction and an NADPH (nicotinamide-adenine di- 
nucleotide phosphate, reduced) generating system. The supernatant fraction was 
prepared from freshly excised livers dispersed in three volumes of a 1.15 ‘x potassi urn 
chloride f0.05 M potassium phosphate, pH 7.4 solution. The drug incubation system 
consisted of 2 ml of the 10,000 g supernatant fraction, 25 mM NADP (nicotinamide- 
adenine dinucleotide phosphate, oxidized), 45 mM glucose-6-phosphatet 20 mM 
magnesium chloride, O-15 units of glucose&phosphate dehydrogenase, and 0.05 M 
potassium phosphate, pH 7.4 to a final volume of 3 ml. Metabolism was initiated by 
addition of I-50,ug of drug, followed by oxygenation and incubation at 37 “C. Reac- 
tions were terminated at appropriate time intervals by the addition of ammonium 
carbonate and ethyl acetate. 

The drugs and their metabolites were extracted from plasma, urine, breast 
milk, saliva and tissue homogenates using ammonium carbonate-ethyl acetate as the 
salt-solvent pair*. The usual sample size was 0.1-I .O ml of plasma, saliva or breast 
milk, l-5 ml of urine and 3 ml of homogenate. Stable isotope labeled drugs were added 
as internal standards to the biological samples before isolation was begun. Both 
carbon-13 and deuterium labeled standards were used and included 2,4,5J3C-pheno- 
barbital, 2,4,5J3C-diphenylhydantoin, 2,4,5J3C-pentobarbital, N-CfH,-antipyrine and 
N-CZH,-calyeine, The isolated drugs and their metabolites were converted to derivatives 
for analysis; methylated, ethylated and silylated derivatives wereprepared2. An aliquot, 
usually l-2,4 out of a final volume of 25~1, was analyzed by the GC-MS-COM 
system. 

Analyses were carried out by SID using a GC-MS-COM (Finnigan 1015-PDP 
8/I) system operated in the Cl mode. Glass coil columns (9 ft. x 2 mm) packed with 
either 1% SE-30 on 80-100 mesh Gas-Chrom Q or 3 % PZ-176 (ref. 9) on 80-100 
mesh Gas-Chrom Q were used. Methane was used as the carrier gas and the CC . 
separations were carried out isothermally or by temperature programming. Calcula- 
tions of concentrations were performed automatically by the computer program* and 
were based on either peak height or peak area after determining which type of measure- 
ment provided the more precise results. 

For the calculation of the pharmacokinetic parameters, regression analysis of 
the concentrations of drugs in the timed biological samples was used to obtain the 
concentration at zero time (C’O; y intercept) and the slope (regression coefficient). The 
RASS (remote access statistical service) program was used 
and the slope, and the RASSER program for plotting the 
were calculated using eqn. 1. 

0.693 
1;/2 = --jy 

for the calculation’ of C, 
data. The half-lives (t& 

(I) 

where Ic is the regression coeficient, 
The apparent volume of distribution V uu, the elimination constant K,, alld 

‘plasma clearance of the drug were calculated using eqns. 2-4 (ref, 10). 
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VIJ” = 
dose of drug -=- 

cont. at zero time (2) 

(3) 

Plasma clearance = Vu, x K,, (I item/h) (4) 

Kinetic parameters for itt vitro drug metabolism were determined from grapllic 
analysis of initial velocity calculations and Lineweaver-Burk reciprocal values”. Tile 
RASS program was used for regression analysis ( VmllX., intercept: Kiil, slope or regres- 
sion coefficient) and the RASSER program for graphic display. 

RESULTS AND DISCUSSION 

Both in vivo and in vitro kinetic studies of drug metabolism have been carried 
out by SID wit!1 a GC-MS-COM system operated in the Cl mode. For the itz vitro 

studies homogenates prepared from rat liver were employed; the rates of disap- 
pearance of drugs and the appearance of metabolites during incubation were fol- 
lowed. In tile in vivo studies tile clearance of drugs from plasma, urine, saliva and 
breast milk was followed in human subjects. Althougll the in viva and it7 vitro studies 
appear to be quite different, the same analytical procedures including isolation, quan- 
tification with a GC-MS-COM system, and computer analysis of data were employed 
in both investigations. 

In the in vivo studies the half-lives of several drugs were determined following 
oral ingestion of one or more drugs. Tile half-lives were obtained eitller by plotting 
the logarithm of the concentrations of the drug against time using semilogarithmic 
paper or by regression analysis of tile data to obtain C, (u intercept) and the slope 
(regression coefficient). Tile calculations were based on tile assumption that single 
compartment kinetics was involved. 

Some of tile results obtained from the analysis of plasma following oral ad- 
ministration of caffeine, mephobarbital and antipyrine are sllown in Figs. I-3. 

The elimination of ca!Teine from plasma was followed in an adult subject wllo 
had consumed 1420 ml of coffee over a period of 4.5 II (Fig. 1). The ions at m/e 195 
(MH+, caffeine), 209(MH+, ethylated theobromine), and 198 (MH+, N-CZH,-caf?‘eine, 
the internal standard) were monitored by SlD. 
: Tile total amount of caffeine and tlleobromine ingested was 730 mg and 3.3 

mg respectively. The half-life of caffeine obtained by regression analysis was 4.6 II. 
This value is in agreement wit!1 tile half-life of 3.5-10.5 11 reported by Grab and 
Reinstein’” for the oral administration of caffeine. Tlleobromine is a major metabolite 
of caftfeine and the elimination of tlleobromine was also followed. From Fig. 1 it is 
evident that during the first 2.5 II, tlleobromine is being formed from caffeine more 
rapidly than it is being cleared from plasma and that theobromine is eliminated from 
plasma more slowly than caffeine in tllis subject. Tile apparent half-life of theobromine, 
using only three points for tile regression analysis, was 13 h. The ratio of caffeine to 
tlleobromine in coffee was approximately 2OO:l while the ratio in plasma varied from 
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Fig. 1. Comparison of the caffeine and thcobrominc lcvcls in plasma. The analysts wcrc carried out 
by SID using ammonium carbonate-ethyl acctatc extracts of 1OO~tl of plasma. The ions at nr/c 195 
(MH+, caffcinc), 209(MH+. ethylatcd thcobrominc)and 198(MH+.N-CzHj-caffcinc)wcrc monitored. 
The curves were obtained by regression analysis and were plotted by the computer. Half-lives: caf- 
fcinc, 4.6 h: thcobrominc, 13 Ii. 

8:l to 5:l. indicating that theobromine in coffee was not the sole source of theo- 
bromine and that theobromine was being formed from caffeine. 

Antipyrine is frequently used in pharmacokinetic studies because the drug is 
rapidly absorbed after oral administration. Only 10% of the drug is bound to plasma 
proteini and clearance of the drug from plasma corresponds to metabolism by the 
I iver. 

The clearance of antipyrine from plasma was followed in several young healthy 

t 1 I I 1 
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1 
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Fig. 2. Comparison of the analysts of ammonium carbonate-ethyl acctatc extracts of lOO,ul samples 
of plasma in three subjects by SID. The ions at ru/c I89 (MH+, antlpyrinc) tmd 192 (MN*, N-PH.,- 
antipyrine) were monitored. The curves were obtained by rcgrcssion analysis and were plotted by the 
computer. Antipyrinc half-lives: I, 7.5 h: 2, 15.6 II: 3, 22.2 h. 



CC-MS-COM SYSTEMS IN PHARMACOKINETIC STUDIES 609 

TABLE I 

CALCULATED VALUES FOR THE APPARENT VOLUME OF DISTRIBUTION, THE 
ELIMINATION CONSTANT AND THE PLASMA CLEARANCE RATE 

._. .-.- ._ ..- -...._. _ . ..__ ._- . ..__ - _.._.... 
SUL@C? Dose 1112 CO 

(w) (id (Nd~~lf) 2 
KC1 Plasnra 

cfearamc 
(IIll) 

- -..-. ~. .--.. . -- -- ..~. ~. .- _ ._ _ _ _ 
A 1224 7.5 33.1 37.0 0.092 3.4 

: 
1260 15.6 33.2 38.0 0.044 1.67 
1008 22.2 39.4 25.6 0.03 1 0.79 

_..______._ . .._ _.. _ ._.. .._.. . 

subjects after an oral dose of 18 mg/kg. The ions at m/e 189 (M,H+, antipyrine) and 
192 (MH+, N-CZH3-antipyrine, the internal standard) were monitored. The half-lives 
varied from G-28 h. In Fig. 2, curves are shown for three of the subjects. The half- 
lives calculated by regression analysis were 7.5, 15.6 and 22.2 h. The half-life of anti- 
pyrine, reported by Vesell and Pagel was lo-15 h following a single oral dose of 18 
mg/kg. The apparent volume of distribution (I’,,,), the elimination constant (K,,) 
and the plasma clearance rate were calculated*0 for the three indivi’duals losing the data 
obtained during the log-linear phase of elimination from plasma. The results are 
listed in Table 1. Single compartment kinetics was assumed. . 
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Fig. 3. Comparison of the mcphobarbital and phenobarbital lcvcls in plasma of two subjects ( :d - x 
and 0-O). The analyses were carried out as described in Fig. I. The ions at nt/e 275 (MH+. N-cthyl- 
mephobarbital), 289 (N,N-diethylphenobarbital) and 292 (N,N-diethyl-2,4,5-‘3C-phenobarbital) 
were monitored. The results were plotted on semi-logarithmic paper and the mephobarbital half- 
lives. obtained by regression analysis, were 46.5 h ( x-x) and 37.6 h (0-O). 
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Fii. 4. Comparison of the analyses of ammonium carbonate-ethylicctate extracts of 2001rl samples 
of plasma and SOOyrl samples of breast milk by SID. The ion: at nrle 267 (N-nicthyldiphengl- 
hydantoin) and 270 (N-methyl-2.4.5-‘“C-diphcnylhydantoin) wcrc monitored. The curves were ob- 
taincd by regression analysis and were plotted by the computer. Diphcnylhydantoin half-lives: 
plasma, 5 h 19 min; breast milk, 7 h 36 min. 

These analytical procedures can also be used to follow the rates of formation 
of metabolites as well as the clearance of the parent drug from biological fluids. An 
example is shown in Fig. 3; mephobarbital and its metabolite phenobarbital were 
quantified by monitoring the ions at m/e 275 (MH+, N-ethylmephobarbital), 289 
(MH+, N,N-diethylphenobarbital) and 292 (MH+, N,N-diethyl-2,4,5-‘jC-pheno- 
barbital, the internal standard). The half-lives of mephobarbital, determined for two 
individuals who had ingested 300 mg of the drug were 37.6 and 46.5 h. The concen- 
tration of phenobarbital, the major metabolite of mephobarbital, was also measured 
in plasma. From the data (Fig. 3) it was not possible to calclilate the half-life of 
phenobarbital, but a half-life of 3.5 days has been reported15. During the peilod stud- 
ied, phenobarbital was being formed from mephobarbital more rapidly than it was 
being cleared from plasma; that is, the half-life of phenobarbital was longer than the 
half-life of mephobarbital. The plasma concentration of phenobarbital is determined 
by the rate of metabolism (hydroxylation and conjugation) and the rate of elimination 
of phenobarbital and its metabolites in urine as well as by the rate of formation from 
mephobarbital. 

A study of the half-life of drugs in human breast milk was also undertaken 
since studies carried out in our laboratory have confirmed that drugs ingested by the 
lactating female are transferred to breast milk. About twenty drugs have been 
investigated and all were detected in breast milk as well as in plasma3. Timed samples 
of plasma and breast milk were obtained from several mothers who had ingested a 
single dose of a drug after breast feeding of their infants had terminated. An analysis 
of paired samples of breast milk and plasma is shown in Fig. 4. The first samples 
were collected 3.5 11 after oral administration of 100 mg of diphenylhydantoin because 
the drug is absorbed rather slowly from the digestive tract. The ions monitored were 
at m/e 267 (MH+, N-methyl-diphenylhydantoin) and 270 (MH’, N-methyl-2,4,5- 
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13C-diphenylllydantoin, the internal standard). The half-life of diphenylhydantoin, 
obtained by regression analysis, was longer (7 h 36 min) in breast millc than in plasma 
(5 h 19 min). This is shorter than the reported half;life”’ of 9 h. In similar studies, it 
was found that the half-lives of secobarbital and acetaminophen were also significantly 
longer in breast milk than plasma. Additional studies are beingcarried out to ascertain 
if the half-lives of drugs are generally longer in breast milk than in plasma for most 
women. The longer half-lives may be due to a slower rate of metabolism in breast 
tissue or to binding of the drug to some component (lipid) in breast tissue. 

If plasma samples are not available, or if the plasma concentrations are very 
low, the biological half-life of drugs can be determined by measuring the concentra- 
tions in timed urine samples. Results obtained with urine samples are based on the 
assumption that the renal elimination rate is proportional to the plasma concentra- 
tion. I 

Urine samples were obtained from a newborn infant whose mother (an epi- 
leptic) had ingested mephobarbital daily throughout the gestational period. The excre- 
tion of mephobarbital and its metabolite, phenobarbital, was followed in neonatal 
urine for 22 days (Fig. 5). The excretion of creatinine @g/ml) was essentially constant 
during this period. The infant had not been breast fed, and the drugs excreted in urine 
after birth had been acquired by the fetus by placental transfer from the maternal 
circulation. 

The urine collections were timed and the average excretion @g/h) was deter- 

OI-w ’ I I ! I 
3 9 12 I5 18 21 24 27 30 
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Fig. 5. Comparison of the mcphobarbital.~and:phcnobarbital levels in neonatal urine. The analysas 
including the ions monitored were curried out us dcscribcd for Fig. 3; l-5 ml of urine were used. The 
results were plotted on semi-logarithmic paper and the half-lives were: phenobarbitul. 48 h: mcpho- 
barbital, 30 h. 
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Fig. 6. Analysis of antipyrinc levels in saliva by SID using ammonium carbonate-ethyl acctatc cx- 
tracts of lOO/tl of saliva. The ions at m/e 189 (MH+,antipyrinc)and 192(MH+, N-CzH3-antipyrinc) 
were monitored. The CLIPVC was obtained by regression analysis and plotted by the computer. Half- 
lift: 16.7 h. 

mined for each sample and plotted against time (days) on semilogarithmic paper. The 
excretion of the metabolite, phenobarbital (expressed as (ug/h), increased as long as 
mephobarbital was present in urine. When mephobarbital could no longer be detected 
(day lo), the concentration of phenobarbital in urine began to fall. The half-life of 
mephobarbital was approximately 30 h (compare with Fig. 3). Unfortunately, mepho- 
barbital was detected in only three urine samples, and as a result, the half-life can only 
be estimated. The half-life of phenobarbital from day 8 to day 13 was 48 h. Between 
day I3 and day 22, the rate of clearance changed, and a half-life of 6-7 days can be 
projected if the curve is extended. This infant exhibited withdrawal symptoms for 
5-6 months after birth. 

It is also possible to determine the half-life of many drugs by measuring the 
concentration of the drugs in saliva *7-*9. There are several advantages in the use of 
saliva. In order to carry out a complete pharmacokinetic study following oral ad- 
ministration of a drug, it may be necessary to draw IS-20 samples of blood. In most 
investigations, it is not possible to collect such a large number of samples of blood. 
However, the collection of saliva is non-invasive and multiple timed samples can be 
obtained without difficulty. Furthermore, the concentration of the drug in saliva is 
reported to correspond to the level of unbound drug in plasmalg, 

An example is shown in Fig. 6. Seventeen saliva samples were collected over 
a 10-h period from a subject who had ingested 600 mg of antipyrine. The concentra- 
tion in saliva reached a maximum 30 min after ingestion. A rapid elimination of thcdrug 
from saliva was observed from 30-120 min and this was followed by a much slower 
rate of elimination over the following 8 h. 

The elimination curve suggests that the drug was rapidly transferred from 
plasma to a tissue compartment during the period of rapid clearance (30-120 min) 
and that the slower phase (2-10 II) represents the elimination of the drug from plasma. 
The half-life during this second phase, obtained by regression analysis, was 16.7 h 
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when thelast sixvalues(4-10 h) were used and 17.911 when ten values(2-10 h) were used. 
Two plasma samples were obtained and the concentrations of antipyrine in 

plasma and saliva were compared. The levels in plasma (lSS,~g/ml) were slightly 
higher than those in saliva (13.4 pg/ml). indicating that about 10-I 5 % of the drug is 
bound to protein. This value agrees with that reported by Soberman e/ ~1.‘~. 

In the in vitro studies using rat liver homogenates, the kinetic parameters of 
secobarbital metabolism were determined. These studies were carried out using very 
small quantities (1.5-50 pg) of the drug. Although analyses using GC-MS-COM 
procedures require considerably more time to carry out than spectrophotometric 
assays, direct measurements of the disappearance of substrate (drug) and appearance 
of one or more products (metabolites) are obtained since the protonated molecular 
ions (MH+) and one or more additional characteristic ions can be monitored. Thus, 
the specificity of the measurements can be considerably greater than that provided by 
other procedures in which coupled reactions are employed and the concentration of 
the substrate is measured indirectly. 

The kinetic parameters of secobarbital metabolism irt sitro were determined by 
following the disappearance of the ions at /n/e 267 (MH+, secobarbital, N,N-dimcthyl 
derivative) and the change in concentration of the ions at W/C 355 (MH+, hydroxy- 
secobarbital, N,N-dimethyl trimethylsilyl derivative). Pentobarbital-2,4,5J3C (N,N- 
dimethyl derivative) was added as the internal standard and the ions at m/e 258 (MH+) 
were monitored. 

A graphic analysis of (RS)-secobarbital (1.5 pug) metabolism is shown in Fig. 
7. The disappearance of secobarbital and corresponding appearance of hydroxyseco- 
barbital are linear for the first 2 min of reaction, while disappearance of hydroxy- 
secobarbital is linear for 5 min. The initial velocity of secobarbital metabolism can 
be calculated from the linear portion of this curve. A family of such initial velocity 
calculations generated by varying the initial concentration of secobarbital was used to 
determine the maximum velocity (V,,,,,, .) and apparent Michaelis constant (K,,) of the 
reaction. A reciprocal plot (velocity VS. velocity/secobarbitaI concentration) is shown 
in Fig. 8. The plot indicates that V,,,,,. (intercept) is 4.75 ,rAg/min and the apparent 
K,,, (-slope) is 19.93. 

1.6 
r 

2 4 6 0 10 12 14 16 
TIME lmin ) 

Fig.‘7. Graphic analysis of (RS)-sccobarbital metabolism. Each value was detcrmincd from duplicate 
samples obtained and analyzed as described in the text from two scparatecxperimcnts. O-Q(RS)- 
sccobarbital disappearance: O-0, (RS)-hydroxysccobarbital dynamics. I /rg/ml = 3 n M. 
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Fig. 8. Lincwcaver-Burk reciprocal plot for the dctcrmination of kinetic paramctcrs. Initial velocities 
were calcrllatcd from graphic analysis of (RS)-sccobarbital metabolism at scvernl concentrations of 
drug. V,,,ri.* = y intercept = 4.75 /rglmin: apparent K,,, = (-slope), dctcrmincd by rcgrcssion analy- 
sis = 19.93: 1 /rglml = 3 nM. 

Kinetic parameters of metabolites as well as the parent drug can be determined 
using this method. Since very small quantities of substrate are required, the use of 
this system is particularly advantageous when studying the kinetics of metabolites 
which are diffWlt. to synthesize but which can be isolated in very limited quantities 
from the urine of animals treated with the parent drug. For example, hydroxyseco- 
barbital [5-allyl-5-(3-hydroxy-I-methylbutyl)-barbituric acid] is difficult to synthesize, 
but l-2 mg can be readily isolated by thin-layer chromatography from a single 24-h 
urine collection following administration of 10 mg of secobarbital to a rat. Less than 
10% of this amount is required for the tir vitro incubation mixture. Thus, the I’,,,;,,. 
and the apparent K,, can be determined for secobarbital metabolites as well as seco- 
barbital. The accumulation of kinetic parameters of a parent drug and multiple metab- 
olites would be useful in determining the rate limiting step in specific drug metabolic 
pathways. 

. 

From the examples cited, it is evident that GC-MS-COM systems can be used 
for both in vivo and in vitro kinetic studies. There are several advantages to this 
system. First, a single analysis with a GC-MS-COM system takes lo-15 min. 
Secondly, since as many as’eight ions can be monitored at the same ti_Fe, a total of 
eight drugs and/or metabolites and internal standards can be quantified simultane- 
ously. Finally, because of the specificity and sensitivity of detection, very simple rapid 
isolation procedures can be employed; for most biological samples no additional 
purification is required before analysis. 

The overall procedure, including isolation, quantification and computer analy- 
sis of data, is a general procedure that can be applied to the analysis of a large number 
of drugs present in biological fluids and tissues. At the present time about thirty 
drugs are being monitored in our laboratory by this technique. Resulting pharmaco- 
kinetic data will 
and mechanisms 

be useful in the elucidation ofa variety of brug metaboiid pathways 
of drug action. 
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